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Abstract

Species distribution datasets are fundamental for macroecological studies, although 
there is an overarching need to ensure that these datasets are representative of the en-
tire community. Shortfalls, or knowledge gaps, within biodiversity datasets originate for 
a range of reasons, and can lead to incorrect conclusions or recommendations being 
drawn. Spatial scale influences the interpretations of diversity patterns and thus is an im-
portant aspect to consider. South Africa has a rich history of spider sampling and as such, 
it is possible to investigate the influence that scale, both spatial and taxonomic, has on 
the overall interpretations of how complete the spider knowledge base is in the country. 
To do this, we draw on curated natural history spider collections and determine how com-
plete the spider assemblages are across twelve unique combinations of taxonomic and 
spatial scales. Overall, we received 121 605 usable records from seven collections, with 
spider records and diversity, being concentrated along the eastern and coastal regions 
of South Africa. We show that assemblage completeness increases with both increasing 
taxonomic and spatial scales, and as such, knowledge of the distribution of spider fami-
lies at the biome level is largely complete. Moreover, we show that our fine-scale knowl-
edge of spider assemblages in South Africa is relatively poor, yet we do identify, even at 
fine scales, assemblages in South Africa that can be considered complete. We identify 
under-sampled regions of the country, which in turn are congruent with the distribution of 
under-sampled regions found in other South African invertebrate groups. We show that 
the scaling of completeness can only be interpreted in one direction: as scale increas-
es so does completeness. These findings will have important implications for spider re-
search and conservation in South Africa, given that regions where completeness is high-
est correspond strongly to areas in South Africa with the highest threats to biodiversity.
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Introduction

Species distribution datasets form the fundamental building blocks for many 
macroecological studies (Wüest et al. 2020; Cornford et al. 2021). Primary data 
sourced from natural history collections provide extremely valuable biodiversity 
information (Robertson et al. 2010; Scoble 2010), with much of the information 
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regarding South Africa’s biodiversity being provided by the country’s natural 
history collections (Drinkrow et al. 1994; Hamer 2012). Beyond natural history 
collections, data can be sourced from published taxonomic descriptions and 
checklists, to citizen science databases such as iNaturalist (Dippenaar-Schoe-
man et al. 2012; Callaghan et al. 2020; Wolf et al. 2022; Garretson et al. 2023). 
Although the quality and reliability of curated versus untrained citizen science 
data can be debated (Aceves-Bueno et al. 2017; Jacobs and Zipf 2017; Fraisl et 
al. 2022), there is an overarching need to ensure that all datasets used in mac-
roecological studies are a representative whole of the community (Qian 2020; 
Kusumoto et al. 2023; Alves-Martins et al. 2024). Sampling bias impacting spe-
cies to geographic regions of interest will result in inherent biases within da-
tabases (Dippenaar-Schoeman et al. 2012), and thus unbiased interpretations 
based on these data are impossible (Yang et al. 2013).

Within large biodiversity datasets, various shortfalls regarding the com-
pleteness of these databases exist (Hortal et al. 2015). Inevitably named after 
prominent taxonomists or ecologists, the main shortfalls encountered in many 
datasets impact a range of biodiversity aspects. Arguably, the two most appar-
ent shortfalls are firstly the Linnean, where most of the species on earth are 
neither described nor catalogued, and secondly, the Wallacean shortfall, which 
refers to the fact that the geographic and temporal distribution of many species 
is incomplete (Hortal et al. 2015). Wallacean shortfalls have been identified 
in many datasets (Mora et al. 2008; Yang et al. 2013; Troia and McManamay 
2016). In many cases, though, incomplete datasets for a region are because of 
a combination of both Wallacean and Linnean shortfalls, with knowledge gaps 
representing both the lack of distributional knowledge of a species, as well as 
the presence of undescribed species at the site (Oliveira et al. 2016).

These knowledge gaps and biodiversity shortfalls can result from a pleth-
ora of reasons (Whittaker et al. 2005; Foord et al. 2011a, 2011b; Hortal et al. 
2015; Oliveira et al. 2016; Ramírez et al. 2022; Vergara-Asenjo et al. 2023). 
Beyond the obvious constraints regarding the time taken to collect, store, sort 
and identify samples (Cardoso et al. 2011; Foord et al. 2013; Janion-Scheep-
ers et al. 2016; Wilkinson et al. 2021), the idiosyncrasies and personal pref-
erences of “unbiased” collectors can result in geographical bias within da-
tabases. This occurs either when research or collections are undertaken at 
preferential sites, such as nature reserves and scenic areas (Sánchez-Fernán-
dez et al. 2022), or close to access routes, or when higher rates of sampling 
occur in regions expected to be more diverse (Oliveira et al. 2016), such as the 
global biodiversity hotspots (Myers et al. 2000). Furthermore, in many cases 
sampling locations are highly correlated to the locations of research institutes 
and universities (Oliveira et al. 2016; Sánchez-Fernández et al. 2022). As such, 
species richness estimators and species accumulation curves are traditional-
ly used to identify regions where sampling is complete (Chao and Jost 2012; 
Chao et al. 2020).

