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Abstract
Species present in transformed landscapes utilise resources from either the transformed 
patches, natural patches, or both. Depending on the degree to which species are special-
ised, species-specific responses to landscape transformation is both varied and dynamic. 
Understanding species-specific responses across a landscape is therefore essential to make 
informed conservation decisions. We investigate how spillover of stenotopic, cultural, and 
ubiquitous insect species respond to the different edge combinations present in a timber 
plantation mosaic. We use a multi-taxon approach, sampling two distinct insect assem-
blages (ground and foliage) across four different biotopes in a grassland-forest-planta-
tion landscape in the Midlands of KwaZulu-Natal, South Africa, which forms part of 
the Maputaland-Pondoland-Albany biodiversity hotspot. We show that in this landscape, 
ecological networks consisting of natural grassland and forest supported high insect diver-
sity in both ground and foliage assemblages. The foliage assemblage displayed stronger 
responses to the different biotope combinations than the ground assemblage. There was 
remarkably little spillover of habitat specialist species of either the ground or foliage as-
semblages from grassland or forest into the plantation stands. The few species associated 
with plantation stands (cultural species) had consistent levels of spillover across different 
types of plantation blocks, but not into the natural areas. Natural biotopes in this landscape 
conserved many habitat specialists, whereas plantations maintained low levels of diversity. 
Thus, we recommend that conservation practitioners consider the fidelity and spillover of 
the species present in the local landscape before designing conservation plans in these 
dynamic production landscapes.

Keywords Landscape transformation · Contrast · Spillover · Species richness · Insect 
diversity
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Introduction

Species in transformed landscapes (for example, where natural ecosystems such as grass-
lands are replaced with plantation forestry) may often use resources from the semi-natural 
and natural habitat patches which provide essential and alternative resources, such as over-
wintering sites, alternative host species, and energy sources (Rand et al. 2006). However, 
there is additional complexity as specialization among individual species drives their local 
distribution among transformed and natural areas according to their resource requirements 
(Dröse et al. 2019; Wimp and Murphy 2021). In contrast, for some habitat generalist spe-
cies (ubiquitous species) present in both natural and transformed regions of the landscape, 
transformation may have little effect on their local distribution patterns. In addition, trans-
formation can lead to increasing abundance of cultural species (species that readily occupy 
certain transformed areas) within the transformed regions of these landscapes, as cultural 
species show strong affinities towards production areas of transformed landscapes (Duelli 
and Obrist 2003; Plath et al. 2021).

Species spillover occurs when species present in one biotope spillover into surrounding 
biotopes (Brudvig et al. 2009). The directionality and magnitude of species spillover across 
biotopes depends on species adaptations, life history traits, and degree of specialization 
(Loreau et al. 2013) and varies according to shifts in resource concentration gradients (Rand 
et al. 2006; Loreau et al. 2013). Furthermore, areas of high concentrations of individuals can 
act as source populations, facilitating spillover into neighbouring biotopes (Tscharntke et al. 
2005; Rand et al. 2006). However, when resources are poor, species will spillover to seek 
more optimal habitat quality with more suitable resources such as a suitable microclimate, 
food, or refuges (Reis and Sisk 2004; Rand et al. 2006). In doing so, species richness and 
abundance may decrease with distance from the edge as conditions become increasingly 
sub-optimal, especially in production areas (Brudvig et al. 2009).

The physical contrast between natural and transformed patches varies between land-
scapes. Contrast is highest where intensively managed monocultures are present alongside 
natural heterogenous areas, potentially leading to isolation of specialist species (Fischer 
et al. 2008; Kremen 2015). However, when there is less physical and biological contrast 
between agricultural patches and natural sites there is likely to be more movement and 
establishment of species either side of the boundary (Fischer et al. 2008). The responses of 
organisms to these different boundaries needs to be understood to make informed conserva-
tion management decisions (Grau et al. 2013; Kremen 2015).

