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Abstract

Understanding how biodiversity responds to fine-scale heterogeneity improves our ability to predict larger-scale diversity
patterns and informs local-scale conservation practices. This information is important in the design of conservation set-
asides in commercial forestry landscapes in the Maputaland-Pondoland-Albany biodiversity hotspot, in South Africa. We
assessed how soil arthropod assemblages vary among biotopes with varying degrees of contrast in forestry landscape
mosaics in this hotspot. The biotopes included dry and hydromorphic grasslands, indigenous forests and pine planta-
tions. Assemblages were highly segregated among all biotopes for overall arthropods, and for all the feeding guilds,
namely predators, herbivores, detritivores, and omnivores. There was a high degree of assemblage dissimilarity between
structurally contrasting biotopes (grasslands vs. wooded biotopes) and biotopes that differ in their degree of transforma-
tion (natural biotopes vs. plantations). Yet, there was an equally high level of assemblage dissimilarity between dry and
hydromorphic grasslands, which are similar in structure and undergo the same disturbance regimes, which emphasises the
responsiveness of soil fauna to fine-scale habitat heterogeneity. Different biotopes favoured different feeding guilds and
each biotope had species strongly associated with it, highlighting the complementarity of the biotopes. All natural biotopes
had relatively high species richness, diversity, and species turnover. The diversity and turnover in pine plantations was as
high as in the natural areas, suggesting that plantation conditions may favour certain soil arthropods.

Implications for insect conservation Current delineation of conservation areas in timber estates that prioritize biodiversity-
rich dry grasslands, wetlands and indigenous forests, greatly benefit soil arthropods. Approaches that promote a mix of
biotopes in conservation areas and having biotopes represented across different landscapes would further maximize local
heterogeneity and landscape-scale soil arthropod biodiversity.
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Introduction (Barton et al. 2010). Furthermore, as land management typi-

cally operates at finer spatial scales, such information can

Priority conservation areas are generally identified at the
regional scale (Margules and Pressey 2000). However, a high
level of environmental heterogeneity can often be present at
finer spatial scales (Pincebourde et al. 2016). Understand-
ing how biodiversity responds to fine-scale heterogeneity
is important for conservation planning, as it improves our
ability to predict diversity patterns at larger spatial scales

D4 M. Eckert
dreckertm@gmail.com

Department Conservation Ecology and Entomology, Faculty
of AgriSciences, Stellenbosch University, Private Bag X1,
Matieland, 7602 Stellenbosch, South Africa

help inform practical conservation action.

Understanding the influence of finer-scale heterogeneity
may be especially important for organisms that are smaller
and less mobile, such as soil-dwelling arthropods, whose
distribution is often closely related to environmental con-
ditions at local scales (Eckert et al. 2022). Despite being a
large and enormously diverse component of terrestrial eco-
systems, soil arthropods are poorly known globally and in
South Africa (Lavelle et al. 2006; Janion-Scheepers et al.
2016). Yet, they play major roles in ecosystem processes,
such as macro-decomposition of litter, maintaining soil
aggregation and porosity, and nutrient cycling (Lavelle et
al. 2006). As soil arthropods are essential to the functioning
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of natural and managed ecosystems, they deserve greater
attention in conservation planning (Barrios 2007).

In the Maputaland-Pondoland-Albany biodiversity
hotspot of South Africa, high rates of habitat loss and degra-
dation due to human activities greatly impact natural areas
(CEPF 2010). One of the greatest historical impacts has been
from commercial timber production which has transformed
and fragmented large areas of primary, natural grasslands,
leading to a major loss of biodiversity and impacting eco-
system hydrology through its intensive water usage (Neke
and Du Plessis 2004). Mitigation of these impacts is essen-
tial, as grassland is the most threatened of all the South Afri-
can biomes (Cadman et al. 2013). Less than 2% of grassland
is formally conserved, and many key habitats are underrep-
resented in protected areas (Reyers et al. 2001). This makes
grassland conservation on private and communally owned
land critical in this region.

