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Simple Summary: Social wasp invasions can spread quickly and have serious impacts if they reach
new regions with favourable climatic conditions. However, in areas less suitable to them, invasion
patterns can show factors that may prevent their spread. We use nest records of the German wasp
from the southern tip of South Africa, to map and analyse what habitats they seem to prefer. Factors
investigated included temperature, rainfall, and moisture availability. We find that this invasive wasp
prefers moister and cooler conditions, and because these habitats are patchy in the region they have
invaded in South Africa, they can only spread slowly unassisted, and utmost between 50 and 200 km
with the assistance of humans. This is the likely reason for the very slow invasion seen in South
Africa. The spatial patterns we quantify here make it possible to use a remote-sensing approach to
determine the suitability of an area for future invasions. Predicting the likelihood of invasions will
greatly aid management actions. Public awareness around the potential accidental transport of the
German wasp and similar species should also be undertaken.

Abstract: Investigating the distributions of invasive species in marginal habitats can give clues to
the factors constraining invasive spread. Vespula germanica is the most widely distributed of all
the invasive Vespids, which in the Southern Hemisphere typically have large extensive invasive
populations. In contrast, the invasion into South Africa has been slow and is still confined to a
small geographic area. Here we analyse the distribution of all recent nest records in South Africa
(n = 405). The distance to main rivers, mean annual rainfall, summer normalised difference moisture
index (NDMI) values, and mean annual temperatures (average, minimum, maximum, and summer
maximum temperature) was measured for every nest. We find that value ranges of these variables
are different between the value ranges recorded for nests, the general distribution area of the wasp,
and the area of absence. Optimised Hot Spot Analysis was used to quantify spatial structure in
the measured climatic variables. Generally, factors related to moisture stress set the environmental
limits of V. germanica’s landscape distribution. Due to the strong preference of nesting sites close
to river courses, for higher rainfall conditions, medium to medium-high NDMI values, and lower
mean annual temperatures, it is unlikely that V. germanica will be able to spread uniformly where it is
currently found in South Africa.

Keywords: social wasps; Mediterranean climate; moisture stress; optimised hot spot analysis

1. Introduction

Defining the environmental conditions that promote the diffusion of invasive species
in newly introduced areas is a key objective in invasion biology [1–3]. After invasive species
establish, it is important to know potential areas of future spread and how large populations
are likely to become. For species that are highly successful invaders, colonization and
spread can be rapid, making it difficult to sequentially map invasive spread. In contrast,
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invasive species that are transported to marginal habitats (relative to their climatic niche in
their native range; e.g., [4]) will likely spread slowly and the analysis of their distribution
can give useful information on limiting factors. Although the rate of spread and population
densities under marginal conditions are much lower than in climatically optimal ranges,
any established marginal populations could act as stepping-stones for future invasions
into more suitable areas (e.g., [5]). Furthermore, due to increasing global trade and travel,
the likelihood of future accidental introductions of invasive species into urban centres is
increasing [6,7]. A detailed understanding of such invasions in marginal environments is
thus important.

Distribution modelling of invasive species can be conducted to forecast regions that
are likely to be invaded after successful establishment. For example, distribution mod-
elling programs such as MAXENT or CLIMEX can take into account the importance of
multiple climatic and environmental factors, resulting in composite habitat suitability pre-
dictions [8–12]. However, such modelling is not useful at smaller than regional or national
scales when there are relatively small environmental gradients, which is often the extent of
invasive species recently detected in marginal habitat. Furthermore, models resulting in
a single predicted suitability index potentially obscures the ability of invasive species to
overcome unsuitable conditions at local scales. For example, invasive species limited by
hot and dry conditions can survive if they occur near water sources (e.g., [13]), or survive
in colder environments by selecting warmer urban areas [14].

Globally, invasive social wasps rank among some of the worst invasive species [15]
with several examples of rapid invasive spread [16–19]. Apart from the severe ecological
damage caused [20,21], social wasp invasions can have significant implications for munici-
pal utilities and conservancy boards where they occur [16,22]. For example, in Australia
and New Zealand removal of invasive wasp nests in urban and semi-urban areas represents
the use of significant monetary and human resources [21–23]. It is likely that the pattern of
invasion of these wasps in highly suitable vs. marginal areas are in stark contrast and are
operated by different mechanisms [19,24,25].

The German wasp or yellowjacket, Vespula germanica (Fabricius, 1793) (Hymenoptera:
Vespidae), is the most widespread Vespid wasp in the world [20,21,26]. It is native to
Europe, the Mediterranean and Asia where it is an important insect predator and scav-
enger [27]. In its invaded range in the southern hemisphere, population densities can be
very large due to highly favourable habitat conditions experienced before winter die back
occurs (e.g., Southern Argentina; [19,28]), or in the absence of winter dieback, colonies be-
come perennial and can grow much larger than in their native range [13]. Moist temperate
regions with abundant food resources (honeydew and invertebrates) such as in Argentina,
New Zealand and Tasmania invasive wasp biomass can reach epidemic proportions [19,29].
Under such conditions this invasive species has severe ecological and socio-economic
impacts [21,29,30].

Moisture stress and wet heat stress (humid, tropical conditions) have been shown
to be the two most significant limits on V. germanica’s global distribution [11,31]. Fur-
thermore, distribution records of V. germanica in more climatically marginal regions of
Argentina (see also [24]) and Australia were better explained if irrigation was added to the
existing moisture subsidy (i.e., mean annual precipitation) of locality records [11]. Kasper
et al. [32] found that between 20 ◦C and 35 ◦C foraging rates begin to reduce to 50% of
the daily maximum, above 35 ◦C foraging rate drops rapidly, and stops completely at
40 ◦C. Additionally, under hot conditions foragers thermoregulate their body temperature
by regurgitating water and use water in evaporative cooling to keep nests at optimum
temperatures [32]. High temperatures thus increase the need for water in this species and
populations may be severely impacted in seasonally hot regions where water is limited.
Horwood et al. [13] previously suggested that water availability was a key factor in limiting
V. germanica’s distribution in the Sydney Metropolitan area. The distribution of V. germanica
in Australia and other parts of their introduced range might be limited to areas experi-
encing cooler temperatures, and to places with nearby water. In summary, it appears that
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V. germanica can persist in regions with marginal climatic conditions, provided there is
water supplementation by humans or river courses in close proximity.