We determine the spillover effects of stenotopic, cultural, and ubiquitous insect species, 
and how these groups respond to the different edge combinations present in a plantation 
forestry landscape mosaic. To do this we address the following objectives: (1) We assess the 
degree of spillover among transformed biotopes and natural biotopes. Transformed biotopes 
are defined as ‘mature closed canopy plantation stands’, ‘recently planted young planta-
tions’, and ‘natural biotopes, composed of both natural grassland and indigenous forest’. We 
use a multi-taxon approach to cover both ground living and foliage assemblages and assess 
how species diversity may change between biotopes. (2) we then identify species showing 
fidelity to contrasting biotopes ranging from indigenous grassland (grassland stenotopic 
species), indigenous primary forest patches (forest stenotopic species), and timber produc-
tion stands (cultural species), as well as species associated with a combination of biotopes 
(ubiquitous species). (3) We then determine how insect fidelity in each assemblage prevents 
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or enhances spillover into adjacent biotopes. We hypothesize that grassland species, in both 
ground and foliage assemblages, will show higher spillover into open-canopy young planta-
tion stands compared to mature closed-canopy plantation stands due to the lower structural 
contrast between the grasslands and these young plantations. We also expect species among 
the forest assemblages to show a higher degree of spillover than grassland species, into 
mature plantation blocks as these patches have lower structural contrast. We expect cultural 
species to spillover between plantation stands rather than into the neighbouring grasslands 
and forests as these species are likely adapted to survive in the transformed areas.

Methods

Study site and study design

Baynesfield, Richmond and the Byrne Valley in KwaZulu-Natal (bounded by 29° 43’ 5.88” 
and 29° 51’ 29.52” S; and 30° 10’ 27.48” and 30° 22’ 28.56” E), South Africa, situated in 
the Maputaland-Pondoland-Albany biodiversity hotspot, was the study area. The region is 
characterised by a mosaic landscape of timber production areas interspersed with natural 
patches of primary Southern Mistbelt Forest (referred to as forests from now on) and inter-
connected tracts of Midlands Mistbelt Grasslands (referred to as grasslands from now on). 
These forest patches are naturally fragmented, located in fire refugia, at elevations between 
1200 and 1400 m above sea level. Podocarpus trees dominate the climax tree community. 
However, logging of these forests for hardwood timber some decades ago has resulted in the 
remaining patches being highly fragmented, isolated, and covering an area less than their 
original extent. Currently, these forest patches are not actively managed. The grasslands 
are also located at higher elevations where the climate is cool and moist. Some important 
grass species include Andropogon appendiculatus, Aristida junciformis, Hyparrhenis hirta 
and Themeda triandra (Mucina and Rutherford 2006). Within the timber production land-
scape of South Africa these grassland and forest patches are often connected and ensure 
functional connectivity is maintained within these transformed landscapes. Furthermore, 
these remnant patches provide refuges and resources for indigenous plant, vertebrate, and 
invertebrate species (Samways and Pryke 2016).

Sites were located on a privately managed conservancy, as well as on three plantation 
estates (Baynesfield, Enon and Highlands). Four biotopes were identified for sampling: (1) 
forest (F), (2) grassland (G), (3) closed canopy plantation (CC) of mature Eucalyptus with 
trees > 7 years old, and (4) open canopy plantation (OC), where Eucalyptus trees were 2–5 
years old, with an open canopy. These four biotopes were selected as they represented the 
dominant biotopes in the landscape, and all four biotopes were present on all timber estates, 
while only grasslands and forest patches were present in the conservancy (Fig. 1).

Biotope pairs were defined according to where two biotopes met at a discernible bound-
ary. Five biotope pair combinations were identified, with sampling transects laid out perpen-
dicularly across the boundary. In total, 36 transects, each consisting of a pair of biotopes: 
CC-G (n = 7); OC-G (n = 8); CC-F (n = 8); CC-OC (n = 7) and F-G (n = 6) were sampled. As 
biotope pairs correspond to transect types, biotope pairs will now be referred to as transect 
types. Spatial distribution of the grasslands, forests and Eucalyptus plantations limited the 
number of transects that were possible per transect type (Fig. 1). At least 300 m separated 
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transects of the same type when situated alongside each other to maintain independent sam-
pling. Transects were 120 m long, extending 60 m either side of the boundary between a 
biotope pair. Along each transect, six sampling stations were established, with increasing 
distance from the edge, at 15 m, 30 m, and 60 m into each biotope. In these timber produc-
tion landscapes, 0 to 32 m from the edge encompasses the edge effect for a wide variety of 
arthropod taxa (Pryke and Samways 2012), therefore the different station distances selected 
capture samples from the edge (15 m), edge-core transition zone (30 m), and core biotope 
sites (60 m). Sampling stations were coded to represent the biotope in which samples were 
collected as well as indicate distance from the edge, for example CC60 means the station 
was situated in the closed canopy plantations 60 m from the edge.

