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Abstract Timber plantation forestry is a major
threat to indigenous grassland biodiversity, with
ecological networks (ENs) currently being used to
mitigate this threat. Being composed mostly of linear
corridors, ENs create more edge than would occur
naturally. To determine the minimum width of corri-
dors for maximising biodiversity conservation, we
need first to establish the extent of edge effects from
plantation blocks into corridors. We compared arthro-
pod diversity along transects that ran from within
plantation blocks into grassland corridors. We also
studied the edge effects of natural forest adjacent to
natural grasslands within ENs. Sites in grasslands of
neighbouring protected areas acted as natural refer-
ence sites against which the biodiversity of the EN
transects were compared. Two types of exotic plan-
tation trees and various tree age classes were studied.
We found a 32 m edge zone from plantation blocks
into grassland corridors. Few significant edge effects
from plantation blocks occurred at greater distances
than this, which suggested that grassland corridors
with a width <64 m are essentially all edge. However,
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and importantly, this situation was complex, as
different arthropod taxonomic groups responded dif-
ferently to edges of plantation blocks and natural
forest patches. Natural forest supported many addi-
tional species, not just within the forest, but also in
associated grassland corridors. This means that main-
taining natural forest imbedded within the ENs will
protect both indigenous grassland and indigenous
forest species as well as help maintain biodiversity
across this timber production landscape.
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Introduction

As the global demand for timber increases, so more
areas of the world will turn to plantation forestry as a
wood source (Cubbage et al. 2010). Plantation forestry
is a risk to global biodiversity as the plantations
themselves contribute little to biodiversity, especially
when non-native trees are used (Armstrong and van
Hensbergen 1994; Pryke and Samways 2009; Bremer
and Farley 2010). Ecological networks (ENs) are
currently being used to mitigate the adverse effects of
plantation forestry (Samways et al. 2010). They are
large-scale interconnecting corridors and nodes that
ensure connectivity between habitat patches for
organism dispersal on evolutionary as well as on
ecological time scales (Beier and Noss 1998).
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ENs consists of both natural patches and corridors
that connect them (Jongman 1995). Corridors are often
simply defined as movement corridors for focal
species (Hilty et al. 2006). As the aim of ENs is to
conserve biodiversity, they also need to include the
inherent biological complexity of the whole ecosys-
tem (Jongman 1995). Conceptually much work has
gone into the biodiversity value of ENs, although only
a few areas of the world have actually implemented
them (Yu et al. 2006; Jongman et al. 2011).

ENs have more edges than occur naturally due to
the linear nature of their corridor components (Koh
et al. 2010). Understanding these EN edge effects is
important to conservation planning in that it deter-
mines minimal corridor width. The influence that
transformed areas have on natural areas is often a two-
zoned effect: (1) the edge zone which is influenced by
the interface between a transformed area and a natural
one, and (2) the interior zone where species richness,
abundance and assemblage composition are no longer
influenced by the distance to the edge (Cadenasso et al.
2003; Ries et al. 2004). Some biodiversity responds
positively to the edge, and many species need the edge
zone (van Halder et al. 2011). However, for conser-
vation purposes it is the interior zone which is of most
concern. The reason for this is that the interior is more
difficult to conserve, as it requires enough space for
edge zones to surround it. If corridors are too small
they will consist entirely of edge zone and without the
vital interior zone.

Edge effects are caused by structural changes
along the edge boundary (Cadenasso et al. 2003;
Harper et al. 2005), as well as through changes in soil
moisture and nutrients (Li et al. 2007). Over time,
secondary effects such as roads and invasion by alien
species can further deteriorate the habitat along the
edge. Disturbance on the edge zone allows generalist
species to enter the corridor and disrupt natural
systems (Pinheiro et al. 2010; Ivanov and Keiper
2010), although given enough space this edge effect
will give way to more valuable core area (Slawski and
Slawska 2000; Hochkirch et al. 2008).

Edge effects change in size for small mammals
between natural forest patch and plantation block
edges (Wilson et al. 2010), while there seems to be no
general edge effects between natural Afromontane
forest and its associated grassland (Kotze and Sam-
ways 2001). The type of transformed landscape also
contributes to the extent of the edge and will determine
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those species found in it. This has been shown with
changes in edge effects in rural versus urban contexts
(Vallet et al. 2010) and even the age class of plantation
blocks (Armstrong and van Hensbergen 1994).