Vespula germanica is listed as a category 1B invasive species in South Africa which by
law must have an invasive species management plan [33]. Compared to other invaded
regions [16,17,34–37] the invasion of V. germanica in South Africa has been unusually slow
and it is still geographically limited [33,38,39]. Since it was first recorded in Cape Town
in 1972 [40], the species has not moved outside of the south-western tip of the Western
Cape. It currently occurs in a general region of intermediate climatic suitability despite
large climatically suitable areas to the east [35], while less suitable regions can also be
occupied if improved by irrigation [11]. Therefore, the question arises: why after almost
50 years is only such a small part of South Africa invaded? This is despite the most recent
CLIMEX modelling indicating that all previous records of V. germanica in South Africa
are surrounded by climatically optimal and highly suitable habitat (i.e., [11]). Here we
use all available nest records (except historic records) to analyse patterns and possible
factors that can explain this constrained invasion. Our aim was to describe and test for any
spatial structure in those factors that are likely to significantly constrain the distribution of
V. germanica in South Africa. This works also serves as a detailed case study to understand
the spread of an invasive species under more marginal conditions.

2. Materials and Methods
2.1. Search for V. germanica Nests and Georeferencing

All V. germanica nests reported between 2012 to 2019 by the public, alien and invasive
species control teams, beekeepers, farmers, and found during our own field surveys
(58%) were recorded and georeferenced. Prior to this period, few accurate georeferenced
records are available [41] and historical records were consequently not included in the
data. At the start of 2012, after the prolific spread of the European paper wasp (Polistes
dominula) in the Northern suburbs of the Cape Metropolitan [38], the South African National
Biodiversity Institute (SANBI)—Invasive Wasp Project was launched including a public
awareness campaign from SANBI, Stellenbosch University, and the City of Cape Town.
This included identification pamphlets that were distributed by postgraduate students,
while local newspapers ran several reports on the wasp invasion. The Invasive Species
department of the City of Cape Town also created a website sighting-tracker for residents
to report wasp problems.

The Cape Metropolitan area that encompasses most of all urban areas in the study
region, has a high human population density, thus increasing the probability of finding
nests. In turn, in the surrounding rural areas, there are farms or other tourist attractions
which given the wasp’s propensity for being a pest, the chances are good of nests or at least
sightings being reported. We thus assume that in the urban areas and the surrounding
rural areas respectively in the study region, the respective ‘search effort’ for V. germanica
is uniform within each of these two contexts. However, the greatest proportion of nest
records were found by our own active searches of landscapes and municipal areas, targeting
gaps from previous years, which did include the full gradient of landscape environmental
conditions. Consequently, the specific year in which a nest was recorded was not analysed
because active searches did not expend equal effort across the entire study period.

All nest location data (x, y coordinates), as well as spatial attribute data were incorpo-
rated into a Geographic Information System (GIS), in order, to manage, explore, analyse
and present nest occurrence data spatially (Figure 1). The environmental variable data
used included long-term (30 years) annual means for rainfall, temperature, minimum
temperature, maximum temperature, and summer maximum temperature (maximum tem-
peratures from January to March) (incorporated and/or extracted within the GIS are listed
in Table S1). In addition, the Normalised Difference Moisture (Water) Index (NDMI/NDWI)
instead of Normalised Difference Vegetation Index (NDVI) was used to quantify landscape
moisture availability. The latter is more influenced by the reflection of radiation from
surfaces than NDMI values, which more directly characterises above ground moisture
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availability/absorption and are commonly used in agricultural applications (e.g., [42]).
We used average NDMI values measured during the peak moisture stress period within
our study area (i.e., January to March). High NDMI values (values approaching 1) are
indicative of high moisture availability; while low NDMI values (values approaching −1)
indicate low moisture availability (e.g., heavily vegetated areas will have the highest values
and un-vegetated sandy areas the lowest). All attributes listed in Table 1 were determined
for each nest location using ArcGIS 10.6.1.
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Figure 1. Map showing the distribution of V. germanica nest records in the Western Cape relative to
indicators of human activity (i.e., town municipal areas and major road networks) and major river
courses.

Table 1. Value ranges of environmental variables measured for V. germanica nests (median, standard
percentiles, and 80% of nest records centred on the median) measured for standard median and
quantiles plus additional 10th and 90th percentiles. CV is the coefficient of variation (mean divided
by the standard deviation multiplied by 100 to yield a percentage).

Measures of Variability

Environmental
Variable 10th 25th Median 75th 90th CV (%)

Distance to main river
course (m) 30.9 117.0 417.1 1007.0 2028.6 118.6

Mean Ann. Rainfall
(mm) 693.5 758.8 834.0 896.7 960.2 14.1

NDMI (−100 to 100) 1 9 20 29 37 67.7
Mean Ann. Temp.

(◦C) 16.43 16.67 16.99 17.12 17.48 2.9

Mean Ann. Min.
Temp. (◦C) 10.77 10.98 11.23 11.48 12.20 4.9

Mean Ann. Max.
Temp. (◦C) 21.30 22.26 22.68 22.98 23.55 3.8

Mean Sum. Max.
Temp. (◦C) 25.61 27.25 28.00 28.25 29.60 5.0
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2.2. Comparison of Selected versus Available Environmental Conditions

To compare the environmental conditions where V. germanica is found relative to
where it is absent, a buffer radius of 2.5 km was created around each recorded nest to
approximate the area of occurrence (Figure S1). Queens can naturally spread approximately
1 km per year in their invasive range [18], thus using a larger buffer radius we can account
for any natural spread in the immediate local area within a few years before or after a
given nest record. The entire buffered area was then descriptively analysed (mean and
standard deviation [SD]) as a single polygon for all environmental variables using ArcGIS
10.6.1. Nest records for which there was multiple topographical barriers (i.e., mountain
ranges) from the more continuous distribution were excluded (20 nests). This was done to
remove potential bias in calculating average encountered conditions in the area of absence
and occurrence. All quarter degree cells (15′ by 15′) that contained parts of the buffered
distribution were selected as well as unoccupied cells adjacent to the cells containing the
initial invasion point (i.e., Kirstenbosch, Cape Town) up until the same distance in all
compass directions. This process resulted in a 3 × 4 quarter degree grid being selected as
the maximum extent of the potential distribution range (i.e., if wasps could spread at the
same rate in all directions from the original point of introduction) (Figure S1). Thus, the
area of V. germanica absence was calculated as the full terrestrial extent of the distribution
minus the area of occurrence.