Fig. 1 Map showing the location of sampling sites. Only sampled grasslands and forests are shown on the 
map. Only Eucalyptus plantations are shown, no other tree species or crops under cultivation are shown. 
Satellite image from Google Earth (Image 2019 Maxar Technologies)
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Invertebrate sampling

Sampling was conducted during March-April 2017 to coincide with the austral summer (i.e., 
the wettest and hottest time of the year) when adult insect activity is the highest for most 
species. Four different sampling techniques were used, two specific methods for each target 
assemblage. Active searches and pitfall traps were used to sample the ground active insect 
assemblages and sweep netting and vacuum suction samples were conducted to sample the 
foliage dwelling assemblages. Based on the recommendations of Gerlach et al. (2013), ants 
and beetles were chosen to represent the ground assemblage, while bugs, grasshoppers, 
flies, wasps, and bees were selected to represent the foliage assemblage. These taxa were 
chosen to represent the ground and foliage assemblages while remaining taxonomically and 
functionally complementary to one another.

To obtain ground assemblage samples at each station along a transect, four pitfall traps 
(70 mm diameter) were dug in flush with the soil and half filled with a 50:50 mixture of 
ethylene glycol and water, with a drop of detergent added to break the surface tension (Sam-
ways et al. 2010). Traps were placed in a line parallel to the biotope boundary and spaced 
1 m apart. Each transect was represented by 24 samples. Traps were left out for one week, 
collected, and samples washed and stored in 75% ethanol until identification. For analyses, 
the four traps per station were pooled. In addition, the soil surface and leaf litter of a ran-
domly selected 1 m2 quadrat were searched actively by two collectors for 10 min at each sta-
tion. All specimens visible to the naked eye were collected and stored in 75% ethanol until 
identification and added to the overall data set. Sampled individuals (beetle and ant) were 
identified to morphospecies level, an acceptable method to use in biodiversity-rich areas 
where taxonomic knowledge of the individual species is lacking (Gerlach et al. 2013). Each 
morphospecies identified was then later identified to family level using the relevant keys in 
Scholtz & Holm (1985), the most comprehensive set of keys for the insects in the region.

Foliage assemblage samples were collected at each sampling station along a transect 
using a sweep net and a vacuum sampler. Samples of both methods were collected along 
a secondary transect that ran parallel to the biotope edge to ensure that the sampling dis-
tance was consistently at 15 m, 30 m, and 60 m respectively. All samples were collected 
from vegetation during dry weather conditions. The grassland samples were from the grass 
layer (i.e., not from any taller vegetation present), while in the forests and plantations only 
the shrubs and smaller plants forming the forest floor cover were sampled. Sweep net (net 
diameter 50 cm) and suction samples (using a Stihl SH56 petrol powered leaf shredder and 
fitted with an oval nozzle 14 cm x 10 cm wide, combined with a fine grain mesh collec-
tion net) were collected in opposite directions to each other to prevent one method from 
interfering with the success of the other. Sampling consisted of 200 sweeps with the sweep 
net (at each step the net was passed through the vegetation in front of the collector, sweeps 
therefore alternated direction with each step), and 100 insertions of the suction sampler 
into the vegetation in front of the collector. Specimens were stored in 75% ethanol until 
identification at a later stage. Flies (Diptera), bugs (Hemiptera), grasshoppers (Orthoptera) 
and bees and wasps (Hymenoptera) were identified to morphospecies from both the sweep 
net samples and vacuum samples that comprised the foliage assemblage. Keys in Scholz & 
Holme (1985) were used to identify morphospecies to family level.
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A reference collection for both assemblage types is housed in the entomology museum of 
the Department of Conservation Ecology and Entomology, Stellenbosch University, South 
Africa.