Diversity patterns, and the interpretations thereof, are highly influenced by 
scale (Whittaker et al. 2005; Foord et al. 2008), with challenges arising when at-
tempting to extrapolate from one scale to another (Teng et al. 2020). Alpha di-
versity (α) describes diversity at a local scale, whereas beta (ß) and gamma (γ) 
diversity describe the turnover of diversity between sites, and thus both describe 
diversity across larger scales (Burley et al. 2016; Foord and Dippenaar-Schoeman 
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2016). At a local scale, species responses to the landscape can be modulated ei-
ther by local factors, such as the presence of suitable habitats leading to habitat 
filtration of species (Pärtel et al. 2016), or by biogeographical factors that occur 
across larger spatial scales (Banks-Leite et al. 2022). Thus, the interpretation of 
local and regional patterns of biodiversity may vary considerably depending on 
the scale at which patterns are observed (Pärtel et al. 2016; Banks-Leite et al. 
2022), with variable functional relationships existing between ecological vari-
ables at different scales (Teng et al. 2020).

Variation in environmental drivers at local sites (Pärtel et al. 2016) and dif-
fering responses of species across different regions and biomes (Foord et al. 
2011b; Haddad et al. 2013; Banks-Leite et al. 2022) leads to complex and varied 
interactions between factors at local and regional scales. For example, local 
α-diversity can be the result of local responses to habitat availability and filtra-
tion (Pärtel et al. 2016), yet this α-diversity is also dependent of the regional 
pool of species (ß- and γ-diversity), yet the degree of specialisation and diver-
sity (or lack thereof) of species at a local site can also be as a result of inter-
actions of various spatiotemporal factors, species dispersal abilities or even 
geographical barriers (Burley et al. 2016).

Scale is essential to consider when investigating the distribution of diver-
sity, be it local or regional, as differing mechanisms may emerge as drivers 
of species distributions (Gómez-Rodríguez and Baselga 2018; Martín-Devasa 
et al. 2024). Considering spiders in particular, local richness and composition 
are positively driven by local ecological factors such as habitat heterogene-
ity (Clough et al. 2005; Jiménez-Valverde and Lobo 2007; De Mas et al. 2009; 
Haddad et al. 2019), site context and local landscape configuration (Clough 
et al. 2005) and vegetation complexity (Clough et al. 2005). Furthermore, hab-
itat (between plant types) and microhabitat (within the same plant type) have 
been shown to variably impact the colonisation and specialisation (phyloge-
netic variation) of the associated spider communities. When considering the 
habitat level, spider size and shape are filtered, whereas spider evolutionary 
adaptations as well as size and shape are selected on at the microhabitat level 
(Gonçalves-Souza et al. 2014; Wilson et al. 2023).

When model performance is considered, explained variation, as well as the 
environmental variables identified, will vary across different local scales. Thus, 
a larger scale model may suggest an ecological variable of importance, that 
when applied to local conservation or management protocols may in fact be 
less appropriate and less effective at managing and protecting spider commu-
nities. For example, at a local scale spanning 230 × 230 m (the model with the 
highest explained variance) and all other smaller scales considered up to this 
point, the rock terrain, percentage sclerophyllous vegetation and the standard 
deviation of NDVI best predicted spider species richness (De Mas et al. 2009). 
Yet, at larger scales, the variation explained by the models decreased, as well 
as the number of significant explanatory variables, until only percentage sclero-
phyllous vegetation explained half the variance of the best model (De Mas et 
al. 2009). Furthermore, species-specific responses vary across different local 
scales (Schmidt et al. 2008).

The extrapolation of the local scale models attempting to predict the 
distribution of spider diversity to larger scales fail largely due to the lack 
of structural environmental variable(s) for the area (Jiménez-Valverde and 
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Lobo 2007; De Mas et al. 2009; Joseph et al. 2018). At a continental scale, 
spider assemblages across Europe are shaped by the dispersal limitation 
of individual species. Yet, when southern and northern Europe are consid-
ered as individual units (sub-continental scale), dispersal limitation is the 
principle shaping force of spider assemblages in southern Europe, while 
no causal force can be isolated for northern European spider assemblages 
(Martín-Devasa et al. 2024).

The history of spider sampling in South Africa spans over 300 years, with 
the first two spiders to be described in South Africa in the 1700’s. From then 
on, the number of described species rapidly increased up until the early 
1900’s, with peak rates of descriptions up until the 1920’s. This was followed 
by a relative slowing in the rate at which species were described until 1997 
(Dippenaar-Schoeman et al. 2023). In 1997, the South African National Sur-
vey of Arachnida (SANSA) was initiated to determine the extent of the South 
African Arachnida biodiversity, as well as identify gaps in the geographic dis-
tribution of species (Dippenaar-Schoeman et al. 2015). Since then, the rate 
of species descriptions has increased remarkably (Dippenaar-Schoeman et 
al. 2023). The First Atlas of South African Spiders was published in 2010 
(Dippenaar-Schoeman et al. 2010), which provided maps for 2010 species of 
spiders from 71 families. This geographical data was essential in preparing 
the first Red List of the South African spiders (Foord et al. 2020), as well as a 
National Spider Checklist of 2265 spider species (Dippenaar-Schoeman et al. 
2023), an increase of 255 species from 2010. The checklist breaks down the 
distribution of species richness and number of records per province in South 
Africa (Dippenaar-Schoeman et al. 2023), with ascensions functioning as a 
proxy for sampling effort. Given that this latest checklist makes a start at 
describing knowledge gaps, and sampling bias within the spider distributions 
in South Africa, quantification of these gaps through empirical means is the 
logical next step.