For every 10 × 10 m cell found within the area of extent, values for every environmen-
tal variable were measured. For comparison, values for every sampled nest (for the same
variables) were also recorded. Due to the different types of data (area data versus point
data) and amount of data (mean and SD calculated from >9 million measurements versus
n < 500) no statistical tests could be done to determine statistically significant differences.
Instead, descriptive statistics (mean and SD) was used to compare the value distributions
of environmental variables between the area of absence, the area of occurrence and that of
the actual nest records. If there are no differences, it indicates random selection of nesting
sites relative to the existing environmental conditions found where the wasp is absent or
present, respectively. If there are differences, it could indicate the direction of possible
nesting preferences of the wasp.

2.3. Analysis of Spatial Structure in Environmental Variables

Optimised Hot Spot Analysis (OHA) was used to statistically describe spatial structure
in the values of the environmental variables measured for nest records, using ArcGIS
10.6.1. This method uses the Getis–Ord Gi* statistic [43] to characterise the intensity of
the clustering of high values (hot spots) or low values (cold spots) in the data without the
use of traditional statistical tests (e.g., [44,45]). Spatial autocorrelation, using the Global
Moron’s I statistic, is calculated at incrementing distances in order to determine the scale
of analysis (neighbourhood) (e.g., see Jossart et al. [46]), after which the Getis–Ord Gi*
statistic is used to determine whether the clustering of high and low values based on the
neighbourhood are statistically significant (i.e., it assesses each feature within the context
of its neighbouring features and then compares the derived local statistic to the global
statistic) [43]. The results from the Getis–Ord Gi* statistic are automatically corrected for
multiple testing and spatial dependence by making use of the false discovery rate correction
method. The OHA tool classified each nest record, based on the attribute tested as either a
statistically significant hot spot or cold spot or as non-significant. Statistically significant
nests were binned into three groups that reflects hot- and cold spots at a 99, 95 and 90%
confidence level, while all non-significant nests were binned to show the non-significant
spots (i.e., seven discrete groups in total). Maps of hot and cold spots were created for
visual analyses using ArcGIS.

3. Results

A total of 405 nests were recorded between 2012 and 2019 (with respectively 2, 10, 64,
8, 105, 63, 109, and 44 nests recorded per year). Most nests (certainly the main clusters) are
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in the shadow or proximity of mountains. There was a negative association between nest
records and surrogates of human activity: urban areas typically had fewer nest records
and although some nests were in close proximity to roads (especially in areas of low nest
density) aggregations of nests did not show the same association with major roadways
(Figure 1). Overlaying published CLIMEX climatic modelling layer for South Africa it is
evident that all recorded nests occur in either optimal or highly suitable climatic zones
(Figure 2). However, it is clear that despite much of this region being predicted as suitable
for V. germanica’s occurrence, the realized distribution is still very small. The value ranges
of environmental variables, measured for nest records, are shown in Table 1.
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overlay indicating climatic scheme [11].

3.1. Comparison of Selected versus Available Environmental Conditions

There were marked differences in the range of values (mean and standard deviations)
for all analysed environmental variables between the area where V. germanica was absent,
its area of occurrence and between the actual nest records (Figure 3). First, the frequency
distribution of NDMI values of nest records were higher than in the area of occurrence
and much higher than the area of absence (Figure 3). This would indicate that V. germanica
nests are more likely to occur where above average soil moisture was available. It is also
noteworthy that the mean NDMI of the area of absence fell outside the normal distribu-
tion (mean plus and minus one standard deviation) of the nest records indicating strong
selection for higher-than-average NDMI values. Mean annual rainfall (MAR) was lower in
the area of absence than V. germanica’s area of occurrence and for nest records. However,
the standard deviations of the MAR of nest record values were narrower compared to the
areas of absence and occurrence. This indicates that few nests were found at sites with very
high, or especially, very low rainfall.
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Figure 3. Comparison of means ± standard deviations for studied environmental variables between
V. germanica’s area of absence and area of occurrence and actual nest records. Distance to main rivers
is a relative measurement and was instead expressed as the percentage of the area within 12 selected
quarter degree grids (see methods; Figure S1), or percentage of nests, within 1 km of a main river.

With the distance to main river data, a bigger percentage of the area of occurrence was
within 1 km of a river compared to the area of absence, although the percentage of nests
within 1 km of a river, was almost double than that of the area of occurrence. There is thus
strong selection for nests in closer proximity to main rivers compared to average available
conditions. For all temperature variables, means were higher in areas where V. germanica
was present than where it was absent (by 0.25 to 0.75 ◦C) but the normal range of conditions
(mean ± on SD) were less variable by 1.0 and 2.0 ◦C in the area of occurrence and for nest
records, respectively (Figure 4). This indicates that nesting sites excluded temperature
extremes compared to the average available temperatures. Drier areas typically have far
more temperature variation than areas with more moisture such as vegetated areas. It is
thus likely that all the temperature variables are also influenced by moisture availability.
Due to topography, mountain tops in the study area receive high rainfall, but vegetation is
low due to major run-off and colder temperatures at higher altitude. In contrast, valley
floors are warmer, used for agriculture, and irrigated from rivers.