We chose to use arthropods as representatives of
biodiversity as they are relatively small, hyperdiverse
and can be sampled in large numbers, while some are
sensitive to environmental variability at point local-
ities (Weaver 1995; McGeoch 1998). They rely almost
entirely upon the resources provided locally (Stork
and Eggleton 1992), and are important for conserva-
tion as they have major functional roles (particularly
as pollinators, herbivores, detritivores, and as key-
stone predators and parasitoids) (Rohr et al. 2007). We
have also taken a multi-taxon approach as studies have
shown that it is important to measure all ranges of
arthropod responses (Tropek et al. 2008; Pryke and
Samways 2011).

To design ENs that successfully conserve biodi-
versity in the plantation timber landscape, we need to
determine the minimum width for a corridor and also
determine the maximum distance from a plantation
block edge where edge effects become dissipated. In
response, we compare biodiversity of various arthro-
pod groups along plantation/grassland edges to grass-
lands in protected areas (reference sites). We do this
using plantation blocks comprising two different types
of plantation tree species and plantation trees of
different ages. We also investigate natural Afromon-
tane forests to determine the natural edge effect in
association with indigenous grassland and in doing so
we provide a measure of the biological value of natural
edge zones within the timber landscape.

Methods
Study area and design

We chose the ENs of the South African timber
industry to study these edge effects as they have sharp
edges between plantation blocks and the natural
vegetation of the grassland corridors. Furthermore,
many of the plantations border on protected areas,
which can serve as reference sites. The South African
timber industry occupies 1.8 million ha, or 1.5% of the
surface area of the country. Of this, 1.3 million ha are
planted to alien Eucalyptus, Acacia and Pinus species
(Kirkman and Pott 2002). A further ca 500,000 ha are
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Fig. 1 Location map showing the three areas and the 40
transects used in this study in the KwaZulu-Natal Midlands,
South Africa. Dark grey areas show the extent of the
commercial plantation area, light grey show the extent of the

maintained mostly as conservation areas of protected
grassland, wetland and natural forest, but also with
some firebreaks, power lines and vehicle tracks. On
average, one-third of a plantation remains unplanted to
timber and it is these unplanted areas which constitute
the ENs (Kirkman and Pott 2002).

This study was extensive on three separate planta-
tions across the KwaZulu-Natal Midlands in South
Africa. This is an area dominated by threatened
Midlands Mistbelt Grassland and Drakensberg Foot-
hill Moist Grassland with patches of Southern Mistbelt
Forest dispersed within the grassland matrix (Mucina
and Rutherford 2006). Exotic timber plantations are
the most abundant form of land transformation in the
area (Kirkman and Pott 2002). The three plantations
were Gilboa (29°16 S; 30°18 E), Good Hope (29° 40 S;
29° 58 E) and Maybole (29° 44 S; 30° 15 E). Each
plantation had similar elevations ca 1000-1700 m asl,
with Gilboa lying £50 km from both Good Hope and

natural area managed by the timber company. NF natural forest,
MaP mature pine, Eu mature eucalypt, MeP medium-aged pine
and YP young pine

Maybole, which were 430 km from each other
(Fig. 1).

Transects were laid out in five wooded areas, each
with eight replicated sampling transects: old pine
(>10 years old), medium-aged pine (4—6 years old),
young pine (<3 years old), mature eucalypt plantation
blocks, as well as in natural forest patches for a natural
edge comparison. This gave a grand total of 40
transects and 320 sampling stations. A further 16 sites
were set out in the grasslands of the neighbouring
protected areas > 64 m from wooded areas, as refer-
ence sites for original species richness and community
composition. All field work was between February and
April 2009.

Transects were set-up from inside wooded areas,
and into and across the standardized matrix of a
grassland corridor within an EN. Eight stations were
placed along each transect, and these were set out on a
log? scale. Three sampling stations were in the wooded
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area (either in plantation blocks or natural forest
patches; 32, 16 and 8 m from the edge), one on the
edge itself, and four stations were into the grassland
corridor (8, 16, 32 and 64 m).

Arthropod sampling

At each station and each reference site, sampling used
four techniques: two pitfall traps, 200 m diurnal
searches, 100 m nocturnal searches and 100 sweeps
of a sweep net. Target organisms were Formicidae,
Araneae, Scorpiones, Opiliones, Odonata, Mantodea,
Phasmatodea, Orthoptera, Lepidoptera, Neuroptera
and the two beetle families Carabidae and Scarabaei-
dae (Scarabaeinae and Trogidae).