In the South African forestry sector, conservation areas
consisting of remnant natural vegetation are set aside among
the plantation compartments to mitigate the impact of plan-
tation forestry on the environment, and to comply with envi-
ronmental legislation and forestry certification regulations
(Samways and Pryke 2015; FSA 2021). In the process of
delineating conservation areas, valuable habitats such as
species-rich natural grassland, rivers, wetlands, and indig-
enous forests are prioritized (Cadman et al. 2013). These
areas of high natural value are often connected through
large-scale conservation corridors, forming landscape scale
ecological networks (ENs) that increase structural and func-
tional connectivity throughout these working landscapes
(Samways and Pryke 2015). When ENs are well-designed
and appropriately managed though alien plant control and
appropriate prescribed burning and grazing regimes, they
support high levels of historical biodiversity and maintain
ecosystem integrity of terrestrial and freshwater systems
(Pryke and Samways 2012a; Kietzka et al. 2021). ENs thus
contribute greatly to regional conservation in the biodiver-
sity hotspot.

Previous work has emphasised the importance of large-
scale structural aspects of the ENs in shaping above-ground
arthropod assemblages. For example, corridor width (Pryke
and Samways 2012b; Kietzka et al. 2021), connectivity
(Theron et al. 2022) and surrounding land-use intensity
(Pryke et al. 2022) all play important roles. However, there
is growing evidence that smaller scale attributes such as
within-corridor structural heterogeneity (Joubert et al. 2016;
van Schalkwyk et al. 2021) and habitat diversity (Gaigher
et al. 2021) also greatly influence arthropod assemblages.
Research on soil arthropods in these systems have been less
extensive, although their high level of responsiveness to
local restoration (Eckert et al. 2019) and landscape context
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(Yekwayo et al. 2017) suggest that they are sensitive to
environmental influences at different spatial scales.

Here, we assess whether soil arthropod assemblages vary
among four dominant biotopes (dry grasslands, hydromor-
phic grasslands, indigenous forests, and pine plantations) in
an EN-plantation landscape mosaic. Our first objective was
to assess differences in species richness, diversity, and spe-
cies turnover of soil arthropods among the biotopes. This
allowed us to evaluate whether soil arthropods are nega-
tively impacted by plantation forestry, which has been dem-
onstrated for above-ground fauna in these systems (Pryke
and Samways 2012b), likely due to low structural complex-
ity and limited resources in these planted monocultures.
It also enabled an assessment of the relative contribution
of the different natural biotopes to soil arthropod diversity
in the conservation areas. In addition, we compared spe-
cies richness, diversity, and species turnover for each of
the feeding guilds (predators, herbivores, detritivores and
omnivores) separately. We expected the contrasting envi-
ronmental conditions between the natural biotopes to favour
different species groups, due to divergent resource needs of
different species (Wiescher et al. 2012). Our second objec-
tive was to evaluate differences in assemblage composition
between the biotopes for the overall assemblage, and for the
feeding guilds. Based on previous work highlighting the
responses of arthropods to contrasting biotopes (Yekwayo et
al. 2017), we expected biotopes with a high degree of struc-
tural contrast (open vs. wooded biotopes) and biotopes that
differ in their level of transformation (natural biotopes vs.
pine plantations) to support highly segregated assemblages,
whereas those that are similar in structure and land-use his-
tory (dry vs. hydromorphic grasslands) were predicted to
support more similar assemblages. We supplemented these
findings by determining whether any species are highly
characteristic of individual biotope types, which would be a
further indication of the uniqueness of assemblages in cer-
tain biotopes. To support the interpretation of the arthropod
results, we compared the environmental conditions among
the biotopes. Taken together, this information would aid in
determining how soil arthropods respond to both large- and
small-scale environmental differences and is important for
guiding conservation planning in these landscapes.