3.2. Optimised Hot Spot Analysis of Environmental Variables

Optimised Hot Spot Analysis (OHA) indicated that the optimal scale at which mea-
sured values of environmental variables were spatially correlated were between five to six
kilometres. Mean values of measured landscape and climatic variables for all analysed
nests indicated most nests were found at sites with high rainfall, cooler maximum tem-
peratures and a short distance (~1 km) to the nearest main river system (Table S2). It is
important to note that the OHA were conducted on the values measured at the nest and
not spatial point itself (e.g., the mean annual rainfall at the nest location).
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Given this importance of long-term climatic variables related to moisture and tempera-
ture stress for V. germanica, OHA maps of these environmental variables were produced for
visual analyses and spatial interpretation of the statistical results (Figure 4a,b; Figure S2a–e).
From these maps it is evident that there is significant spatial structure in conditions where
nests are found. For example, with the ‘distance to main river’ variable, there are dis-
tinct clusters (e.g., greater area around Stellenbosch) which are close to rivers (blue spots)
while other areas (Paarl and Wellington) nests are generally further from rivers (red spots)
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(Figure 4a). In comparison, other geographic splits appear in the mean annual rainfall map,
where the same neighbouring clusters (i.e., the greater area around Stellenbosch) indicate a
split between high values (red spots) occurring next to low values (blue spots) (Figure 4b).
Such differences in the distribution of significant hot and cold spots can also be seen in the
other environmental variables (Figure S2a–e).

As it is difficult to simultaneously interpret hot spot patterns for multiple environmen-
tal variables, and because clusters of high values for some environmental variables will
indicate areas ideal for V. germanica (e.g., mean annual rainfall) while for other variables
high values will be marginal (e.g., distance to river, mean annual temperature), these
spatial patterns were summarised in a locality-environmental variable matrix (Figure 5).
Whether conditions were significantly marginal or suitable at localities (and their im-
mediate surrounds) were based on the value ranges of nest records for environmental
variables relative to those in the area of absence (Figure 3). Accordingly, the suitability of
localities can be gauged across all investigated environmental variables. For example, at
Kirstenbosch, where the original invasion was found, all variables (except mean minimum
temperature) showed significant clustering in values that represent suitable conditions,
strongly suggesting this as very favourable habitat for V. germanica (Figure 5). In the second
stage of the invasion (post-2000), following the sequence of year first recorded, localities
directly bordering the Boland Mountain Complex (Jonkershoek, Banhoek, Grabouw) are
also generally suitable habitat for the species, but the habitat becomes progressively less
suitable (Franschhoek, Stellenbosch), to marginal when moving towards low lying areas
further away from the mountains (Paarl, Wellington).
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Figure 5. Matrix of spatial clustering (as quantified by Optimised Hot Spot Analysis) of environmen-
tal variables relative to localities where V. germanica has been recorded. Red blocks indicate significant
clusters of unsuitable conditions (at the 99% confidence level; orange at 95%), while green blocks
indicate significant clusters of suitable conditions (99% confidence level; light green at 95%), and grey
blocks indicate non-significant clustering. [Localities not shown on maps: Kirstenbosch—area be-
tween Cape Town and Wynberg; Somerset West—area North of Strand; Blaauwklippen Valley—area
South of Stellenbosch; Banhoek—area North-east from Stellenbosch in the direction of Franschhoek].

The chronological order of the invasion shows that V. germanica has gradually ex-
panded its range into more marginal landscape habitats over time (Figure 5). Consequently,
neighbourhood clustering of hot and cold spots follows a logical structure of core areas
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located in mountains compared to sinks of less suitable habitats found farther from the
mountainous areas (Figure 4a,b; Figure S2a–e).

Three new V. germanica invasions were recorded since 2014, two of which are situated
directly next to a main road transport network through outlying towns (Figure 1). These
localities also radiate from West of the Boland mountains to the North, East, and South.
Notably all three these sites are marginal in environmental conditions when compared to
Grabouw, which was colonized much earlier (Figure 5).

4. Discussion

The results show that nests of V. germanica have a predictable non-random spatial dis-
tribution relative to the available environmental conditions in the Western Cape Province of
South Africa. It is also apparent that there is fine scale spatial structure seen in environmen-
tal variables related to moisture stress (function of temperature and moisture availability)
measured for nest records, which divide its geographic range into suitable core areas that
are bordered by more marginal areas. These geographic limits in available climatically
suitable habitat is a likely explanation for the slow invasion in South Africa. This is a
significant improvement in quantifying suitable habitat conditions for this invasive species
compared to a recent CLIMEX predictive modelling exercise, which broadly described the
entire current distribution as optimal to highly suitable [11].

In the past the invasion of this species has been documented anecdotally [36,38]. For
decades V. germanica was restricted to the Cape Peninsula followed by jump dispersal event
to the Boland region after 30 years (although it is only 1-h drive or 50 km). The area in
between these two regions is 500 km2 with a population of roughly 2.5 million people, but
despite this only five nests over the study period have ever been recorded here, indicating
first that V. germanica nests are not likely to be found in such urban areas and that the
invasion from Table Mountain to the Boland represents a discrete jump dispersal event.
After the jump dispersal event, it proceeded to spread more rapidly to similar neighbouring
farming areas [39]. However, we find that this species is still largely limited to two relatively
small geographic areas, namely the eastern parts of Table Mountain (±17 km2) and the
western side of the two major mountain ranges (the Boland, and Riviersonderend Mountain
Complex) (±930 km2).

Localised range predictions have not been possible [11] and grid-like monitoring has
been hampered by limited artificial bait effectiveness [47]. Consequently, management
actions for the control of this species have not been able to be coordinated by government.
However, the fact that V. germanica is still restricted to a limited geographic area, the
coordinated management of this species remains a possibility [39]. More importantly, if
the suitable habitat for invasion can be identified from available remotely sensed data,
monitoring and clearing will be much easier to coordinate [48]. The significant patterns in
the selection of nesting sites in cooler and/or moister landscape conditions than available
across the region is suggestive of V. germanica queens either selecting specific nesting sites
or only nests initiated in these types of habitats can survive to reproduce. Consequently,
future queens produced in these areas are more likely to survive. These results will have
implications for management of V. germanica populations in South Africa, as well as other
parts of the world where they are invasive, particularly when in marginal habitats.