Statistical analyses

To ensure sample completeness before further analysis, species accumulation curves based 
on Chao entropy values were calculated for the four sampled biotopes in both assemblage 
types. iNEXT (Hsieh et al. 2016) in R (R Core Team 2020) was used. To test for spatial 
autocorrelation in the data, a Mantel test was performed in R using ade4 (Dray and Dufour 
2007), a species-site matrix and the central coordinates of each transect were used. The 
Mantel test indicated that spatial autocorrelation was present in the ground active data 
(Mantel test = 0.13, p = 0.002), although there was no spatial autocorrelation in the foliage 
data (Mantel test = 0.06, p = 0.06). To account for the influence of the spatial distribution of 
sampling sites (Bolker et al. 2009), random spatial variables were included in all models 
conducted on both the ground and foliage data sets.

As the study area was in a biodiversity hotspot and the focal taxa the hyper-diverse 
insects, it is unlikely that sampling will ever reach completeness. So, to standardise effort 
and make the samples more comparable, Hill numbers and specifically Shannon’s entropy 
(q = 1) were used (Chao et al. 2014). Shannon’s entropy was calculated using hillR (Li 
2018). To address the first objective to determine the degree of spillover between biotopes, 
generalised linear mixed effects models (GLMMs) were then used to compare the distribu-
tion of species diversity (Shannon’s entropy) between the six sampling stations of the five 
sampled transect types to assess patterns across the different types of edges. lme4 (Bates et 
al. 2015) was used. This was done for both the surface and foliage assemblages, resulting in 
10 models, each based on the subset data per transect type for the two assemblage types. For 
all models sampling station was the fixed effect and transect number (the identity of each 
sampled transect) was the random effect. A gamma distribution was used in the GLMMs 
conducted with Laplace approximations, Quantile-quantile plots were used to compare the 
fit of the different distribution families in MASS (Venables and Ripley 2002) and car (Fox 
and Weisberg 2019). Tukey post hoc comparisons, in the package multcomp (Hothorn et al. 
2008), were used to identify sampling stations whose species diversity differed significantly.

To address the second objective and to determine which species showed biotope fidelity, 
multi-level pattern analysis was used, which focuses on any significant association between 
species distributions and various biotopes, identifying species indicative of various biotopes 
as well as biotope combinations. The package indicspecies (De Cáceres and Legendre 2009) 
was used. Species of interest were those stenotopic species associated with the forests (F) 
or grasslands (G) (Table 1). Cultural species associated were those associated with either or 
both plantation types (Table 1). Ubiquitous species were those species whose associations 
were a combination of two or more biotopes (Table 1). As ubiquitous species are included, 
the inclusion of the F-G and CC-OC transects allows for direct comparison of specialist 
(stenotopic and cultural species) and generalist species (ubiquitous) across not only natural-
transformed edges, but edges between both the natural biotopes and the transformed bio-
topes respectively.

Then, finally, to determine how insect fidelity impacts the spillover of species into neigh-
bouring biotopes, species richness of each fidelity group (stenotopic, cultural, and ubiqui-
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tous) at each station was calculated (van Schalkwyk et al. 2020). From here, the data were 
subset according to transect type. For each fidelity group, appropriate transects were then 
selected to ensure that one or two of the biotopes comprising a transect aligned to the fidelity 
of the subsample of specimens. A total of nine transect-fidelity group pairings were identi-
fied and used in the analyses for both the ground and foliage assemblages, resulting in 18 
unique biotope-fidelity iterations. Ten individual models were run for the ubiquitous species 
(five ground, five foliage) according to the fidelity definition, all transect types were relevant 
to the ubiquitous species. GLMMs with Poisson distributions and Laplace approximations 
were run to investigate the spillover of species fidelity groupings along the transects by 
comparing species richness at each station.