Each station and reference site had two pitfall traps,
one metre apart. Each trap was 70 mm in diameter,
which effectively captures many rare species of ants
(Abensperg-Traun and Steven 1995) and spiders
(Brennan et al. 2005). Traps were half-filled with a
50% ethylene glycol solution (Woodcock 2005), and
were left open for 3 days. Diurnal searches targeted
flying arthropods and were carried out between 10 h
and 15 h on sunny-windless days. Nocturnal searches
were conducted with search lights at night after 20 h.
Both diurnal and nocturnal searches were done by one
observer (J.S.P) to reduce observer bias. The observer
walked 200 m for diurnal and 100 m for nocturnal
searches parallel to the wooded edge (i.e. either the
edge of the plantation block or the edge of the natural
forest), while recording all focal arthropods listed
above. If a specimen was not familiar, it was captured
and preserved for later identification. Insects on
vegetation were sampled using 100 sweeps of a
40 cm diameter sweep net. These were also conducted
parallel to the wooded edge. Due to the high number of
transects and the difficulties in accessing some tran-
sects, they had to be sampled on random rotation, with
the type of wooded area randomised. All transects
were only visited once to avoid seasonal effects. All
individuals sampled were identified to species or
morphospecies.

Data analyses
Species richness data were rarefied for abundance with
Mao Tao output from EstimateS (version 8; Colwell

2006) to standardize these data. As with most arthro-
pod studies, the accumulation curves here were just
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short of the asymptote (Gotelli and Colwell 2001).
This rarefication was done for the stations per wooded
area (either plantation blocks or natural forest
patches). Further analyses were calculated for all
arthropods together, and also for ants, spiders, grass-
hoppers, butterflies, dragonflies, as well as for the
dung and ground beetles separately. Generalized
Linear Models (GLMs) with Poisson distribution
(log-link functions) were used to compare the zones
of the various wooded types for species richness only
(O’Hara 2009; Zuur et al. 2010) in SAS 9.1. The zones
analysed were the wooded area (either plantation or
natural forest), the edge zone (<32 m from the wooded
edge) and those in the corridor interior zone (>32 m
from the wooded edge into the grassland corridor).
The fixed effects in the model were the type of wooded
area in which the transect began, the transect zone and
which of the three plantation holdings hosted the
transect. These analyses were repeated per arthropod
group. These GLMs were calculated with Poisson
distribution for all data, as means were >5, and the
minimum number of successes and failures were <5
(Bolker et al. 2009). As these analyses showed no
overdispersion of the variances compared to the
models, Wald y* (Z) statistics were calculated using
the penalised quasilikelihood technique (Bolker et al.
2009). Abundance data had highly localized
responses, and so abundance alone was not used as a
biodiversity measure in this study (see supplementary
Table 1, 2 for abundance results).

Multivariate analyses using Permutational multi-
variate analysis of variance (PERMANOVA) (Ander-
son 2001) and PRIMER 6 (PRIMER-E 2008) were
used to calculate t and P-values for the similarity of the
arthropod assemblage along the all the transects to the
grassland reference sites. Similar PERMANOVAs
were also calculated for each wooded area separately.
Further PERMANOV As calculated changes in assem-
blage composition for each of the three transects zones
(see above for categorization) for each of the five
wooded areas. This was done for all arthropods
sampled, and for ants, spiders, grasshoppers, butter-
flies, beetles and dragonflies independently. These
analyses were calculated with type of wooded area in
which the transect began and transect zone as fixed
factors. Analyses were performed using Bray-Curtis
similarity measures with these data fourth-root trans-
formed to reduce the weight of common species
(PRIMER-E 2008).
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Results

Overall edge effect for the whole assemblage
and for various wooded areas

Overall, 7,689 individuals from 251 species (46
families and 12 orders) were sampled. When all
wooded areas (both plantation blocks and natural
forest patches) and all arthropod groups were com-
bined, stations in the wooded area of the transect were
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Fig. 2 Summary results of rarefied species richness data (with
95% confidence intervals) on means (1 & SD) for all transects
in this study starting in natural forest and various plantation
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significantly lower in species richness compared to all
the other stations. In the edge zone arthropods
increased and peaked at 8 m from the wooded edge
but then showed similar species richness to the
reference sites by the 16 m station (Fig. 2). Species
assemblage composition of all transects combined was
significantly different for all the stations except the last
two (32 and 64 m from the edge) (Table 1). This
meant that we could define: wooded area (plantation
block or natural forest), edge zone (<32 m from the
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bars represent significantly different means (5% level)
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Table 1 Permutational multivariate analysis of variance (PERMANOVA) for the different stations along transects to natural