Previous work in Australia [13] found that rainfall was correlated with wasp densities,
and that sudden ‘wasp outbreaks’ could be attributed to preceding high rainfall events.
Horwood et al. [13] also suggested that available water (such as water impoundments and
residential water points) could be a major constraint on V. germanica invasions and can
explain why wasps mostly occur in urban centres where these occur instead of natural
habitats. Water is essential for nest construction, maintenance, and to cool and maintain
optimal temperature for the brood in the nest, particularly under high temperatures [32]. It
is likely that a similar explanation holds for the current observed invasion in South Africa.
For example, we found that in some of the hotter areas in its distribution range, wasp nests
were mostly well within 1 km (a queen’s average dispersal range; see [49]) from rivers.
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The proximity to such ideal habitat would facilitate the founding of new nests when new
queens can spread from their natal nests. This may imply that river systems provide a
corridor for expansion of their range (e.g., [50]) by supplying both shade and water that are
important in hotter habitats for wasp dispersal, and further explaining why V. germanica is
spreading from the edge of mountain ranges into warmer and drier valleys.

Although V. germanica is mainly located in temperate regions, D’Adamo et al. [24]
described this species as very plastic with regards to high and low temperature conditions,
as well as being able to occur in various habitat types. For example, in the Patagonian
region of Argentina, extreme frosts result in annual colonies [18]. Under milder climatic
conditions, some colonies can become bi-annual or perennial due to lack of cold die-off of
the colony in the winter [13]. Currently, V. germanica nests in the Western Cape Province of
South Africa occur mostly in sunny and arid areas with minimum temperature extremes
above 9 ◦C. This suggests that under such temperate conditions perennial nests should
be frequent, but they are in fact rare [39]. Vespula germanica is however subject to water
stress similar to that experienced in other drier parts in the Southern Hemisphere (e.g.,
Perth, Australia and Santa Rosa, Argentina; e.g., [11,16,24]), where the absence of frost may
be far less important than general moisture availability during summer, in allowing the
appearance of perennial nests.

In the Western Cape, a winter rainfall area, there are regular droughts, and the dry
season coincides with the seasonal peak in the wasp population [46]. The distribution of
successful nests (where a foundress can survive and reproduce new queen daughters) are
not random and are located mainly in moist farming valleys or sites with higher moisture
availability (rivers and shady habitats, or irrigated orchards); conditions that are also
favourable for growing Northern Hemisphere crops in the Western Cape. Our results
strongly indicate and support previous findings [11,13,24] that moisture stress is a major
constraint on the invasive spread of V. germanica populations. Worryingly, V. germanica
is just one of several potentially invasive social wasp species to South Africa. It is thus
important to understand how social wasp invasion progresses in lower moisture areas.
Another social Vespid, Vespa velutina nigrithorax, are more likely to survive and invade
novel environments that have higher precipitation during the driest months of the year [18].
Interestingly, Villemant et al. [18] observed that the CLIMEX predicted distribution of
Vespa velutina is remarkably similar to that of V. germanica. One could thus use the spatial
modelling approach we use here for V. germanica, to generate finer scale predictions of
V. velutina’s invasive potential in South Africa, if it were to invade in future.

Apart from natural spread, accidental human transport of mated queens is another
important factor in explaining V. germanica’s current distribution in South Africa and
globally [16,19,33,51]. We found several outward populations (from the original point
of introduction), which strongly suggests human mediated dispersal, most probably via
road transport (especially likely due to the association with main transport network roads;
out of four such populations, three were directly on a major road route). We hypothesise
that inseminated queens (the only way of founding new nests) are being transported and
deposited into these geographically localised, but still climatically favourable locations.
This transportation either happens when the queens are in a hibernating state during
winter months, or after mating in the autumn before the onset of winter or early spring
when inseminated queens are emerging from winter diapause. The ease by which non-
hibernating V. vulgaris queens can be transported by car has been documented with several
individuals transported in a single event [52]. Traveling time by car from Table Mountain to
Stellenbosch is less than an hour, and from Stellenbosch to Ceres, Grabouw or Kleinmond is
less than two hours (with vehicles likely not to stop before reaching their end destinations).
It is thus highly feasible for non-hibernating inseminated queens to be dispersed in this
way (e.g., if they enter cars or busses used for tourist travel) in South Africa. Many queens
are potentially being transported in this way, but the chance of being released into a good
habitat and surviving to find a nest are slim. Future studies could calculate the probability
of human mediated jump dispersal of queens in our study area.
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5. Conclusions

Due to the strong preference of nesting sites close to river courses, for higher rainfall
conditions, medium to-medium-high NDMI values, lower mean annual average, or mini-
mum and maximum temperatures, it is unlikely that V. germanica will be able to spread
uniformly in natural, unmodified environments. Their impact on natural Mediterranean
ecosystems will thus be limited (i.e., Fynbos [Mediterranean] vegetation) unless bordered
by human land uses. The close association with human settlements (which aid invasion
by providing additional food resources and water [28,53]) means that V. germanica will
persist and likely increase in density where it occurs in suitable habitats in close proxim-
ity to human habitation. This increases the likelihood of accidental transport of mated
queens, which in turn increases the chances of jump dispersal. The strong association with
human-modified habitats means that where queens select habitats with ideal conditions
in South Africa, they are likely to result in negative interactions with humans, which can
lead to substantial localised socio-economic impacts [19,54,55]. Although human habitat
modification (e.g., irrigated agriculture; [11,39]) likely contributes to the invasion success
of V. germanica in South Africa, constraints posed by prevailing environmental conditions,
limits human mediated invasion of this species.