Thus, this study aims to quantify sample completeness within the South Af-
rican spider assemblages. To achieve this, our first objective is to compile as 
comprehensive a database as possible using curated data from various sourc-
es. Secondly, we determine how completeness of the spider database varies in 
accordance to both spatial and taxonomic scales. We quantify completeness 
by comparing estimated species richness to observed species richness across 
the scales, accounting for the number of specimen records. We vary spatial 
scale by using both arbitrarily defined geographical boundaries (quarter and 
degree grid cells), as well as ecological boundaries (bioregion and biome) to do 
this. Taxonomic scale is varied across species, genus, and family level. We hy-
pothesise that at both finer spatial and taxonomic levels, completeness within 
the database will be relatively low given how diverse spiders are known to be. 
However, as the scales become coarser, we hypothesise that the completeness 
will increase as sampling effort per taxonomic/geographic region increases, 
effectively reducing the accumulation of diversity as the sample size increases. 
Beyond identifying areas to target for further sampling, this study forms the 
basis upon which further macroecological spider studies in South Africa can be 
built by identifying bias and possible shortfalls within the already existing data, 
thus ensuring that these shortfalls can be addressed and bias reduced in any 
other study going forward.
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Methods

Data collection

The majority of spider specimen records for South Africa (n = 73 649) used for 
this study were sourced from the National Collection of Arachnida (NCA) at the 
Agricultural Research Council in Pretoria. We did not include any records from 
partial enclave of eSwatini. We received spider specimen accession records from 
local and international collections, namely the Albany Museum, Grahamstown 
(n = 1 77); National Museum, Bloemfontein (n = 16 061); KwaZulu-Natal Museum, 
Pietermaritzburg (n = 10 517); Iziko South African Museum, Cape Town (n = 9 763); 
Ditsong National Museum of Natural History, Pretoria (n = 5 837) and Royal Muse-
um of Central Africa, Tervuren, Belgium (n = 4 001). Only specimen records where 
the spiders were identified to either species, genus or family level were retained. 
Subspecies identifications were absorbed into the species level identification.

To ensure that species names across all data sources were accurate and valid, 
and to prevent duplication where individual samples may have been identified with 
old nomenclature, all species names were validated against the Spider Checklist 
of South Africa (Dippenaar-Schoeman et al. 2023). Where species names did not 
match with the checklist, CH validated each name, correcting for nomenclatural 
changes as well as spelling mistakes using the World Spider Catalog (2024).

A fundamental requirement of the data is that each spider record needed to 
be georeferenced with complete coordinates. Thus, the number of records re-
ceived across all data sources was always greater than the number of records 
that we retained. All samples were plotted in QGIS (QGIS Development Team 
2020), and sites where the coordinates did not match the provided location 
information were identified. Where possible, these coordinates were corrected, 
either by swapping the × and y coordinate or where location information was 
specific enough, coordinates for the location were used. Otherwise, incorrectly 
georeferenced sample records were excluded from the final database. The final 
spider sample database was saved as a shapefile. It must be noted that older 
specimens and records often have rudimentary descriptions attached or lack 
detailed morphological descriptions or collecting data (e.g. described from 
South Africa, Transvaal or Cape), so could not be included. Furthermore, some 
species remain known from the original descriptions only and have never been 
resampled and definitively identified, and as their type material resides in inter-
national collections not included in this study, such species were also omitted.

The SANSA database used in the production of the national checklist include 
all the NCA records as well as all published species records from local and 
international collections from the taxonomic literature. Considering the issues 
discussed above, the restricted number of collection databases used in our 
study, and the exclusion of published records not in the seven institutional data-
bases were used, our final database contains approximately 180 fewer species 
than were recorded from South Africa by Dippenaar-Schoeman et al. (2023).

Mapping

South Africa was divided at four different spatial scales ranging from fine to 
coarse, namely 1) quarter degree and 2) degree grid cells, and then at the 3) 
bioregion and 4) biome levels. QGIS was used to create the two grid cell levels, 
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South Africa was divided first by a grid measuring 0.25° × 0.25° (approximately 
24 km longitudinally × 27 km latitudinally), thus dividing the country into 1995 
quarter degree grid cells (QDGC), using the WGS84 projection for South Africa. 
Each cell was named according to convention. This procedure was repeated a 
second time, where grids measuring 1° × 1° (approximately 97 km longitudinal-
ly × 110 km latitudinally) divided the country into 151 degree grid cells (DGC). 
Here, each cell was named according to the latitude and longitude comprising 
the intersection of the top left corner of each cell.

Bioregion and biome levels were extracted from the vegetation map of South 
Africa (South African National Biodiversity Institute 2006), with bioregion being 
a finer scale than biome (Rutherford et al. 2005). The spider sample shapefile 
was then overlaid on the two grid cell layers, as well as the vegetation map in R 
(R Core Team 2020). To determine in which QDGC, DGC, bioregion and biome 
individual spider samples occurred, the st_join function in the sf package (Pe-
besma 2018) was used. All further analyses were conducted on the resultant 
spider database containing both the taxonomic information relating to each 
spider sample, as well as spatial information relating its location.