Methods
Study area and design

The Maputaland-Pondoland-Albany biodiversity hotspot is
located along the southern African east coast. This hotspot
is characterized by rich floristic diversity and endemism
(Steenkamp et al. 2004). It also has an unusually high
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level of endemic vegetation types, including several types
of grassland, bushveld, and thicket, and contains most
of South Africa’s remaining tree-rich indigenous forests
(CEPF 2010). Furthermore, the invertebrate fauna in the
hotspot is highly diverse, with many charismatic, rare and
localized species (Steenkamp et al. 2004). This study was
conducted on the commercial plantation estates Good Hope
(29.67095 S, 29.9639E) and Mount Shannon (29.68661 S,
29.97861E) (Fig. 1), in the KwaZulu-Natal Midlands of
South Africa, which has a temperate climate (Mucina and
Rutherford 2006). The estates are approximately 1 km apart,
and are combined 6009 ha in size. Selected sites occurred
within the elevation range of 1233 and 1599 m a.s.l. and
the region lies at the foothills of the Drakensberg mountain
range. Plantations comprise two-thirds exotic Pinus patula
plantations and one-third unplanted, set aside conservation
areas. Distances between sites ranged from 0.14 to 10 km.
Minimum and maximum distances between sites within
each biotope type can be seen in Table S1. Conservation
areas consist of grasslands with small patches of indig-
enous Afromontane Forest. The grasslands occur on dry and
hydromorphic soils, with the latter resulting in seasonally
flooded grasslands and perennial wetlands. Ten sites were
selected for each of the dominant natural biotope types,
namely indigenous forests, dry grasslands, and hydromor-
phic grasslands. Sites were selected based on site avail-
ability and accessibility, and therefore three indigenous
forest sites occurred just outside of the plantation boundary
at Good Hope. For hydromorphic grasslands we included
only seasonally flooded areas, as soil fauna are not easily
sampled in perennial wetlands. We also included ten sites
in the pine plantations to include a human-modified habitat.
All these sites together totalled 40. To distinguish between
dry and hydromorphic grasslands, we initially used soil GIS
data provided by Mondi Group (www.mondigroup.com),
which was then verified in the field by assessing general
plant composition (Rountree et al. 2008). Fieldwork was
conducted in the summer rainfall season during February
and March 2016.

Arthropod sampling

Pitfall trapping was conducted at each site using four 300 ml
plastic cups (9.5 cm diameter and 8 cm deep) which were
placed in a 2 m? grid with the rim of the traps flush with
the soil surface. We attempted to avoid altered trap catches
directly after placement (digging-in effects), by minimizing
soil disturbance during pitfall setting (Greenslade 1973). To
each trap, we added 50 ml 60% ethylene glycol with two
drops of dish washing liquid to break the surface tension.
Pitfall traps were immediately activated after placement and
were left open for five days. Litter extractions using Winkler

bags were used to complement pitfall trapping. Approxi-
mately 2 L of leaf litter was collected at each site, which
was divided into two mesh bags (22 cm x 30 cm, with a
mesh size of 0.5 cm), and were enclosed together within
a single Winkler bag. A 130 ml plastic jar was attached to
the bottom of the Winkler bag, and contained 50 ml of 70%
ethylene glycol, with two drops of detergent. The leaf litter
was allowed to dry out for five days, causing the arthropods
to move downwards out of the leaf litter and into the collect-
ing jar. After five days, the mesh bags were removed from
the Winkler bag, and searched for any remaining arthropods
within the leaf litter. To record any additional arthropods
that are not easily captured by the other sampling methods, a
1 m? quadrat was placed at random within a 5 m radius sur-
rounding the pitfall trap area at each site, to actively search
for leaf litter and topsoil arthropods. The random selection
was done by throwing the quadrat in a random direction,
and sampling where the quadrat landed. Active searching
involved two people searching for arthropods for 10 min
within the quadrat and collecting them with forceps or aspi-
rators. Litter within the quadrat was turned over to detect
arthropods under the litter layer. All collected arthropods
were preserved in 75% ethanol.

Arthropods were sorted into morphospecies (from here
on referred to as ‘species’), counted and identified to fam-
ily level (Table S2) using relevant literature. We used Dirsh
(1965) for Orthoptera, Keep and Ledger (1990) for Trom-
bidiformes, Walker (1991) for Ixodida, Dippenaar-Schoe-
man and Harvey (2000) for Pseudoscorpiones, Haddad et
al. (2006) for Opiliones and Amblypygi, Janion-Scheepers
et al. (2015) for Collembola. We also used Picker et al.
(2004) and Scholtz and Holm (1985) for Amphipoda, Blat-
todea, Coleoptera, Dermaptera, Hemiptera, Hymenoptera
(Formicidae only), Isopoda, Lithobiomorpha, Oribatida,
Orthoptera, Phasmatodea, Polydesmoidea, Scorpiones,
Sphaerotheriidae, Spirostreptida and Thysanura. Species
were grouped into feeding guilds (predators, herbivores,
detritivores, or omnivores) based on the primary feeding
mode of family it occurs in. Specimens of the order Ara-
neae were sent to a spider specialist for identification. The
collected spider specimens are now kept in the National
Collection of Arachnida at the National Museum, Pretoria.
All other reference specimens are maintained in the Stellen-
bosch University Entomological Museum.