Furthermore, this study shows that satellite derived climatic and vegetation data
could be useful to conduct fine scale searches for possible nesting areas, through mapping
and identifying un-surveyed areas. If there is a high degree of overlap between range
predictions and observed ranges, these data could be used to predict likely V. germanica
infestations. Predicting likely invaded habitats more specifically than coarse scale dis-
tribution modelling infestation could pave the way for targeted local eradication, which
has been advocated as effective for management of these wasps [16,55–57]. Consequently,
in South Africa and other countries with similar conditions this research assists to better
understand the invasion patterns of V. germanica.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/insects12080732/s1, Table S1: List of spatial attribute data stored in the GIS and used for
analyses [58]. Table S2: Hot Spot analysis summary statistics for neighbourhood analysis of measured
climatic and geographic variables. Table S3: Data Availability Statement. Figure S1: Terrestrial area
of absence and buffered occurrence of V. germanica. Figure S2: Optimised Hot Spot Analysis maps
of the environmental variables recorded for V. germanica nests records, (a) Normalised Difference
Moisture Index (NDMI); (b) mean annual temperature; (c) mean minimum annual temperature;
(d) mean maximum annual temperature; and (e) mean maximum summer annual temperature.

Author Contributions: Conceptualization, R.V., D.D. and G.F.H.v.G.B.; methodology, R.V., D.D. and
G.F.H.v.G.B.; software, G.F.H.v.G.B.; validation, R.V., D.D. and G.F.H.v.G.B.; formal analysis, R.V. and
G.F.H.v.G.B.; investigation, R.V., D.D. and G.F.H.v.G.B.; data curation, R.V., D.D. and G.F.H.v.G.B.;
writing—original draft preparation, R.V.; writing—review and editing, R.V., D.D. and G.F.H.v.G.B.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by The South African Department of Forestry, Fisheries and
the Environment (DFFtE), noting that this publication does not necessarily represent the views or
opinions of the DFFtE or its employees. The APC was funded by R.V.

Data Availability Statement: The data presented in this study are available in Supplementary Table S3.

Acknowledgments: We would like to thank all anonymous referees, John Wilson, Arunava Datta,
Mesfin Gossa, and Antoinette Veldtman for valuable suggestions on a previous drafts of this
manuscript. Marco Meyer, Carolien van Zyl, Mike Allsopp, Inshaaf Layloo, and several beekeepers,
landowners, or members of the public for information on V. germanica nests which allowed inclusion
in this study. The Centre for Geographical Analysis (CGA) at Stellenbosch University for the provi-
sion of spatial data, especially T. Pauw at the CGA for technical GIS support. A special thanks to
Philip Ivey who promoted research on this invasive species at SANBI.

https://www.mdpi.com/article/10.3390/insects12080732/s1
https://www.mdpi.com/article/10.3390/insects12080732/s1


Insects 2021, 12, 732 13 of 15

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Arim, M.; Abades, S.R.; Neill, P.E.; Lima, M.; Marquet, P.A. Spread dynamics of invasive species. Proc. Natl. Acad. Sci. USA 2006,

103, 374–378. [CrossRef]
2. Nuñez, M.A.; Moretti, A.; Simberloff, D. Propagule pressure hypothesis not supported by an 80-year experiment on woody

species invasion. Oikos 2011, 120, 1311–1316. [CrossRef]
3. Zhao, Z.; Hui, C.; Plant, R.E.; Su, M.; Papadopoulos, N.T.; Carpenter, T.E.; Li, Z.; Carey, J.R. The failure of success: Cyclic

recurrences of a globally invasive pest. Ecol. Appl. 2019, 30, e01991. [CrossRef]
4. Te Beest, M.; Elschot, K.; Olff, H.; Etienne, R.S. Invasion success in a marginal habitat: An experimental test of competitive ability

and drought tolerance in Chromolaena odorata. PLoS ONE 2013, 8, e68274. [CrossRef] [PubMed]
5. Alharbi, W.; Petrovskii, S. Effect of complex landscape geometry on the invasive species spread: Invasion with stepping stones. J.

Theor. Biol. 2019, 7, 85–97. [CrossRef] [PubMed]
6. Keeling, M.J.; Franklin, D.N.; Datta, S.; Brown, M.A.; Budge, G.E. Predicting the spread of the Asian hornet (Vespa velutina)

following its incursion into Great Britain. Sci. Rep. 2017, 7, 6240. [CrossRef] [PubMed]
7. Potgieter, L.J.; Gaertner, M.; Kueffer, C.; Larson, B.M.H.; Livingstone, S.W.; O’Farrell, P.J.; Richardson, D.M. Alien plants as

mediators of ecosystem services and disservices in urban systems: A global review. Biol. Invasions 2017, 19, 3571–3588. [CrossRef]
8. Taylor, L.R. Assessing and interpreting the spatial distributions of insect populations. Ann. Rev. Entomol. 1984, 29, 321–357.

[CrossRef]
9. Hirzel, A.H.; Le Lay, G.; Helfer, V.; Randin, C.; Guisan, A. Evaluating the ability of habitat suitability models to predict species

presences. Ecol. Model. 2006, 199, 142–152. [CrossRef]
10. Kriticos, D.J.; Morin, L.; Leriche, A.; Anderson, R.C.; Caley, P. Combining a climatic niche model of an invasive fungus with its

host species distributions to identify risks to natural assets: Puccinia psidii sensu lato in Australia. PLoS ONE 2013, 8, e64479.
[CrossRef] [PubMed]

11. De Villiers, M.; Kriticos, D.J.; Veldtman, R. Including irrigation in niche modelling of the invasive wasp Vespula germanica
(Fabricius) improves model fit to predict potential for further spread. PLoS ONE 2017, 12, e0181397. [CrossRef] [PubMed]

12. Howse, M.W.F.; Haywood, J.; Lester, P.J. Bioclimatic modelling identifies suitable habitat for the establishment of the invasive
European paper wasp (Hymenoptera: Vespidae) across the Southern Hemisphere. Insects 2020, 11, 784. [CrossRef] [PubMed]