Statistical analysis

Sample completeness was determined at three taxonomic levels, namely spe-
cies-, genus- and family-level identifications. Four spatial scales were used to 
delimit spider communities, two arbitrary (QDGC and DGC grids) and two eco-
logical (bioregion and biome). Thus, there were 12 unique combinations be-
tween taxonomic and spatial levels across which sample completeness was 
determined. As such, the spider database was first split by spatial level, and 
input matrices were then generated where individual spider samples were rows 
and either species, genus or family names were columns, depending on the 
spatial-taxonomic combination being assessed.

Biodiversity sample completeness of a site or region is often estimated us-
ing a rarefied species accumulation curve and determining whether the curve 
reaches an asymptote (Chao et al. 2014). The issue here is that in many cases 
an eyeball measure of completeness is then employed to state that the asymp-
tote has been reached or that the sample completeness is approaching the 
asymptote without directly determining the asymptotic value, or how far the 
curve is away from the asymptote. With an asymptotic value, which functions 
as an estimate of the expected species richness of a sample (Sest), as well as 
observed species richness value (Sobs), it is possible to determine the percent-
age completeness of a sample such that:

Percentage completeness
Sobs
Sest

100

To calculate the percentage completeness, we used the function iNEXT in the 
package iNEXT (Chao et al. 2014; Hsiech et al. 2020) to calculate the asymptotic 
values for each spatial-taxonomic scale combination. Incidence-based frequen-
cies of each species at a spatial scale were used. We then calculated the per-
centage completeness for each unit based on these first-order species richness 
estimators. In addition to percentage completeness, we then calculated the num-
ber of accession records per spatial-taxonomic combination. As the accuracy of 
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extrapolation methods on small sample sizes is often inaccurate and can result 
in a high occurrence of false positives, the number of accession records allowed 
us to filter these false positives out. In addition, we also calculated the complete-
ness of the species, genus and family records of South Africa as a whole.

We defined four threshold levels of total sampling completeness based on 
cut-off values for the percentage completeness and number of accession re-
cords per unit. Under-sampled regions had a percentage completeness < 0.6 
and < 10 accession records. Moderately well-sampled regions had a percent-
age ≥ 0.6 but ≤ 0.75 and ≥ 10 accession records. Relatively well-sampled re-
gions had a percentage completeness of ≥ 0.76 but ≤ 0.9 and ≥ 25 accession re-
cords. Finally, well-sampled regions had a percentage completeness of ≥ 0.91 
and ≥ 50 accession records. Accession record cut-off values were based on 
Troia and McManamay (2016) who used these values as cutoffs for a range 
of groups such as amphibians, plants, insect and fishes. The percentage com-
pleteness cut-off values were based on Sánchez-Fernández et al. (2022). Yang 
et al. (2013) calculated the slope of the accumulation curve based on the last 
10% of the data to determine how complete a sample is, with Troia and McMa-
namay (2016) doing the same and then adding a third threshold class based on 
slope values, with the assumption that a slope closer to 0 is almost at its as-
ymptote. However, as this method relies on fitting a linear function to a non-lin-
ear curve – a somewhat mathematically dubious approach – we chose to use 
percentage completeness and the number of accession records only.

To quantify changes in sample completeness across increasing taxonom-
ic levels (species < genus < family), we used an ordinal regression approach 
with the calculated sample completeness (described above) as the response 
variables in the models. We modelled each spatial scale separately, as the 
spatial boundaries of the QDGCs, DGCs, bioregions and biomes do not cor-
respond. We used cumulative link mixed effect models (CLMMs), where we 
ranked sample completeness as under-sampled < moderately well-sampled 
< relatively well-sampled < well-sampled. Taxonomic level and grid cell identity 
were used as the categorical fixed effect term and random effect of the model, 
respectively, as there were three repeated measures of sample completeness 
for each modelled spatial scale. For the QDGC and DGC models, two iterations 
were run, one excluding and one including all grid cells that contained no data 
as the lowest level of completeness (no data < under-sampled < moderately 
well-sampled < relatively well-sampled < well-sampled). This was done to en-
sure that interpretations were not biased by empty grid cells. Thus, in total, six 
individual models were run. All models were fitted with Laplace approximations 
using the clmm function in the ordinal (Christensen 2023) package in R. As 
ordinal models will make the first fixed effect the model intercept (in the first 
model repeat “species”), the model iterations were repeated with “genus” as the 
intercept term so that all three pair-wise model estimates were obtained (spe-
cies–genus, genus–family and species–family), thus allowing us to compare 
the effect size changes in sample completeness as taxonomic level increases. 
Furthermore, these paired effect sizes can be contrasted across the different 
spatial scales, thus allowing us to indirectly determine changes in sample com-
pleteness as spatial scale increases (QDGC < DGC < bioregion < biome).