Results

Overall, the ground assemblage was made up of 12 974 individuals from 209 species, and 
the foliage assemblage had 9685 individuals from 673 species (Table 2). Although more 
abundant, the ground assemblage was less diverse in terms of species richness than the foli-
age assemblage (Supplementary material 1 summarises the species associations and stations 
at which each species was sampled). Observed species richness in the four sampled biotopes 
in both assemblages was consistently lower than the estimated diversity (Ground assem-
blage: CC species richness = 66 vs. Chao estimate 92.87 ± 15.44; F species richness = 81 vs. 
Chao estimate 132.17 ± 25.31; G species richness = 152 vs. Chao estimate 248.01 ± 32.9 and 
OC species richness = 82 vs. Chao estimate 197.49 ± 54.99. Foliage assemblage: CC species 
richness = 205 vs. Chao estimate 429.56 ± 64.38; F species richness = 261 vs. Chao estimate 
373.77 ± 31.08; G species richness = 429 vs. Chao estimate 692.7 ± 52.74 and OC species 
richness = 175 vs. Chao estimate 310.58 ± 43.19). However, the diversity indices, when plot-
ted on the accumulation curves for the sampled biotopes in each assemblage approached the 
extrapolated asymptotes (Supplementary material 2).

Coarse spillover effects were observed in both assemblage types, when considering 
diversity at the level of sampling station along each transect. In turn, significant differences 
were observed among the foliage assemblages along the CC-G, OC-G and F-CC transects 
where the transformed biotopes were compared to natural biotopes, while species diversity 
was significantly higher at the natural sampling stations. Where natural vs. natural (F-G 
transects) or non-natural vs. non-natural (CC-OC transects), were compared, differences in 
diversity were not were not statistically significant between sampling stations for the foliage 
assemblages. In the case of the ground assemblages, Shannon’s entropy was only signifi-

Classification Description Sites
Stenotopic species Only in natural forests or 

grasslands
F or G

Cultural species Only in open or closed 
canopy plantations

OC, CC or 
OC + CC

Ubiquitous species Combinations of natural 
and plantations biotopes

CC + F, CC + G, 
OC + F, OC + G, 
CC + G + OC, 
OC + F + G, 
CC + F + G and 
F + G

Table 1 Classification of species 
into biotope fidelity groups. 
This table is only for species 
that show association to one or 
more biotopes using the IndVal 
procedure
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Ground assemblage summary
Biotope association Coleoptera Formicidae Total 

abundance
Cultural species 
abundance

78 78

Forest stenotopic 
species abundance

714 714

Grassland stenotopic 
species abundance

342 3493 3835

Ubiquitous species 
abundance

1063 6171 7234

Non-associated spe-
cies abundance

578 562 1113

Total abundance 2748 10,226 12,974
Biotope association Coleoptera Formicidae Total 

species 
richness

Cultural species 
richness

2 2

Forest stenotopic 
species richness

19 19

Grassland stenotopic 
species richness

17 7 24

Ubiquitous species 
richness

2 7 9

Non-associated spe-
cies richness

143 12 155

Total species 
richness

183 26 209

Foliage assemblage summary
Biotope association Diptera Hemiptera Hymenoptera Orthoptera Total 

abundance
Cultural species 
abundance

479 52 37 568

Forest stenotopic 
species abundance

2245 275 252 2772

Grassland stenotopic 
species abundance

881 2458 80 58 3477

Ubiquitous species 
abundance

489 158 30 82 759

Non-associated spe-
cies abundance

541 1057 340 171 2109

Total abundance 4635 4000 739 311 9685
Biotope association Diptera Hemiptera Hymenoptera Orthoptera Total 

species 
richness

Cultural species 
richness

7 3 4 14

Forest stenotopic 
species richness

33 9 30 72

Grassland stenotopic 
species richness

28 53 9 8 98

Table 2 Summary data of both ground and foliage dwelling insect assemblages showing both abundances 
and species richness values characterised by the species biotope fidelity and insect order
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cantly higher in one transect type (CC-G), where the G30 station was significantly higher 
than that of the CC15 and CC60 stations (Table 3; Fig. 2).