13. Horwood, M.A.; Toffolon, R.B.; Brown, G.R. Establishment and spread of Vespula germanica (F.) (Hymenoptera: Vespidae) in New
South Wales and the influence of rainfall on its abundance. J. Aust. Entomol. Soc. 1993, 32, 241–248. [CrossRef]

14. Sorvari, J. Habitat preferences and spring temperature-related abundance of German wasp Vespula germanica in its northern
range. Insect Conserv. Divers. 2018, 11, 363–369. [CrossRef]

15. Rankin, E.E.W. Emerging patterns in social wasp invasions. Curr. Opin. Insect Sci. 2021, 46, 72–77. [CrossRef] [PubMed]
16. Crosland, M.W.J. The spread of the social wasp, Vespula germanica, in Australia. N. Z. J. Zool. 1991, 18, 375–388. [CrossRef]
17. Goodisman, M.A.D.; Matthews, R.W.; Crozier, R.H. Hierarchical genetic structure of the introduced wasp Vespula germanica in

Australia. Mol. Ecol. 2001, 10, 1423–1432. [CrossRef]
18. Villemant, C.; Barbet-Massin, M.; Perrard, A.; Muller, F.; Gargominy, O.; Jiguet, F.; Rome, Q. Predicting the invasion risk by the

alien bee-hawking yellow-legged hornet Vespa velutina nigrithorax across Europe and other continents with niche models. Biol.
Conserv. 2011, 144, 2142–2150. [CrossRef]

19. Masciocchi, M.; Corley, J. Distribution, dispersal and spread of the invasive social wasp (Vespula germanica) in Argentina. Austral
Ecol. 2013, 38, 162–168. [CrossRef]

20. Beggs, J.R.; Brockerhoff, E.G.; Corley, J.C.; Kenis, M.; Masciocchi, M.; Muller, F.; Rome, Q.; Villemant, C. Ecological effects and
management of invasive alien Vespidae. BioControl 2011, 56, 505–526. [CrossRef]

21. Lester, P.J.; Beggs, J.R. Invasion success and management strategies for social Vespula wasps. Annu. Rev. Entomol. 2019, 64, 51–71.
[CrossRef]

22. Cook, D.C. Quantifying the potential impact of the European wasp (Vespula germanica) on ecosystem services in Western Australia.
NeoBiota 2019, 50, 55–74. [CrossRef]

23. Kasper, M.L.; Reeson, A.F.; Austin, A.D. Colony characteristics of Vespula germanica (F.) (Hymenoptera, Vespidae) in a Mediter-
ranean climate (southern Australia). Aust. J. Entomol. 2008, 47, 265–274. [CrossRef]

24. D’Adamo, P.; Sackmann, P.; Corley, J.C.; Rabinovich, M. The potential distribution of German wasps (Vespula germanica) in
Argentina. N. Z. J. Zool. 2002, 29, 79–85. [CrossRef]

25. Barbet-Massin, M.; Rome, Q.; Villemant, C.; Courchamp, F. Can species distribution models really predict the expansion of
invasive species? PLoS ONE 2018, 13, e0193085. [CrossRef]

26. Clapperton, B.K.; Moller, H.; Sandlant, G.R. Distribution of social wasps (Hymenoptera: Vespidae) in New Zealand in 1987. N. Z.
J. Zool. 1989, 16, 315–323. [CrossRef]

27. Archer, M.E. The world distribution of the Euro-Asian species of Paravespula (Hym., Vespinae). Entomol. Mon. Mag. 1998, 134,
279–284.

http://doi.org/10.1073/pnas.0504272102
http://doi.org/10.1111/j.1600-0706.2011.19504.x
http://doi.org/10.1002/eap.1991
http://doi.org/10.1371/journal.pone.0068274
http://www.ncbi.nlm.nih.gov/pubmed/23936301
http://doi.org/10.1016/j.jtbi.2018.12.019
http://www.ncbi.nlm.nih.gov/pubmed/30562501
http://doi.org/10.1038/s41598-017-06212-0
http://www.ncbi.nlm.nih.gov/pubmed/28740240
http://doi.org/10.1007/s10530-017-1589-8
http://doi.org/10.1146/annurev.en.29.010184.001541
http://doi.org/10.1016/j.ecolmodel.2006.05.017
http://doi.org/10.1371/journal.pone.0064479
http://www.ncbi.nlm.nih.gov/pubmed/23704988
http://doi.org/10.1371/journal.pone.0181397
http://www.ncbi.nlm.nih.gov/pubmed/28715452
http://doi.org/10.3390/insects11110784
http://www.ncbi.nlm.nih.gov/pubmed/33187210
http://doi.org/10.1111/j.1440-6055.1993.tb00581.x
http://doi.org/10.1111/icad.12285
http://doi.org/10.1016/j.cois.2021.02.014
http://www.ncbi.nlm.nih.gov/pubmed/33667693
http://doi.org/10.1080/03014223.1991.10422843
http://doi.org/10.1046/j.1365-294X.2001.01291.x
http://doi.org/10.1016/j.biocon.2011.04.009
http://doi.org/10.1111/j.1442-9993.2012.02388.x
http://doi.org/10.1007/s10526-011-9389-z
http://doi.org/10.1146/annurev-ento-011118-111812
http://doi.org/10.3897/neobiota.50.37573
http://doi.org/10.1111/j.1440-6055.2008.00658.x
http://doi.org/10.1080/03014223.2002.9518292
http://doi.org/10.1371/journal.pone.0193085
http://doi.org/10.1080/03014223.1989.10422896


Insects 2021, 12, 732 14 of 15

28. Lozada, M.; D’Adamo, P. Learning in an exotic social wasp while relocating a food source. J. Physiol. Paris 2014, 108, 187–193.
[CrossRef]

29. Beggs, J. The ecological consequences of social wasps (Vespula spp.) invading an ecosystem that has an abundant carbohydrate
resource. Biol. Conserv. 2001, 99, 17–28. [CrossRef]