reference sites

S1 S2 S3 S4 S5 S6 S7 S8

—32m —16 m —8m 0m 8 m 16 m 32 m 64 m
Overall 1.99%3#: 1.90%* 2,033 1.49%* 1.41%* 1.37%* 1.17 0.92
Nat for 1.87%%* 1.38%* 1.66%#: 1.42% 1.32% 1.03 1.04 1.14
Ma pine 1.61%** 1.64%** 1.76%** 1.26%* 1.41%* 1.35% 1.14 1.13
Eucalypt 1,693 1.627%* 1.535%* 1.30% 1.31* 1.26 1.16 1.33
Me pine 1,63 1,627 1.47%% 1.33% 1.33% 1.02 1.02 1.1
Y pine 1.45%: 1.46%* 1.70%%:* 1.67%%* 1.38* 1.29% 1.12 1.09
Ant 2.08%#:* 1.99%3#: 1.99%:% 1.64%* 1.43%* 1.44% 1.33 1.23
Spider 1.80%3#: 1.74%* 2,027 1.807#%* 1.76%* 1.90% 1.28 1,907
Grasshop 1.62%* 1.50% 1.52% 1.03 1.00 0.87 0.83 0.89
Butterfly 2.0 sk 2,07 1.75% 1.32% 0.92 0.60 0.78 0.72
Beetle 1.37 1.23 1.46 1.31 1.16 1.07 1.10 1.29
Dragonfly 1.933%:* 2.0 sk 1.627% 0.79 0.67 1.02 0.83 0.77

S1-3 are within the wooded area (plantation or natural forest), S4 is on the boundary edge and S5-8 are in the grassland corridor.
These analyses were performed for all transects and those individual habitat types and specific taxa. Number of permutations for each

analysis = 9,999

Grasshop Grasshopper, Nat for natural forest, Ma mature, Me medium-aged, Y young

* P <0.05, ¥* P <0.01, ¥*** P < 0.001

wooded edge) and interior zone (>32 m from the
wooded edge into the grassland corridor).

Transects for all plantation types had similar
species richness in overall assemblage (all arthropod
groups combined), with the exception of the young
pine (Fig. 2). Natural forest transects followed the
same general pattern as the plantations, but with
greater variability in species richness, both within the
natural forest patch and in the corridor (Fig. 2). Young
pine showed high species richness within the pine
block, although the transect trend followed that of the
other plantations outside the plantation block (Fig. 2).
Species assemblage composition only showed signif-
icant similarity to the reference sites at distances
>16 m from edges for the natural forests, mature
eucalypt and medium-aged pine and >32 m from the
edges mature and young pine blocks (Table 1). The
wooded areas had highly significant differences
between both edge and interior zones, while the edge
and interior zones were similar to each other. The
young pines were an exception as they showed a
significant difference between the plantation block
and the grassland interior zone (Table 2).

When all stations along the transect were combined
and the various wooded areas were compared for
species richness, only mature pines were significantly
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higher than either the natural forest or mature euca-
lypts (Table 3). When only wooded areas were
combined and compared, young pines were signifi-
cantly higher in species richness than all other
woodland types, while medium-aged pines were
significantly more species rich compared to mature
pine and eucalypt blocks (Table 3). Combined stations
from the edge zone showed mature pines had signif-
icantly higher species richness for all wooded areas,
while mature eucalypts were significantly higher in
species richness than natural forest or young pines.
There was no significant difference in species richness
between the various interior zones (Table 3).

When all stations along a transect were combined,
each of the five types of wooded area showed
significant differences to each other in assemblage
composition. There were also significant differences
between each of the wooded areas in assemblage
composition when only wooded stations were
included in the analyses (Table 3). There were also
highly significant compositional differences for the
natural forest edge zone and significant composition
differences for mature pine and young pine edge zones
compared to all other edges zones (Table 3). The only
corridor interior zone that showed significant differ-
ences were those of the natural forest transects, which
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Table 2 Permutational multivariate analysis of variance (PERMANOVA) for all arthropod individuals and for the various