Environmental variables

At each site, another 1 m? quadrat was placed at random
within a 5 m radius of the sampling area. Within the quad-
rat, a soil moisture and pH meter (Kelway, Inc.) and a soil
penetrometer (Lang Penetrometer, Inc.) were used to mea-
sure soil moisture, pH, and soil compaction. Within the
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quadrat we also recorded percentage of total vegetation
cover, herbaceous, shrub and grass cover, leaf litter cover,
bare ground cover, vegetation height, and number of plant
morphospecies. This was replicated three times within each
site, the averages were used as representation of the site. In
a 5 m radius surrounding the quadrat, the percentage shade
and dead wood cover were recorded. Slope, elevation and
aspect of each site (North or South-facing) were calculated
in QGIS (version 2.18.0) (QGIS Development Team 2009).
Means and standard errors of recorded variables are given
in Table S3.

Statistical analyses

All data analyses were done in R version 3.6.3 (R Core Team
2016). Species accumulation curves were created using the
INEXT package to determine whether arthropod sampling
was sufficient (Hsieh et al. 2020) (Fig. S1).

Shannon’s entropy (Hill’s number q1) was used as a mea-
sure of diversity and was calculated for the overall arthro-
pod assemblage, as well as the four feeding guilds using
the package HilIR (Li 2018). To determine the effect of bio-
tope type (indigenous forests, dry grasslands, hydromorphic
grasslands, and pine plantations) on overall and functional
guild species richness and Shannon’s entropy, linear mixed
models (LMMs) and generalised linear mixed models
(GLMMs) were performed using the /me4 package (Bates
et al. 2014). Models that were non-normal based on Shap-
iro-Wilk tests (herbivore and omnivore Shannon’s entropy)
fitted a gamma distribution. All remaining responses were
normally distributed. To account for spatial autocorrelation
in the models, sites were categorized into one of four spa-
tial clusters based on farm (Good Hope or Mount Shannon)
and latitude (north or south), resulting in a four-level factor
called farm cluster (Good Hope North, Good Hope South,
Mount Shannon North, and Mount Shannon South). This
factor was included as a random variable in all models as it
improved spatial autocorrelation, tested with correlograms
in the ncf package (Bjernstad 2020). Abundance-based spe-
cies turnover, which together with nestedness differences
drive changes in beta-diversity, was calculated per biotope
for the overall assemblage and the four feeding guilds using
the betapart package (Baselga et al. 2012). Analysis was
conducted using Bray-Curtis similarity to include abun-
dance, and species turnover was the balanced variation
component of Bray-Curtis dissimilarity between pairs sites
within the same biotope and sampled 55 times (the number
of unique site combinations). To assess how species turn-
over differs between biotopes, linear models (LMs) were
conducted with biotope type as the fixed parameter and
farm cluster as random variable. Where significant effects

occurred, Tukey post-hoc tests were conducted using the
multcomp package (Hothorn et al. 2008) for species rich-
ness, Shannon’s entropy, and species turnover.

To determine the effect of biotope type on overall and
functional guild assemblage composition, multivariate gen-
eralized linear models (manyGLMs) were performed using
negative binomial distribution of abundance data with the
mvabund package (Wang et al. 2012). Biotope type and farm
cluster were included as a fixed parameter in each model.
Pairwise models between each biotope were also calculated,
where each biotope is defined as a character. Latent variable
and residual variable models were made using the boral
package (Hui 2016) for unconstrained ordination and visu-
alizing differences in assemblage structures.

The indicspecies package was used (De Caceres and
Legendre 2009) to assess whether any species were highly
associated with any of the biotopes. Multi-level pattern
analysis was used to calculate an indicator value for each
species with each biotope, which is based on species fidelity
and specificity to each biotope.

Results

A total of 9 404 individuals were sampled, consisting of 24
different arthropod orders, 76 arthropod families and 204
species across all biotopes (Table S2). Omnivores were the
most abundant feeding guild with 5200 individuals from 53
species, while predators were the most speciose guild with
1594 individuals from 85 species. We also sampled 2107
herbivore individuals from 46 species and 503 detritivore
individuals from 20 species. The species accumulation
curve indicated that the number of species were lowest in
the pine plantations, but similar in the other biotopes (Fig.
S1). Predators were abundant in the dry grasslands, while
detritivores had higher species richness in the hydromorphic
grasslands and indigenous forests, but higher abundances
in the dry grasslands and pine plantations. Herbivores were
very abundant and rich in the indigenous forests, while
omnivores were abundant and rich in the dry grasslands
(Figure S1).