It must be noted that with our procedure to quantify sample completeness there 
are multiple permutations that can result in the same outcome. An under-sampled 
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region may be the result of a region with few samples, even if the projected as-
ymptote is reached (Fig. 1A), or as the result of a region with many samples, but 
whose asymptote is far from being reached (Fig. 1B). We do not try to differentiate 
between the sample or percentage completeness thresholds that are crossed, nor 
do we attribute different weights to these thresholds. These disparities between 
sample size and percentage completeness are larger at the lower sampling com-
pleteness levels, whereas at the higher sampling completeness levels, these dis-
parities decrease, as well-sampled regions need to have many samples with an 
observed species richness within 10% of the estimated species richness (Fig. 1G).
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Figure 1. Example rarefaction curves (grey lines) for species level assemblages of select quarter degree grid cells. The 
horizontal purple line indicates the estimated species richness of the sample, while the dashed horizontal lines indicate the 
percentage completeness cut-off values, and the vertical dashed lines indicate the cut-off values for the accession numbers. 
For clarity, cut-off values are only annotated in plot A. Individual plots A–G show how different combinations of threshold val-
ues combine and result in under-sampled, moderately well-sampled, relatively well-sampled and well-sampled spatial units.
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Results

Overall, 121 605 usable records were entered into our database (Table 1). Re-
cords identified to species level are the most predominant in the database, 
followed by genus- then family-level records (Table 1). When considering the 
completeness of our database, the species and genus records are relatively 
well- sampled, with 89.2% and 86.6% completeness percentage respectively, 
while the family records are well-sampled, with 100% completeness percent-
age calculated (Table 2).

The distribution of records across the country is somewhat uneven 41.3% of 
all QDGC in South Africa are lacking records, but this percentage decreases as 
the spatial scale increases, with only 5.3% of the DGCs lacking data, while nei-
ther the bioregions nor biomes are without spider records (Table 3). Spatially, 
records are distributed across the country, although there is an apparent con-
centration of records towards the eastern regions of South Africa, as well as 
along the coast from the eastern border with Mozambique, to north of Lange-
baan (Fig. 2). In the drier western regions of the country records are sparse, 
but where they do occur, they seemingly follow river courses. For example, the 
Orange River course is easily identifiable (Fig. 2). Consequently, spider diversity 
across species, genus and family level follows similar trends when considered 

Table 1. Diversity summary of family, genus and species richness contained in each database, with total diversity counts 
shown in the last row. The last column indicates the number of records obtained from the individual databases.

Source database Family richness Genus richness Species richness Number of records

National Collection of Arachnida 72 557 1 718 73 649
Albany Museum 43 118 180 1 777
National Museum 65 404 643 16 061
KwaZulu-Natal Museum 66 342 680 10 517
Royal Museum of Central Africa 68 300 471 4 001
Iziko South African Museum 65 299 670 9 763
Ditsong National Museum of Natural History 66 256 266 5 837
Overall database 74 639 2087 121 605

Table 2. Sampling completeness of the South African spider fauna as a whole, the observed richness as well as estimat-
ed richness and standard error for each taxonomic level, as well as completeness percentages are shown.

Taxonomic level Number of 
records

Observed 
richness

Estimated 
richness SE Completeness 

percentage (%)
Level of sampling 

completeness

Species 63 007 2086 2338.5 37.94 89.20 Relatively well
Genus 98 905 638 739 31.5 86.6 Relatively well
Family 121 605 74 74 0.6 100 Well

Table 3. Number of units per spatial scale, with the total number of sampled and unsampled units shown. Values in 
brackets indicate percentage of the total number either sampled or not.

Spatial scale Total sampled Not sampled Total

Quarter degree grid cell 1172 (58.7) 823 (41.3) 1995
Degree grid cell 143 (94.7) 8 (5.3) 151
Bioregion 44 (100) 0 44
Biome 11 (100) 0 11
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across the four spatial levels (Fig. 3). Richness is highest in the eastern and 
coastal regions and lowest in the drier interior western regions of South Africa.

As we hypothesised, sample completeness scales up as both the spatial and 
taxonomic levels increase. Firstly, the most obvious of these completeness in-
creases is when taxonomic scale is considered alone, at the same spatial scale 
(rows in Fig. 4). Here, the proportion of spatial units at higher completeness levels 
steadily increase as taxonomic level increases (Table 4, Fig. 4 rows). Secondly, as 

Figure 2. Distribution of the individual spider database records across South Africa. Colours indicate the lowest level 
individuals are identified to (family, genus or species level). For reference, the biomes are shown in green-pink fill. The 
map inserts show the total number of record accession in each Quarter Degree Grid Cell for records identified to family, 
genus and family levels.
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spatial scale increases, but taxonomic scale remains constant (columns in Fig. 
4), overall completeness increases. For example, spatial units that are well-sam-
pled in terms of family level completeness increase from 3.7% to 33.77% to 
47.72% to 63.64% when moving from the QDGC to biome level (Table 4, Fig. 4C, 
E, I, L). Although genus and species levels do not reach the well-sampled level at 
either the bioregion or biome scale, this pattern of increase holds true through-
out the other levels of completeness (Table 4, Fig. 4). Finally, the combination of 
the increasing taxonomic and spatial scale results in the highest degree of sam-
ple completeness. At the lowest taxonomic and spatial scales, QDGC–species 
level, samples are the least complete, with only 0.15% of all QDGCs considered 
well-sampled and found in the northeastern and southern regions of the coun-
try (Table 4, Fig. 4A). As we hypothesized, sample completeness scales up as 

Figure 3. Distribution of spider diversity across the three taxonomic and four spatial levels considered. Darker colours 
indicate higher levels of diversity, with scales pertinent to each plot shown. Individual plots A–L show richness at all 
possible combinations of taxonomic and spatial scale.
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both the spatial and taxonomic scales increase, such that at the highest scale 
combination, biome–family, sample completeness is the highest observed at 
63.64% of all biomes being considered well-sampled (Table 4, Fig. 4L).