arthropod taxa

Sites All spp. Ant Spider Grassho Butterfly Beetle Dragon
All sites

Wood vs Edge 2.71%%* 2.27%%* 2.04%** 3.19%%* 3.18%** 1.03 3.03%**

Wood vs. Inter 3.15%** 2.86%** 1.92%%* 2.34%%* 3.61%%* 1.60* 1.95%*

Edge vs. Inter 1.32% 1.30 1.46* 1.05 1.14 1.00 0.68
Natural forest

Wood vs. Edge 1.87%%* 2.01%%* 1.55% 1.61* 2.00%* 1.18 1.50

Wood vs. Inter 2.02%** 2.2]%% 1.34 2.36%* 2.14%* 1.21 1.49*

Edge vs. Inter 0.90 0.63 1.11 1.18 0.80 0.76 0.70
Mature pine

Wood vs. Edge 2.29%** 1.81%* 1.46 3.87%** 2.28%* 0.74 2.86%**

Wood vs. Inter 2.06%** 1.74%* 1.47* 3.49%%% 1.99%%* 0.79 2.03%*

Edge vs. inter 0.89 0.79 1.03 0.97 0.75 0.79 0.83
Mature eucalypt

Wood vs. Edge 1.84%%* 1.41 1.85%* 2.18%* 2.41%* 1.05 1.29

Wood vs. Inter 2.03%** 1.73* 1.36 2.79%%* 2.29%* 0.65 1.75%

Edge vs. Inter 0.99 0.80 0.96 1.36 0.41 1.08 0.67
Medium pine

Wood vs. Edge 1.82%%* 2.02%* 1.71* 1.50 1.19 1.37 1.46*

Wood vs. Inter 2.23%%** 1.74%%* 1.71%* 1.54* 1.90* 1.50* 1.27

Edge vs. Inter 1.20 0.79 1.05 0.52 1.10 0.93 0.22
Young pine

Wood vs. Edge 1.06 0.61 0.97 1.26 1.74% 1.28 1.58

Wood vs. Inter 1.52% 1.12 1.22 1.89 1.67* 2.02% 1.25

Edge vs. Inter 1.17 1.09 1.21 1.34 1.17 1.08 1.14

Comparisons were between the stations in wooded areas (whether natural forest patch or plantation block) along the transect, those in
the corridor edge zone (<32 m from the wooded edge) and stations in the grassland corridor interior zone (>32 m from the wooded
edge). Figures represents the #-value, number of permutations for each analysis = 9,999

Wood wooded areas, Inter interior of grassland corridor, Grassho grasshopper, Dragon dragonfly

* P <0.05, # P <0.01, #* P < 0.001

were significantly different from all other corridor
interior zones (Table 3).

Wooded edge effects on various taxa

Different taxa showed a variety of responses in species
richness to woodland edges. Ants were the most
numerous group (64 species, 5 288 individuals) and
showed a trend similar to that of the overall curve,
being low in species richness in wooded areas and then
increasing until 8 m from the wooded edge, after
which the graph flattened out (Fig. 2). Spiders (50
species, 768 individuals) showed little difference in
species richness along the transects (Fig. 2). Grass-
hoppers (46 species, 599 individuals) had low

diversity in wooded areas, with two peaks at 8 and
64 m (Fig. 2). Butterflies (30 species, 384 individuals)
and dragonflies (15 species, 217 individuals) showed
similar patterns, with very low species richness in the
wooded areas, but increased steeply at the wooded
edge, after which the graph flattened out (Fig. 2).
Beetles (29 species, 246 individuals) showed a differ-
ent trend to the other taxa as they had low species
richness in the wooded areas, which then steeply
increased and peaked 8 m from the wooded edge, after
which the values in the graph slowly declined. At
64 m, beetle species richness was equivalent to that in
the wooded areas (Fig. 2).

As ground beetles and dung beetles have very
different ecological requirements, they were further
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Table 3 Summary results of Generalized Linear Models (with Poison distribution) with Wald-Z statistic for species richness and
permutational multivariate analysis of variance (PERMANOVA) as a measure of assemblage composition similarity

Species richness

All stations

Natural forest Mature pine Mature eucalypt Medium pine Young pine
Wooded Natural forest 4.45% (MP) 0.02 2.63 1.13
Mature pine 2.89 3.85*% (MP) 0.25 1.10
Mature eucalypt 2.02 0.10 2.18 0.18
Medium pine 0.58 5.85% (Me) 4.69* (Me) 0.30
Young pine 8.54%* (Y) 19.34%** (Y) 17.89%** (Y) 4.75*% (Y)
Edge stations
Natural forest Mature pine Mature eucalypt Medium pine Young pine
Interior Natural forest 13.79%** (MP) 0.67 3.36* (Me) 0.01
Mature pine 0.01 8.46** (MP) 3.62*% (MP) 13.43%** (MP)
Mature eucalypt 0.15 0.20 1.03 0.60
Medium pine 0.03 0.05 0.05
Young pine 0.90 0.76 1.73 1.20
Assemblage All stations
composition - - - -
similarity Natural forest Mature pine Mature eucalypt Medium pine Young pine
Wooded Natural forest 2.35%%% 2.33 5%k 2.307%#* 3.08%#*
Mature pine 1.70%* 1.76%%* 1.72%5%% 2234k
Mature eucalypt 1.51% 1.67%* 1.65%%%* 1.95%%%*
Medium pine 1.67%* 1.64%* 1.49* 1.96%%*
Young pine 2.45%%% 2.33%k% 1.97%#%%* 2.08%%*
Edge stations
Natural forest Mature pine Mature eucalypt Medium pine Young pine
Interior Natural forest 2.01%%* 1.83%*%* 1.83%*%* 2.15%%%*
Mature pine 1.58%%* 1.47%* 1.36* 1.58%%*
Mature eucalypt 1.57** 1.07 1.30 1.47*
Medium pine 1.67%* 1.28 1.16 1.42%
Young pine 1.63%* 1.15 1.20 1.17