Species richness had a significant response to biotopes
for all species and each of the functional feeding groups
(Table 1; Fig. S1). Overall species richness was signifi-
cantly higher in dry grasslands than in pine plantations,
whereas species richness in hydromorphic grasslands and
indigenous forests did not differ from each other or from
dry grasslands and pine plantations (Fig. 2, Fig. S2). Her-
bivore and omnivore species richness in dry grasslands was
significantly richer in species than the indigenous forests
and pine plantations, and omnivore species richness in dry
grasslands was also higher than in hydromorphic grasslands
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Table 1 Main test for the effects
of biotope on species richness,
Shannon’s entropy (Hill’s num-
ber=ql) and species turnover
(calculated as the Bray-Curtis
balanced variation). Results of
post hoc tests on species richness,
Shannon’s entropy and species
turnover can be seen in Fig. 2 for
all species, and Fig. S2 for the
feeding guilds

Abbreviations: LM =linear
model, LMM =linear mixed
model, GLMM = generalised lin-
ear mixed model with a gamma
distribution. *p<0.05, **p<0.01,
***p<0.001

Species richness Model build df xz

All species LMM 3 13.70%*
Predator LMM 3 24 .34%**
Detritivore LMM 3 27.09%**
Herbivore LMM 3 22.76%**
Omnivore LMM 3 33.59%%*
Shannon’s entropy Model build df v

All species LMM 3 2.36
Predator LMM 3 11.92%*
Detritivore LMM 3 16.31%**
Herbivore GLMM 3 2.98
Omnivore GLMM 3 25.13%***
Species turnover Model build df F

All species LM 3 96.5%**
Predator LM 3 16.95%**
Detritivore LM 3 84.7%**
Herbivore LM 3 98.11%***
Omnivore LM 3 14.35%**

(Fig. S2). Predators and detritivores had significantly more
species in indigenous forests compared to the other bio-
topes, which did not differ from each other (Fig. 2, Fig. S2).
For Shannon’s entropy, predators and detritivores were the
only groups to show a response to biotope (Table 1). Shan-
non’s entropy of predators was significantly higher in the
hydromorphic grasslands compared to pine plantations,
while Shannon’s entropy for detritivores was significantly
higher in the indigenous forests compared to both dry grass-
lands and pine plantations (Fig. S2). Species turnover was
significantly different between biotopes for the overall and
for each of the functional feeding guilds (Table 1). Over-
all, the highest species turnover was in the hydromorphic
grasslands and lowest in the indigenous forests (Fig. 2).
Predator species turnover was highest in the hydromorphic
grasslands compared to the other biotopes. Detritivore spe-
cies turnover was highest in indigenous forests and lowest
in pine plantations. Herbivore and omnivore turnover was
lower in indigenous forests than in the other biotopes (Fig.
S2).

Furthermore, we found a significant effect of biotope
type on the overall assemblage composition (Table 2). All
biotopes differed significantly from each other regarding
overall assemblage composition (Table S4). Regarding
the functional guilds, we also found a significant effect of
biotope type on all feeding guilds (Table 2). The predator,
detritivore and omnivore assemblage composition differed
significantly across all biotope types (Table S4). Herbivore
assemblage composition differed significantly across all
biotopes, except between the dry and hydromorphic grass-
lands (Table S4).

The Indicspecies analyses showed that indigenous for-
ests were the type of biotope with the most species (14
species), from a mixture of taxonomic groups and feeding
guilds (Table S5). The dry grasslands had 12 species, mainly
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omnivores and predators, while hydromorphic grasslands
had nine species, mainly predators, with some herbivores
and detritivores (Table S5). Pine plantations had seven spe-
cies associated with them, which was the lowest number of
associated species and dominated by omnivores, two detri-
tivores and a predator (Table S5).