The CLMM results show that these positive changes in spider sample com-
pleteness are significant across all taxonomic and spatial levels (Table 5). The 
same patterns emerge both with and without the empty cells at the QDGC and 
DGC levels (Table 5, Fig. 4). When the magnitude and direction of the model 
estimates are plotted, it becomes evident that the level of spider sample com-
pleteness increases with spatial and taxonomic scale. When comparing the 
estimate size between genus to family (Fig. 5B) and species to family (Fig. 5C), 
there is a larger positive change in completeness than observed from species 

Figure 4. Changes in spider sampling completeness across both taxonomic level and spatial scale. Darker greens indi-
cate a higher level of completeness per spatial unit. Individual plots A–L show sampling completeness at each combi-
nation of taxonomic and spatial scale.
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to genus (Fig. 5A) at the QDGC and DGC levels. This, again, is what we hypoth-
esised: the larger the difference in taxonomic scale, the larger the change in 
completeness. Furthermore, when comparing within taxonomic level combi-
nations (Fig. 5A–C) individually, there is a positively larger change in complete-
ness as spatial scale increases from QDGC to bioregion. At the biome level, 
this increase is not as apparent, but remains positive, which suggests that the 
chance of being considered at a higher level of sample completeness is still 
greater at these higher spatial scales.

Table 4. Distribution of well, relatively well, moderately well and under-sampled units across both the spatial and taxo-
nomic scales considered. Numbers in brackets indicate the total percentage of units per criteria in relation to the total 
number of units in each spatial scale.

Spatial scale Taxonomic scale Well- sampled Relatively well-
sampled

Moderately well-
sampled Under-sampled No data

Quarter degree 
grid cells

Species 3 8 81 890 1 013

Genus 3 44 167 894 887

Family 73 176 206 717 823

Degree grid 
cells

Species 1 4 36 99 11

Genus 0 37 46 60 8

Family 51 39 24 29 8

Bioregion Species 0 2 17 25

Genus 0 23 9 12 -

Family 21 16 5 2

Biome Species 0 3 6 2

Genus 0 8 2 1 -

Family 7 3 1 0

Table 5. Cumulative linked mixed effect model results Italics indicate significant comparisons. Rows with grey fill indi-
cate models where empty cells were excluded.

Model iteration n Term comparison Estimate SE z- value

Quarter degree grid cells (empty cells excluded) 3309 Species – Genus 1.73 0.19 9.35

Genus – Family 2.64 0.19 14.17

Species – Family 4.37 0.26 16.62

Quarter degree grid cells (empty cells included) 5985 Species – Genus 0.56 0.001 527.4

Genus – Family 1.65 0.0001 14 711

Species – Family 1.634 0.001 1632.7

Degree grid cells (empty cells excluded) 426 Species – Genus 2.57 0.34 7.5

Genus – Family 3.63 0.37 9.69

Species – Family 6.17 0.51 12.04

Degree grid cells (empty cells included) 453 Species – Genus 2.55 0.36 7.12

Genus – Family 3.7 0.39 9.48

Species – Family 6.25 0.57 10.9

Bioregion 132 Species – Genus 3.71 0.74 5

Genus – Family 4.79 0.86 5.56

Species – Family 8.51 1.33 6.4

Biome 33 Species – Genus 2.56 1.15 2.22

Genus – Family 4.6 1.59 2.9

Species – Family 7.18 2.09 3.44
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Discussion

We show that, even for such an extensively studied taxon in South Africa, our 
fine-scale knowledge regarding spider assemblages in the country is relatively 
poor, and that extensive geographical bias exists within the database studied 
here. Although these biases exist, we have been able to identify regions within 
South Africa where spider assemblages can be considered complete, even at 
the finest scales considered. As scale becomes coarser, the overall complete-
ness of the spider assemblages increases. Our demonstration that complete-
ness of spider assemblages increases as both taxonomic and spatial scale 
increases is important, as it shows that the considerable amount of sampling 
that has been conducted on spiders in South Africa has been vital in determin-
ing a highly complete list of species. Interestingly, the estimated number of spe-
cies within South Africa is 2338.5, which equates to 73 needing to be added for 
it to be considered complete based on the current rates of sampling and distri-
bution of spider samples. However, based on the results of taxonomic revisions 
of Afrotropical spiders in recent decades (see World Spider Catalog 2024), par-
ticularly including South African taxa, many new species still await description, 
so this is itself a gross under-estimation of the country’s spider diversity. This is 
exacerbated by the large parts of the country that remain unsampled.