30. Clapperton, B.K.; Alspach, P.A.; Moller, H.; Matheson, A.G. The impact of common and German wasps (Hymenoptera: Vespidae)
on the New Zealand beekeeping industry. N. Z. J. Zool. 1989, 16, 325–332. [CrossRef]

31. Spradbery, J.P.; Maywald, G.F. The distribution of the European or German wasp, Vespula germanica (F.) (Hymenotera: Vespidae),
in Australia: Past, present and future. Aust. J. Zool. 1992, 40, 495–510. [CrossRef]

32. Kasper, M.L.; Reeson, A.F.; Mackay, D.A.; Austin, A.D. Environmental factors influencing daily foraging activity of Vespula
germanica (Hymenoptera, Vespidae) in Mediterranean Australia. Insectes Sociaux 2008, 55, 288–295. [CrossRef]

33. Veldtman, R.; Addison, P.; Tribe, G.D. Current status and potential future impact of invasive vespid wasps (Vespula germanica and
Polistes dominulus) in South Africa. In Working Group ‘Landscape Management for Functional Biodiversity’, Proceedings of the Meeting
at Lleida, Spain, 7–10 May 2012; Holland, J., Gerowitt, B., Alomar, O., Bianchi, F., Egenschwiler, L., van Helden, M., Moonen, C.,
Poehling, H.-M., Rossing, W., Eds.; IOBC/Wprs Bulletin: Lleida, Spain, 2012; Volume 75, ISBN 978-92-9067-252-4.

34. Greene, A. Dolichovespula and Vespula. In The Social Biology of Wasps; Ross, K.G., Matthews, R.W., Eds.; Cornell University Press:
Ithaca, NY, USA, 1991; pp. 263–305.

35. Clapperton, B.K.; Tilley, J.A.V.; Beggs, J.R.; Moller, H. Changes in the distribution and proportions of Vespula vulgaris (L.) and
Vespula germanica (Fab.) (Hymenoptera: Vespidae) between 1987 and 1990 in New Zealand. N. Z. J. Zool. 1994, 21, 295–303.
[CrossRef]

36. Tribe, G.D.; Richardson, D.M. The European wasp, Vespula germanica (Fabricius) (Hymenoptera, Vespidae), in Southern Africa
and its potential distribution as predicted by ecoclimatic matching. Afr. Entomol. 1994, 2, 1–6. [CrossRef]

37. Farji-Brener, A.; Corley, J.C. Successful Invasions of Hymenopteran Insects into NW Patagonia. Ecol. Austral 1998, 8, 237–249.
Available online: https://hdl.handle.net/20.500.12110/ecologiaaustral_v008_n02_p237 (accessed on 15 April 2021).

38. Van Zyl, C.; Addison, P.; Veldtman, R. The invasive Vespidae in South Africa: Potential management strategies and current status.
Afr. Entomol. 2018, 26, 267–285. [CrossRef]

39. Davies, S.J.; Jordaan, M.; Karsten, M.; Terblanche, J.S.; Turner, A.A.; van Wilgen, N.J.; Veldtman, R.; Zengeya, T.A.; Measey, J.
Experience and Lessons from Alien and Invasive Animal Control Projects in South Africa. In Biological Invasions in South Africa;
van Wilgen, B., Measey, J., Richardson, D., Wilson, J., Zengeya, T., Eds.; Invading Nature-Springer Series in Invasion Ecology;
Springer: Cham, Switzerland, 2020; p. 14.

40. Whitehead, V.B.; Prins, A.J. The European Wasp, Vespula germanica (F.), in the Cape Peninsula. J. Entomol. Soc. S. Am. 1975, 38,
39–42. Available online: https://hdl.handle.net/10520/AJA00128789_3335 (accessed on 1 June 2021).

41. Haupt, K. Assessment of the Invasive German wasp, Vespula germanica, in South Africa. Master’s Thesis, Stellenbosch University,
Stellenbosch, South Africa, 16 April 2015.

42. Ferrant, S.; Selles, A.; Le Page, M.; Herrault, P.-A.; Pelletier, C.; Al-Bitar, A.; Mermoz, S.; Gascoin, S.; Bouvet, A.; Saqalli, M.; et al.
Detection of irrigated crops from Sentinel-1 and Sentinel-2 data to estimate seasonal groundwater use in South India. Remote Sens.
2017, 9, 1119. [CrossRef]

43. Getis, A.; Ord, J.K. The analysis of spatial association. Geogr. Anal. 1992, 24, 189–206. [CrossRef]
44. Bayles, B.R.; Thomas, S.M.; Simmons, G.S.; Grafton-Cardwell, E.E.; Daugherty, M.P. Spatiotemporal dynamics of the Southern

California Asian citrus psyllid (Diaphorina citri) invasion. PLoS ONE 2017, 12, e0173226. [CrossRef]
45. Bekker, G.F.H.v.G.; Addison, M.F.; Addison, P.; Van Niekerk, A. Using machine learning to identify the geographical drivers of

Ceratitis capitata trap catch in an agricultural landscape. Comput. Electron. Agric. 2019, 162, 582–592. [CrossRef]
46. Jossart, J.; Theuerkauf, S.J.; Wickliffe, L.C.; Morris, J.A., Jr. Applications of Spatial Autocorrelation Analyses for Marine

Aquaculture Siting. Front. Mar. Sci. 2020, 6, 806. [CrossRef]
47. Haupt, K.; Addison, P.; Veldtman, R. Fresh meat baits are currently the only available effective option to detect low-density

Vespula germanica populations in South Africa. Austral Entomol. 2019, 58, 783–791. [CrossRef]
48. Andrew, M.E.; Ustin, S.L. The effects of temporally variable dispersal and landscape structure on invasive species spread. Ecol.

Appl. 2010, 20, 593–608. [CrossRef]
49. Masciocchi, M.; Pereira, A.J.; Corley, J.C. Local dynamics of worker activity of the invasive Vespula germanica and V. vulgaris

(Hymenoptera: Vespidae) wasps in Argentina. Ecol. Entomol. 2016, 41, 105–111. [CrossRef]
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