By comparing the species richness of specialist fidelity groups (cultural and stenotopic 
species) at individual sampling stations along each transect, the degree of spillover between 
biotopes can be determined. In this case, in both ground and foliage assemblages, little or 
no spillover occurred among the specialist fidelity groups. Where species showed fidelity to 
a natural biotope (grassland or forest stenotopic species), species richness was significantly 
higher at transect sampling stations in the natural biotopes than in the two plantation types 
(Fig. 3). This was the case for grassland species in both assemblage types along both the 
CC-G and OC-G transects, as well as for the forest species along the F-CC transects for both 
assemblage types (Table 4).

Cultural species diversity of both assemblage types was much lower than that of the 
grassland or forest associated species (Table 2) and as a direct result, species richness of 
cultural species along the different transects was very low, with a maximum of four species 
in the foliage assemblage at the OC60 sampling station along the OC-G transect. Among 
the cultural species in both assemblage types, there were no significant differences between 
sampling stations at any of the biotope combination. Furthermore, for the ground active spe-
cies, models run on the cultural species richness along the F-CC and CC-G transects failed 
due to too few species present (Fig. 3).

The ubiquitous species spilled over among the four different biotopes. In the case of 
the ground assemblage, sampling station did not significantly influence species richness 
(Table 4). However, for the foliage assemblage, sampling station was significant for ubiq-
uitous species richness along the CC-G and F-CC transects, yet no significant pairwise dif-
ferences were evident (Table 4). For both assemblage types, species richness of ubiquitous 
species was similar along the sampling stations of the five different transect types (Fig. 4).

Discussion

There was little spillover among the grassland and forest stenotopic species, as well as the 
cultural species, across the boundaries of natural and transformed biotopes. In contrast, 
as the ubiquitous species group comprised species with associations to a mix of biotopes, 
there was much spillover across all biotope edge combinations. Furthermore, there was no 
stenotopic species spillover between natural grassland and forest. These results are not sur-
prising, as spillover is limited by species specialisation, with species adapted to one biotope 

Ground assemblage summary
Biotope association Coleoptera Formicidae Total 

abundance
Ubiquitous species 
richness

5 3 3 3 14

Non-associated spe-
cies richness

143 147 134 51 475

Total species 
richness

216 215 180 62 673

Table 2 (continued) 
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not expected to persist in biotopes to which they are not adapted. Interestingly, spillover was 
present between the open and closed canopy plantation stands. This pattern was maintained 
in the cultural species where there was spillover of cultural species between plantation types 
and observed among both the ground and foliage assemblages. Nonetheless, the number of 
cultural species overall was very low.

A clear general picture emerges from these results despite the distribution of species in 
agro-forestry ecosystems often being highly variable (Brockerhoff et al. 2008). As there is 
little evidence of spillover of insect diversity from natural to transformed regions in this 
landscape, retaining and conserving patches of remnant natural vegetation is essential for 
maintaining specialist insect diversity across the landscape. This was unexpected because 
even in high contrast landscape such the apple orchard and fynbos landscape mosaics of 
the Western Cape South Africa and using similar methods as we did here, van Schalkwyk 
et al., (2020) showed that there was limited spillover of cultural species. In addition, the 
forest patches in this landscape are naturally fragmented, having been naturally isolated 
before human transformation and are thus unlikely to show recent extinction debt (Pryke et 
al. 2013; Yekwayo et al. 2016). Furthermore, species richness and diversity of both assem-
blages were much higher in natural vegetation than in open or closed canopy plantation 
stands, which further underscores this point.

In sum, while we hypothesized that both ground and foliage assemblages in grassland 
would show higher spillover into open-canopy young plantation stands compared to mature 
closed-canopy plantation stands due to additional pioneer plant species and less habitat 
structure contrast, this was not the case. Furthermore, we also expected natural forest spe-
cies to show higher spillover than grassland species into mature plantation blocks as these 
patches have lower contrast, which again did not happen. Lastly, we expected stenotopic 
species to show the highest habitat fidelity and show little spillover from natural vegetation 
into plantation stands, which was the case.