Spider database

Spiders are mega-diverse in South Africa (Dippenaar-Schoeman et al. 2023), 
from which approximately 4% of the world’s spiders have been recorded, with 
almost 59% of species considered country endemics (Dippenaar-Schoeman et 
al. 2023), although it is suggested that the lack of intensive sampling of spiders 
in neighbouring countries may artificially inflate the number of species consid-
ered as endemic (Foord et al. 2011a), which is a good example of a Wallacean 
shortfall within the database (Yang et al. 2013; Hortal et al. 2015). Although 
samples are incomplete in many areas, we have established a relatively com-

Figure 5. Cumulative linked mixed effect model estimates and standard errors shown for changes in spider sampling 
completeness as taxonomic level changes from A species to genus B genus to family and C species to family level. 
Within each panel, the direction and magnitude of the estimate change in spider sample completeness across spatial 
scale is shown. Model estimates for the quarter and degree grid cell levels with and without empty cells are also shown 
and indicated by the point shape.
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prehensive database of spatially referenced spider records from South Africa. 
There are fewer species represented here (2086) versus the 2265 species of 
the Checklist of Spiders (Dippenaar-Schoeman et al. 2023) given that these two 
studies draw from different data sources, differences in the total number of 
species can be expected. For example, the type material of the 187 spider spe-
cies sampled by E. Simon between 1893 and 1910 are housed in overseas mu-
seums and were not included here. In addition to species-level records, our da-
tabase contains records identified to genus or family level only, and as such, is 
representative of more spider genera than the Checklist (641 versus 495), this 
increase in numbers is due the new records being included after the publication 
of the checklist. The family diversity reported here represents 53% of the global 
family diversity of spiders (Foord et al. 2011a; World Spider Catalog 2024).

With regards to taxonomic accuracy, this database is likely the most accu-
rate and relatively comprehensive, having combined the records of various cu-
rated natural history collections across the country. Nomenclature of the spe-
cies level identification were verified so that species were not duplicated with 
old and new names following taxonomic transfers and synonymies. We do not 
include morphospecies identifications or pseudo-taxonomic records, and as 
such, diversity estimates are more likely to be a true reflection of the diversity at 
sites. Diversity estimates that are derived from morphospecies identifications 
are more likely to over- or under-estimate diversity, particularly in invertebrates, 
as most species-level identifications are based on obscure morphological fea-
tures that are often overlooked when less trained individuals assign individual 
samples to morphospecies (Foord et al. 2013). In particular, the taxonomic res-
olution of the mega-diversity of spiders within South Africa is not available for 
other invertebrate taxa (Foord et al. 2011a).

Completeness

South Africa is a megadiverse country (Mittermeier et al. 2011; Colville et al. 
2020), thus the finding of low levels of completeness in the spider assemblag-
es is not surprising, nor is it a new hypothesis. Foord et al. (2011a) suggest-
ed that “South African spider systematics and ecology are in an exploratory 
phase” and further highlight biases in the distribution of records across the 
country. Our study further supports these findings, and in turn quantifies the 
completeness of the sampled spider communities. For example, 13 years ago 
Foord et al. (2011a) describe the Nama and Succulent Karoo as well as the 
Thicket biomes as poorly sampled in terms of species richness, while we in 
turn show that the two karoo biomes are moderately well-sampled and that the 
thicket is relatively well-sampled. This highlights the importance of maintaining 
up-to-date databases of species records, as well as the value of an integrated 
approach blending taxonomic and quantitative methodologies.

Abundance-based asymptotic estimators of species richness, such as Chao1 
used here, are reliable estimators for species richness (Chao et al. 2014), with 
little variation in estimates when the sample grain size is reduced while main-
taining area constant (Hortal et al. 2006). Even though we hold sample grain size 
constant across all scales by treating each spider record as a sample, the Chao1 
estimate remains a feasible approach (Hortal et al. 2006; Chao and Jost 2012). At 
low sample sizes, Chao1 loses accuracy (Hortal et al. 2006), but with the inclusion 
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of the record thresholds here we avoid mis-classifying under-sampled regions as 
any higher class. Furthermore, it is well known that species richness correlates 
to sample size (Melo et al. 2003), yet this does not provide a species richness es-
timate, nor can it be used to calculate completeness of the spider assemblages.

Scale

Completeness of the spider assemblages is driven by scale. As taxonomic and 
geographic scale increase from fine to coarse scales, the overall completeness 
of the spider assemblages also increases. Considering that the increase in 
scale increases the size of the samples of each spatial unit, this is expected. 
What this highlights though, is that the larger scales absorb the sampling bias 
of the finer-scale samples. The western interior is a good example of this. At 
the finer scales, many QDGCs have no spider samples, but when looking at 
the completeness of the bioregions and biomes of this region, the spider as-
semblage is more often than not considered as moderately well-sampled. This 
does not mean that these determined completeness levels of the higher spatial 
and taxonomic scales are incorrect, but rather that completeness cannot be 
interpreted in the reverse direction. For example, the moderately well-sampled 
Nama Karoo is linked to the biome scale, but this completeness category can-
not be applied to all the QDGC grid cells that fall within the region of the Nama 
Karoo, as many of these grid cells do not have any reported spider samples.

The difference between the estimated and observed species richness is the 
number of not yet sampled species (Chao et al. 2014). With regards to knowl-
edge gaps, these “missing” species are not necessarily undescribed species 
(i.e. Linnean shortfall), but also species that are under-sampled and whose 
ranges are poorly understood (i.e. a Wallacean shortfall) (Bini et al. 2006; Hortal 
et al. 2015; Assis 2018; Diniz-Filho et al. 2023). Thus, as completeness of the 
spider knowledge base increases with spatial and taxonomic scales, the size 
of both the Linnean and Wallacean gaps incrementally decreases, such that at 
large spatial (biome) and taxonomic (family) scales, the number of families not 
yet sampled are all less than 40% of the estimated family diversity, with more 
biomes being represented by a unknown proportion of less than 25% (inverses 
of the threshold cutoff values).