These were calculated between wooded areas (whether natural forest patches or plantation blocks) along the transect, to those on the
corridor edge zone (<32 m from the wooded edge) and stations in the corridor interior zone (>32 m from the wooded edge). Number
of permutations for each analysis = 9,999

MP mature pine, Eu mature eucalypt, Me medium-aged pine, ¥ young pine

* P <0.05, * P <0.01, *** P < 0.001. Letters in parentheses indicate stations with significantly higher results

analysed separately. Ground beetle species richness
was significantly lower in the interior zone compared
to the either the wooded area (Walt-Z = 5.82;
P =0.016) or the edge zone (Walt-Z = 14.63;
P < 0.001), while the edge and wooded areas showed
no significant difference (Walt-Z = 2.75; P = 0.097).
Dung beetle species richness was significantly higher
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in the edge zone compared to the wooded area (Walt-
Z =23.30; P <0.001) and interior zone (Walt-
Z = 10.70; P = 0.001), although there were no sig-
nificant differences between the wooded areas and
interior zones (Walt-Z = 1.07; P = 0.301).

Ants, grasshoppers, butterflies and dragonflies
showed similar patterns in their assemblage
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Table 4 Summary results of 7,689 individuals from the 251 species (46 families and 12 orders) of generalized linear models (with
poison distribution) on species richness data for transects starting in the wooded areas (natural forest or one of the four different types

of plantations sampled) per focal taxa

Sites Ant Spider Grasshop Butterfly Beetle Dragonfly
D Wald-Z D Wald-Z D Wald-Z D Wald-Z D Wald-Z D Wald-Z
Species richness
Nat for
Wvs E < 10.02%#* = 0.56 = 3.31 < 10.79%* = 0.14 < 7.91%*
Ws 1 < 13.67%** = 0.39 < 6.51% < 9.89%%* = 0.69 < 10.33%%*
Evsl = 0.59 = 1.72 = 1.07 = 0.00 = 0.24 = 0.04
Ma pine
Wvs E < 16.33%%* < 8.46%* < 18.16%** < 14.82%** = 1.92 < 19.42%%*
Wvs 1 < 10.49%%* = 1.87 < 15.93%** < 14.471%** = 0.14 < 5.80%*
Evsl = 0.30 = 1.70 = 1.53 = 0.00 = 0.78 = 1.90
Eucalypt
Wvs E < 15.13%%% < 8.46%* < 7.A41%* < 8.55%%* = 0.00 < 8.08***
W s 1 < 20.52%%* = 2.30 < 15.57%** < 9.09%%* = 0.11 < 7.70%%*
Evsl = 0.95 1.35 = 3.02 = 0.12 = 0.11 = 0.22
Me pine
Wvs E < 11.34%* < 11.72%** = 0.54 < 4.69% = 2.71 < 31.05%%%*
Wvs 1 < 8.83%* < 11.27%** = 2.04 < 4.76%* = 0.94 3.80
Evsl = 0.02 = 0.02 0.58 = 0.03 = 0.33 = 223
Y pine
Wvs E = 0.00 = 0.77 < 3.98% = 3.20 = 0.23 < 7.61%%*
Wvs 1 = 2.11 = 0.01 < 6.39%* < 5.52% = 3.35 = 3.18
Evsl = 2.11 0.80 = 0.49 = 0.54 2.16 = 0.72

D direction of result, Grasshop Grasshopper, Nat for natural forest, Ma mature, Me medium-aged, Y young, W wooded area, E edge

zone, I interior zone
* P <0.05, ** P <0.01, *** P < 0.001

compositional changes along the transect. Wooded
areas were highly significantly different from the edge
and interior zones, with no significant difference
between edge and interior zones (Table 2). Spiders
also showed highly significant differences between
wooded areas and edge and interior zones. They also
showed a significant difference between edge and
interior zones (Table 3). The only significant change
in the beetle assemblage composition was between
wooded and interior zones (Table 3).

Edge effects of different wooded areas
on individual taxa

There was very little change in species richness or
assemblage composition between edge and interior
zones for the different wooded areas per taxon

(Tables 1, 3). Natural forest edge or interior zones
had a significantly higher species richness of ants,
butterflies and dragonflies compared to the wooded
areas (Table 4). There were also significant composi-
tional differences in ants, grasshoppers and butterflies
of wooded areas versus edge and interior zones of
natural forests (Table 2).