Overall diversity and spillover between biotopes

Often driven by resource availability and population density, spillover requires that spe-
cies can forage or persist to a degree in neighbouring biotopes (Loreau et al. 2013). For 
this to occur, essential resources, such as food or host species, must be present close to the 
home biotope (Rand et al. 2006). Lower contrast between biotopes in terms of similari-
ties in vegetation structure, allows for biotope edges to be more permeable to species, and 
therefore enables spillover of species able to access resources beyond their natal biotope 
(Didham and Lawton 1999; Collinge and Palmer 2002; Inclán and Marini 2015; Evans et 
al. 2016). Within the context of our results, spillover was limited to cultural species between 
the open and closed canopy plantation stands, suggesting that both the open and closed 
canopy plantation stands provide equally suitable environments to both the ground and foli-
age insect assemblages that favour these transformed local environments. Given that these 
two plantation types are comprised of a monoculture of a single tree species, similarities in 
vegetation structure, and resource availability can be inferred, even if the canopies and tree 
ages differed.

Contrast between biotopes is not always dichotomous, but rather can vary along a gradi-
ent (Peyras et al. 2013), which here resulted in boundaries between the two plantation stand 
types, young and mature, being permeable to species of both ground and foliage assem-
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blages, allowing for bi-directional spillover. Greatly differing micro-habitats and thermal 
environments are present where there is sharp contrast between biotopes, as between grass-
land and indigenous forest here, and between grassland and the two plantation stand types 
(Leege and Murphy 2001). Such sharp boundaries greatly reduce permeability, preventing 
spillover, a well-known phenomenon (Reis and Sisk 2004; Boetzl 2016; Evans et al. 2016). 
This is evident here, as the cultural species we sampled did not spillover into the natural 
biotopes, whether grassland or forest.

Biotope fidelity and spillover

Species displaying biotope fidelity were present here among both ground and foliage assem-
blages. The grasslands and forests supported the highest proportion of stenotopic species 
among both assemblages. This was not unexpected as semi-natural and natural patches 
in agroecosystems are essential for the maintenance of landscape-wide species diversity 
(Duelli and Obrist 2003). In contrast, cultural species were rare among both assemblages, 

Fig. 2 Violin plots showing changes in overall Shannon’s entropy for each biotope, as well changes in 
Shannon’s entropy along each sampled transect type and for each sampled assemblage. Plots in the first 
column represent the ground assemblage, and the second column represents the foliage assemblage. Each 
row represents the same transect type. Abbreviations used: CC – Closed canopy plantations (red colour 
fill), F – Forest (dark green colour fill), G – Grasslands (light green colour fill) and OC – Open canopy 
plantations (orange fill colour fill). See Table 2 for detailed pairwise comparisons
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Fig. 3 Violin plots showing how species richness changes across transect types appropriate for each fi-
delity group. The first column is the ground assemblage, and the second column the foliage assemblage. 
Each row is a transect fidelity group combination. Abbreviations used: CC – Closed canopy plantations 
(red colour fill), F – Forest (dark green colour fill), G – Grasslands (light green colour fill) and OC – Open 
canopy plantations (orange fill colour fill). See Table 3 for detailed pairwise comparisons
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Fig. 4 Violin plots showing how ubiquitous species richness changes across the five different transect 
types. Ground assemblage is shown in the first column and foliage assemblage in the second column. 
Each row represents a transect type. CC – Closed canopy plantations (red colour fill), F – Forest (dark 
green colour fill), G – Grasslands (light green colour fill) and OC – Open canopy plantations (orange fill 
colour fill). See Table 3 for detailed pairwise comparisons
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not surprisingly as exotic plantation forestry in this area has been present for < 50 years, a 
relatively short time for native assemblages to adapt to local plantation conditions.