Environmental variables also showed high variation
between the biotope types (Table S3). Across all sites, high
levels of variation occurred for variables such as site eleva-
tion and soil moisture, along with litter, vegetation, shade,
herbaceous and grass cover sites (Table S3). As expected,
the open habitats (dry and hydromorphic grasslands) had
no shade cover compared to the wooded habitats (indig-
enous forests and plantations), although indigenous forests
had greater mean shade cover compared to the pine planta-
tions (Table S3). Variation in site elevation was greater for
dry grasslands and indigenous forests, while showing less
variation in the hydromorphic grasslands and pine planta-
tions (Table S3). The mean vegetation cover was far greater
within the open habitats compared to the wooded habitats
(Table S3). Leaf litter cover was highest within the pine
plantations, followed by indigenous forests, hydromorphic
grasslands, and dry grasslands (Table S3). Hydromorphic
grasslands had greater soil moisture, followed by indige-
nous forests, pine plantations and dry grasslands (Table S3).

Discussion

We found that assemblage composition was highly segre-
gated among all biotope types for overall soil arthropods,
as well as for the functional guilds. In addition, different
functional guilds had affinities to different biotopes, and
many species had high biotope fidelity. This dissimilarity in
composition was expected where biotopes had a high level
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Fig. 2 Pairwise test for the effects of biotope on overall number of
species, Shannon’s entropy (Hill’s number=q1) and species turnover
(calculated as the Bray-Curtis balanced variation). DryGrass=dry

of structural contrast, i.e., open habitats (dry and hydro-
morphic grasslands) vs. wooded habitats (natural forests
and plantations). Soil-dwelling arthropod assemblages can
be strongly influenced by canopy cover (Yekwayo et al.
2017), which influences microhabitat conditions through its

Biotope

grasslands, HydroGrass=hydromorphic grasslands, IndFor=indig-
enous forests and Pine =pine plantations, while different letters above
the medians represent significantly different pairs (p <0.05)

effect on temperature, humidity, soil moisture, light levels,
and composition of the litter layer (Andersen 2019). Here,
we recorded more canopy cover, shadier conditions, and
greater amounts of leaf litter in the wooded biotopes (Table
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Table 2 Main test for the effects of biotope on overall and feeding
guild assemblage composition. Graphical representation can be seen
in Fig. 3. Results of post hoc tests on the overall and feeding guild
assemblages can be seen in Table S4

Assemblage Model build Residual df Wald
composition

All species manyGLM 36 33.54%H*
Predator manyGLM 36 13.91%**
Detritivore manyGLM 36 11.61%**
Herbivore manyGLM 36 18.67%**
Omnivore manyGLM 36 16.34%**

*p<0.05, **p<0.01, ***p<0.001

S3) which likely played important roles in structuring the
assemblages.

The large differences we observed in assemblages
between the natural habitats and pine plantations were also
predicted, as the plantations are monocultures of exotic
trees, which contrast starkly with the exceptionally high
compositional diversity of both grasslands and indigenous
forests. This is reflected in the low plant diversity and plant
cover recorded in the pine plantations (Table S3). These
highly altered conditions in plantations compared to the nat-
ural areas generally lead to divergent arthropod assemblages
for above-ground and epigaeic fauna (Pryke and Samways
2012b). However, the segregation between the assem-
blages of dry and hydromorphic grasslands was almost as
pronounced as between the other biotope combinations,
even though they are superficially similar in structure and
undergo similar disturbance regimes. This may have been
due to variations in less obvious attributes like plant com-
position, soil moisture, and soil compaction (Table S3).
Although seasonal wetlands share many attributes with ter-
restrial ecosystems, they can support terrestrial arthropods
that do not occur in dry grasslands or other upland habitats
(Spitzer and Danks 2006). The arthropods in these wet habi-
tats are often uniquely adapted to avoid or tolerate inunda-
tion (Batzer and Wu 2020). In drier periods, hydromorphic
soils also retain considerable moisture, which maintains a
rich ground-dwelling fauna, and wetland plants that support
characteristic, host-specific herbivorous arthropods (Batzer
and Wu 2020). Although the dry and hydromorphic grass-
lands may appear to be very similar, small-scale habitat dif-
ference may translate into great differences in the associated
soil fauna.

Our findings contribute to a growing body of research
showing that subtle variations in habitat type can have dis-
tinct effects on arthropods. For example, small variations
in vegetation structure can largely determine distribution
of butterfly species, even in low-growing vegetation types
such as heathland, dune vegetation, and grassland (de Vries
et al. 2021). In grassy woodland in Australia, co-occurring
and closely related trees in the same subgenus support
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highly distinct beetle assemblages (Barton et al. 2010). Fur-
thermore, in other Afromontane grassland systems, beetle
assemblages closely track subtle variations in vegetation
composition that are only detectable with in-depth plant
surveys (Foord et al. 2003). Considering the responsiveness
of arthropods to these variations, incorporating small-scale
heterogeneity into conservation planning may therefore
greatly complement coarse-scale approaches to arthropod
conservation (Hunter et al. 2017).