Ants, grasshoppers, butterflies and dragonflies all
showed significantly higher species richness in the
edge and grassland interior zones along mature pine
and eucalypt transects compared to those in the
wooded area of the transect (Table 4). Wooded mature
pine was compositionally similar to the equivalent
edge and interior zones for ants, grasshoppers, butter-
flies and dragonflies (Table 2). Only grasshoppers and
butterflies showed compositional differences between
wooded and edge or interior zones (Table 2).
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Edge and interior zones along the medium-aged
pine transect were significantly higher than the
wooded areas in species richness for the ants, spiders,
butterflies and dragonflies (Table 4). Composition-
ally, there were significant differences in ant and
spider assemblages between stations in medium-aged
pine blocks and edge or interior zones (Table 2).

Only species richness of grasshoppers showed
significant differences between the wooded sites of
young pine plantations compared to associated corri-
dor edge and interior zones (Table 4). The only
significant compositional differences for young pine
transects were for the butterflies in wooded stations
compared to those on the edge zone and in the interior
zone, as well as beetles between wooded areas and
interior zones (Table 2).

Discussion

Edge effects of various plantations and natural
forests on grassland corridors

Within the plantation blocks there was low species
richness that increased across the edge and then
peaked at around 8 m into the grassland corridor. At
16-32 m into the corridor, species richness stabilised.
Our results showed that some edge effects from the
plantation could still be seen at least 16 m from the
plantation edge in terms of both species richness and
assemblage composition. This suggests that overall a
32 m edge zone needs to be observed when planning
ecological networks in this transformed landscape,
with a grassland corridor interior zone being >32 m
from the edge of the plantation.

The high species richness along the wooded edge
(whether plantation or natural forest) could have been
caused by the mixing of species from the interiors of
the wooded areas and the grassland corridors. How-
ever, the assemblage composition in the wooded area
was not the same as that at the edge stations. Another
possibility is that the wooded edge acted as a barrier
for the corridor interior species, which increased the
catch along the wooded edge. The most likely reason
is that the edge often has anthropogenic disturbances
such as roads, or aliens (Holway 2005), which allow
generalist opportunistic species to enter the system
(Didham et al. 1996). This appeared to be the case
here, but not to the demise of the specialist species.
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The assemblage composition of for all the wooded
areas (including the natural forests) was significantly
different from those at either the edge or in the
grassland corridor interior zones. Yet edge and interior
zones were always similar to each other, no matter
which wooded type was compared. Furthermore,
when the the various wooded areas were compared
to each other, they tended to host significantly
different species. Although, there were also some
significant differences in assemblage composition of
the various edge zones, this was not the case with the
interior zones associated with plantation blocks, which
were similar.

Young pines showed different arthropod species
richness and species assemblage composition com-
pared to mature pines. Moreover, there was greater
species richness within young pines compared to other
plantation blocks, although when edge zones were
compared, mature pines had significantly more spe-
cies. Corridor interior zones showed no difference
between young and mature pine. Species composition
along the young pine transects showed no differences
between stations in the edge zone compared to those
within the pine block itself or those in the corridor
interior zone. This suggested that the high level of
disturbance from harvesting and replanting plantation
blocks created a situation where the young plantations
consisted of a high number of species which normally
occurred at the edge. Yet this effect was not seen in the
interior of the corridor.

Natural forest patch edges, unlike those of the
plantation blocks, made it more difficult to define edge
zones from corridor interior zones. These results echo
those of Kotze and Samways (2001) where there is
much variation in response to natural Afromontane
forest and grassland ecotones. Although species
richness in natural forest was not higher than in the
plantations, the natural forests had many unique
species. Furthermore, the grassland corridors associ-
ated with natural forests were significantly different to
all corridors associated with plantations. This suggests
that some species were interacting with both the
natural forest and grassland, giving these ecotones
conservation value.

Response of various taxa to edge effects

Ants are known to respond to patch boundary contrast
and abiotic conditions (Dauber and Wolters 2004).
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Here we found that ant species richness was signifi-
cantly higher in the edge zone and in the corridor
interior compared to the wooded areas, except in the
case of young pines. Ant assemblage composition also
differed significantly between the edge and corridor
interior zones compared to all the wooded areas,
except for the young pine and eucalypt blocks. Edge
effects for ants disappeared within 8 m of the wooded
edges, which was considerably shorter than the >25 m
response that ants showed to road boundaries in the
same geographical area (Samways et al. 1997) and to
mesophytic forest urban boundaries (Ivanov and
Keiper 2010).