Our approach here of assessing edge patterns of different fidelity groupings allowed us 
to test the directionality of spillover of species richness and diversity. Directionality of spill-
over is important as the specialisation of insect species drives the direction of spillover. Frost 
et al. (2015) found in a New Zealand system, spillover of generalist hymenopteran predators 
from pine plantations to native forest was greater than that of specialist parasitoid species. 
Since generalist species do not require specific prey to be present in the recipient biotope, 
the spillover of these species depends solely on the abundance of potential prey species, and 
dual-directional movement of these species between plantation and forest occurs as food 
resources are available in both biotopes (Frost et al. 2015). This is emphasized by preda-
cious coccinellid beetles following their prey irrespective of the nature of the vegetation, 
natural or crop, in southern Africa (Magagula and Samways 2001).

Lack of spillover among stenotopic and cultural species here from natural to transformed 
biotopes, further emphasises the role that a species biotope fidelity plays in preventing cross 
boundary spillover in this production landscape. For example, the only biotope where ants 
showed fidelity was grassland, due to specialist ants not spilling over into neighbouring 
biotopes. Ant assemblages are sensitive to changes in contrast, and their assemblages are 
known to change significantly across grassland-forest ecotones due to fundamental differ-
ences in both microclimates and micro-habitats among the two highly contrasting biotope 
types (Dröse et al. 2019).

The contrast in this production landscape is due to structural differences among grass-
land, forest, and plantation types. Each biotope has distinct set of environmental factors 
driving the insect assemblages, and consequently species assemblages are comprised of 
species that are best suited to each biotope (Rand et al. 2006). Grasslands stenotopic species 
here did not spillover into either plantation stand type or into the forests. Structural changes 
between grassland and forest and between open and closed plantations is associated with 
changes in thermal environments through shading and woody bush encroachment, micro-
habitats, and resource availability, effectively excluding open grassland specialists from 
these woodier environments (Dröse et al. 2019). The implication here is that afforestation 
of grasslands by exotic timber stands significantly alters the physical environment, and so 
excludes grassland specialist species through loss of suitable environmental conditions for 
them (Reino et al. 2009; Dröse et al. 2019). Spillover within this landscape is largely limited 
to the ubiquitous species that occur in a variety of biotope combinations and move across 
boundaries and utilise resources in neighbouring biotopes.

The landscape sampled here is designed predominantly in accordance with land sparing 
principles - plantation timber stands are present within an interconnected web of grasslands 
and small patches of forests, forming a larger ecological network (Samways and Pryke 
2016). Should further expansion of the plantations occur, leading to the grassland and for-
est patches being replaced with plantation timber, highly specialist species would likely be 
locally lost from the system unless an insightful land sparing approach is taken. However, 
land sparing approaches can lead to the isolation of insect populations (Kremen 2015). 
Although here in this physically well-connected landscape this will likely not be the case 
as grassland or forest species are able to persist in the large and extensive network of cor-
ridors, which provide structural, compositional, and functional connectivity, independent of 
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the impoverishing effects of the plantation stands (Samways and Pryke 2016), and which 
support only a homogenized fauna of cultural and some ubiquitous species.

Conclusion

As with many production landscapes, large-scale networks of conservation corridors of 
high-quality natural habitat, contribute significantly to the conservation and maintenance of 
biodiversity. Here, both grassland and forest insects were significantly richer in species than 
plantation stands. These ecological networks are diverse, providing essential habitat het-
erogeneity. Eucalyptus plantation stands, although not as diverse as grassland and forests, 
support some ground-active and foliage-dwelling species, with some species even showing 
preference for timber stands. Furthermore, there is some spillover among the plantation 
stands of different ages, suggesting that the species diversity in the plantation stands is self-
sustaining and does not rely on spillover of individuals from the indigenous grassland and 
forest.

The high fidelity of species to specific vegetation types does raise concern over reduced 
functional connectivity between remnant patches, which potentially could promote ecologi-
cal relaxation. However, this is averted by the ecological networks of conservation corri-
dors providing many interconnected habitats, refuges, and topographic opportunities which 
feed into resilient ecosystems. Overall, the results here distinctly suggest that there are two 
essentially parallel ecosystems, natural habitat and plantation stands. Neither of these two 
ecosystems share much insect diversity with the other in terms of both ground active and 
foliage insects. Thus, we advocate that understanding species fidelity is essential to ensure 
correct future conservation decisions are made.
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