Overall species richness, diversity, and species turnover
were relatively similar among all the biotopes, but there
were greater differences when we considered the feeding
guilds separately. The assemblage differences appear to
be driven partly by different feeding guilds being favoured
by different biotopes. For example, detritivores were well-
supported by indigenous forests, omnivores were favoured
by dry grasslands, and hydromorphic grasslands had high
predator diversity and turnover. The different environmental
conditions and resources in different biotopes likely met the
requirements of different arthropod groups. For example,
indigenous forest soils were moist with low compaction,
high amounts of dead wood and shady conditions. These
conditions generally promote detritivores in forest systems
(Attignon et al. 2004). Similarly, omnivores, which were
largely represented by ants in this study, likely benefitted
from the open, sun-exposed conditions with high amounts
of bare ground in the dry grasslands (Anderson 2019). Fur-
thermore, spiders dominated the predator guild, and benefit
from structurally and compositionally diverse vegetation
(Midega et al. 2008). High plant cover, a variety of plant
growth forms and tall vegetation in the hydromorphic grass-
lands likely promoted these predators. These patterns sug-
gest that different ecological functions may be represented
in varying degrees in the different biotopes. This further
emphasises the complementarity of the natural biotopes.

Species turnover was also relatively high in most bio-
topes. The high species replacement among patches of the
same biotope indicates high cumulative value of having rep-
resentative patches of each biotope across different conser-
vation areas and plantation estates (Riva and Fahrig 2022).
The exception was indigenous forests, which had relatively
low species turnover, mostly due to low turnover in herbi-
vore and omnivore guilds among forest sites. A possible rea-
son for this pattern may be that environmental conditions in
the sheltered forest understory are more consistent among
forest sites than in open grassland sites which experience
greater environmental fluctuation (Anderson 2019). Forests
are also not subjected to the same disturbances as grass-
lands, where grazing and fire create heterogeneous condi-
tions across grassland sites. The lower species turnover
among forests sites compared to open sites may thus reflect
lower between-site heterogeneity. In addition, it is possible
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that our sampling of the forest floor only partially captured
species turnover patterns, as arthropod species turnover in
indigenous forests can vary depending on the vertical height
considered (Xing et al. 2022).

Importantly, the pine plantations supported fairly high
arthropod diversity and turnover, even though resource
diversity and niche opportunities were expected to be low
in the plantations. Indeed, plantations in this region are
generally inhospitable to many arthropod taxa found in the
natural areas (Pryke and Samways 2012b) and are perceived
as structural barriers to mobile groups such as butterflies
(Pryke and Samways 2001). It is possible that conditions
in plantations promote certain soil-dwelling arthropods.
For example, the plantations in this study had much deeper
plant litter and a higher amount of dead wood than the other
biotopes (Table S3), which generally promote arthropods
in wooded habitats (Sandstrom et al., 2019). This would
have important implications for continued functioning of
the soil ecosystem in the production areas (Barrios 2007).
However, more in-depth taxonomic and functional work is
needed to determine the full effect of afforestation on the
soil ecosystem.

Conservation implications

Our results highlight that the current landscape planning
approach which prioritizes high conservation value habi-
tats when delineating set-aside areas, greatly benefits soil
arthropods by supporting species-rich and diverse assem-
blages. The high complementarity among habitat types,
even among ones that vary in subtle ways, suggests that
having a mix of biotopes together would help maintain het-
erogeneity in soil arthropod assemblages and their trophic
functions within the conservation areas. Furthermore, high
species turnover among sites indicates that representation
of each biotope across different conservation areas in the
landscape would maximize soil arthropod biodiversity at
the landscape scale. By incorporating these principles into
the conservation planning of forestry landscapes, we can
promote the unseen soil biota that depend on these valuable
conservation areas. Improving conservation in these work-
ing landscapes can make a highly meaningful contribution
to conservation in this biodiversity hotspot, where timber
production is a widespread activity.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s10841-
022-00449-5.
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