It must be noted, though, that the estimates of richness depend on the input 
data and will constantly change as more and more samples are added (Chao 
and Jost 2012; Chao et al. 2020; Kusumoto et al. 2023). Standard errors are 
calculated for each richness estimate, and here we have used the mean esti-
mate to determine the sample completeness. Thus, there is inherent variation 
in these estimates, and they are not a singular and perfect estimate of richness. 
This point is exemplified by the fact that our total species richness observed 
here is less than that of the Spider Checklist, yet our estimated species rich-
ness is greater than that of the Spider Checklist. Given that this study draws on 
a different set of data than that of the Spider Checklist, differences in observed 
as well as expected richness will vary, as each data source would contain a 
different cohort of species. However, the variation in estimates and richness 
should not detract from the fact that here we have shown explicitly how the 
knowledge gaps within the South African spiders vary across both spatial and 
taxonomic scales. Even though at larger scales, our understanding of spider 
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distributions and occurrences across the country is relatively incomplete given 
the shear diversity of spiders in the country, the investment in sampling over 
the 300 years of spider research in the country has been hugely successful 
and cannot be overlooked. However, much still needs to be done to remedy the 
under-sampling in the western half of the country, particularly, to improve spe-
cies-level distribution data, and taxonomic inputs to relieve the considerable 
Linnean shortfall. A suggestion, going forward and considering both limited 
funding and time, would be to systematically sample at the centroid of each 
DGC with little to no samples in the interior western regions to fill in these gaps 
in species-level distributions. Sampling at the QDGC would be unadvisable as 
there would be too many sites to feasibly sample in the short term, while decid-
ing on sampling sites at the bioregion and biome region will not capture finer 
scale variation in species-level distributions. Collecting using rapid sampling 
protocols has been shown to generate large numbers of specimens and spe-
cies-level records in sampling intervals less than a week (Haddad and Dippe-
naar-Schoeman 2015; Booysen and Haddad 2021; Haddad 2021), so applying 
this approach would enable to generation of sizable datasets in the under-sam-
pled DGCs using the limited human resources available.

Bias

The distribution of spider records within South Africa is congruent with that 
of many invertebrate groups within South Africa, such as dragonflies (records 
from all families in the order) (Simaika and Samways 2009; Basel et al. 2021; 
2024), dung beetles (records from all families in the order) (Davis and Scholtz 
2020), and katydids (records only from the Tettigoniidae family)(Bazelet et al. 
2016), where records are concentrated along the coastal regions of the coun-
try, and comparatively fewer in the interior drier regions of South Africa. For all 
these invertebrate groups, ecological drivers are suggested as the reason for 
the diversity distribution, although no mention of sampling bias is made. Spider 
records were under-sampled in the Northern Cape and North-West province of 
South Africa (Foord et al. 2020) and remain so here. As evidenced here by the 
large number of QDGC grids still unsampled, which remain concentrated in the 
Northern Cape and North-West provinces even though at higher scales these 
regions appear to be moderately, relatively and well-sampled (Fig. 3).

Bias in sample completeness will also scale with taxonomic and spatial 
scale of the study in question. Bazelet et al. (2016) compared katydid diversity 
between biodiversity hotspots and non-hotspots in South Africa and consid-
ered katydid assemblages as complete, having constructed and compared two 
accumulation curves for hotspots and non-hotspots. They did not consider fin-
er scales across South Africa. Notably, there are an estimated 169 species of 
katydid known in South Africa (Thompson et al. 2017), so a large-scale analysis 
(hotspot versus non-hotspot) of katydids is likely to quickly reach an asymp-
tote. Conversely, here we have a list of more than 2000 species, and at the 
smaller spatial scales sample completeness is very low. The lower spider spe-
cies completeness levels at the bioregion and biome levels are justifiable when 
compared to the coarse level of Bazelet et al. (2016), as the spider diversity 
here is of an order magnitude greater than the diversity of katydids considered, 
as the katydids represent a single family only.
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We have not distinguished between sample origins or sampling methods, 
but rather treated each record equally. Systematic and opportunistic surveys 
and sampling methods will lead to different numbers of samples. Given that 
the records here span a range of collection trips, the duration, methods and ap-
proaches employed will differ markedly. Record keeping between institutions 
and individuals will also result in bias within datasets, particularly in cases 
where taxonomic expertise is available to improve the resolution of identifi-
cations and keep this updated in line with global taxonomic changes (World 
Spider Catalog 2024). Here we set out stringent requirements for data to be 
retained in order to minimize record keeping errors in our dataset.

Conclusions and implications

Spider assemblage completeness is a direct result of both the spatial and taxo-
nomic scales being considered. Furthermore, the scaling of completeness can 
only be interpreted in one direction, from fine to coarse and not the other way 
around. As scale increases, so too does the overall completeness of the spider 
assemblages. This will have important implications for future spider research 
and conservation. Given that the regions where completeness is highest across 
all scales correspond strongly to metropolitan areas and the areas with the 
highest threats to biodiversity in South Africa, and that there is a notable global 
decline in insect and invertebrate diversity (Cardoso et al. 2020), the determi-
nation of trends in invertebrate diversity across regions and at different scales 
is of paramount importance. Without understanding the underlying patterns of 
diversity and distributions, conservation efforts are likely to be ineffective.
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