Overall, spider species richness showed little
variation in species richness along the transects,
although they were significantly more abundant in
wooded areas than in some edge zones. Only the
medium-aged pine, mature pine and eucalypt blocks
showed significantly higher spider species richness in
the edge zones compared to within the plantation
blocks. Spider assemblage composition showed a
similar pattern. Natural forest and mature pine blocks
had similar spider species composition as corridor
interiors, which suggested that some spider species
could occupy natural forest and mature pines as well as
corridor interiors. It appeared that they did not favour
the constant disturbance (either natural or anthropo-
genic) in the edge zone.

All wooded areas were significantly lower in
grasshopper species richness than were the edge or
interior zones. This pattern was particularly strong in
the mature pines and eucalypts. Grasshopper assem-
blage composition was also very different between
mature wooded areas and those of edge and interior
zones, with significant added differences between the
natural forest and medium-aged pine. Despite grass-
hoppers responding strongly to management (Bazelet
and Samways 2011), we found that the edge effect was
highly significant, suggesting that design features
involving boundary contrast are still influential for this
group.

Butterflies had lower species richness in wooded
areas compared to corridor edges and interior zones.
There were also changes in species composition
between wooded areas and either edge or interior
zones. This lack of edge effect was probably because
the butterflies have high mobility compared to the
other groups, and do not linger in narrow corridors, as
noted by Pryke and Samways (2001). Edge zones can

be important for some butterflies, although most
butterfly species use both edge and interior zones
(van Halder et al. 2011). Quality of the vegetation is as
important for butterfly conservation as is the size of the
corridor or habitat (Pryke and Samways 2001), with
connectivity being important for maintaining popula-
tions (Haddad 1999).

Beetle species richness was higher in the edge zone
compared to wooded areas. However, at 64 m this
declined to the same level as in the wooded area.
Species richness also did not differ between the
various wooded areas and the edge or the corridor
interior zones. Ground beetles here preferred both
wooded areas (natural and planted) and edge zones. In
turn, dung beetles were edge specialists in this system.
Yet at forest-cerrado edges in Brazil, habitat type was
more important than the edge (Duraes et al. 2005). The
edge preference here in South Africa is probably
because many small mammals are abundant on the
edges of both natural forest patches and plantation
blocks (Wilson et al. 2010), and large animals rest in
the shade of these areas during the heat of the day, so
providing more dung at the edges.

Dragonflies responded in a similar way to butter-
flies, with an increase in species richness between the
wooded areas and the open grassland corridors,
although no edge affect was noticeable for either the
plantation blocks or natural forest patches.

Conclusions

We found a distinct grassland edge zone adjacent to
plantation blocks. This edge zone was about 32 m
wide. Beyond 32 m the effects of the plantation blocks
were negligible. However, this figure of 32 m is liberal
as some groups showed an edge effect of only 8 or
16 m. In general terms, this means that corridors
<64 m wide are mainly edge. The minimum 250 m
corridor width suggested by Pryke and Samways
(2001) for maintaining biodiversity in this area is still
appropriate, as this incorporates a great deal of interior
space for more sensitive species. Following on from
this, establishment of wider habitat corridors as
suggested by Samways et al. (2010) would certainly
reduce the total amount of edge across the entire
network.

The multi-taxon approach we have taken here has
highlighted some monitoring advantages and pitfalls
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that would need to be taken into account in future
research on conservation in agroforestry. The most
notable issue is that different taxonomic groups
responded differentially to the wooded edges,
whether exotic or native trees. Grasshoppers, butter-
flies, dragonflies and to a lesser extent ants all
responded similarly to the edge, but the beetles we
studied here (ground and dung beetles) included
edge specialists. In contrast, the edges were rela-
tively insignificant for spiders. When using a single
taxon for these kinds of edge studies, care needs to
be taken in selecting the right taxon/a for the right
conservation question. This is probably more diffi-
cult than is generally appreciated. So we suggest that
at least a few taxa should be included, at least
initially to fully assess how arthropods in general
respond to various environmental changes associated
with edges.

Monitoring of young plantation blocks for edge
effects is not really necessary, as there is little
difference between these young plantation blocks
and the edge or interior zones. Furthermore, the
rotation of the plantation blocks for harvesting to
planting new seedlings has little effect on the interior
of the corridors, with the corridors associated with
young plantation blocks showing no difference from
those associated with mature plantation blocks. Yet we
still caution that for biodiversity conservation, all
harvesting and planting activities should be restricted
to the plantation blocks, and the use of corridors for
vehicle access or other harvesting activities should be
confined to the edge zones, leaving the corridor
interiors intact.

As the natural forest and adjacent grassland had
unique biodiversity value, we encourage the conser-
vation of these natural forests in the corridors.
Maintaining the natural forest imbedded within the
ENs would help protect both natural forest and
grassland species, and would also help maintain total
biodiversity across this production landscape.
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