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Abstract

Tropical forests host a remarkable proportion of global arthropod diversity. Yet, arthropod communities living in tropical
forests are still poorly studied, particularly for dry forests of Eastern Africa. The aim of this study was to analyse com-
munity structures, species richness and relative abundances of insects across a heterogeneous forest consisting of various
forest types. We collected insects in the lower canopies with light traps across the Arabuko Sokoke forest, part of the East
African coastal forest biodiversity hotspot in southeast Kenya. Sampling was conducted across three forest types and along
the forest edge. In total we collected > 250,000 individuals. We grouped these individuals into orders, and beetles into (sub)
families. Representatives of the taxonomically well-known beetle families Cerambycidae, Tenebrionidae and Scolytinae
were further determined to species level. We subsequently classified these groups into guilds according to their ecological
requirements and life-histories. Relative abundances of arthropods strongly differed among taxonomic groups and forest
types. Evenness was highest in the heterogeneous natural Brachystegia forest type. The mixed forest type and the forest edges
showed intermediate degrees of evenness, while the structurally homogenous Cynometra forest showed comparatively low
degrees of evenness.

Implications for insect conservation We found that taxonomic and guild compositions strongly differed among the forest
types. Our findings reveal that structural heterogeneity of a forest is the major driver of insect diversity, community compo-
sition, and relative abundance. Our study underlines that the preservation of all three forest types is crucial to maintain the
complete diversity of arthropods across all taxonomic groups.

Keywords Arthropods - Tropical forest - Biodiversity hotspot - Canopy - Species assemblies - Relative abundance - Guilds -
Habitat structure - Forest conservation

Introduction and Habel 2014). Previous studies have shown that particu-

larly, forests rich in plant species and well-developed herb

Tropical forests contain a major proportion of earth’s bio-
diversity (Myers et al. 1988). The majority of invertebrate
species living in tropical forests still await description (Stork
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and shrub layers support a high insect diversity compared
to homogeneous forests and tree plantations (Lucey and
Hill 2012). In addition, intermediate levels of disturbance
are known to increase biodiversity significantly, as well as
natural disturbances such as clearings and windfalls (Alroy
2017).

Arthropod communities respond differently to the varia-
tion of biotic and abiotic conditions in ecosystems. Thus, it
is impossible to derive general relationships between habitat
heterogeneity and biodiversity, or responses of habitat dis-
turbance to species richness (Ewers and Didham 2007). For
example, sun-loving butterflies might respond positively to
habitat disturbances inside a forest, while typical forest species
might be negatively affected from such disturbances; Further,
herbivorous insects might profit from herb- and shrub-layers,
while species requiring open bare soils might be negatively
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affected from overgrowth (Hayes et al. 2009). In consequence,
we assume that insect assemblies vary across forests, depend-
ing on forest type, vegetation structure and abiotic conditions.

The East African dry coastal forest consists of at least
three different forest types (Murithi and Kenyon 2002).
These forest types differ in plant species composition and
diversity and soil conditions (Murithi and Kenyon 2002).
Thus, the East African dry coastal forest creates a mix of
different forest types, which accelerates biodiversity, as
shown for various taxa, such as snails (Lange and Mwinzi
2003) and butterflies (Habel et al. 2018). In consequence,
this forest is part of a global biodiversity hotspot (Myers
et al. 2000). Anthropogenic activities such as the transforma-
tion of forest into plantations of exotic trees and agricultural
land produced multiple forest edges and caused severe dis-
turbances inside the remaining forest patches (Habel et al.
2017).

To explore the diversity and abundance of inverte-
brates among forest types, we sampled arthropods in the
lower tree canopy at about 8 m height throughout all three
forest types of the Arabuko Sokoke coastal forest. In addi-
tion, we conducted sampling along forest edges, to test for
potential effects from habitat disturbance to arthropod diver-
sity and community composition (e.g. Arroyo-Rodriguez
et al. 2017). Sampling was conducted during the dry season.
We grouped all individuals into orders, beetles into families
and sub-families, and representatives of the taxonomically
well known beetle families Cerambycidae, Tenebrionidae
and Scolytinae were further determined individuals to spe-
cies level. We assigned all taxa into ecological guilds. Based
on these data we will answer the following questions:

(1) Do arthropod communities, ecological guild compo-
sitions, and relative abundances of taxa differ among
the habitat types?

(i) Do forest edges provide a diverse arthropod com-
munity in comparison to forest interior?

(iii) Which conclusions can we draw from these findings
for the conservation of forests?

Material and methods
Study area and forest types

The study area covers the East African dry coastal Arabuko
Sokoke forest in south-eastern Kenya. This 6km? large forest
remnant harbors a large number of endemic plant and ani-
mal species (Matiku et al. 2013; Marchese 2015). The forest
consists of at least three forest types (Murithi and Kenyon
2002). The distribution of these forest types follows par-
ticular soil conditions, which subsequently impact species
composition of plants, and thus shapes habitat structures and
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animal communities living therein (Lange and Mwinzi 2003;
Habel et al. 2018). The Cynometra forest is restricted to
infertile laterite soils. This forest is dense, homogenous and
mono-layered (Kanga 2002) and dominated by Cynometra
webberi, Brachylaena huillensis and Manikara sulcata. The
Brachystegia forest grows on well-drained silica sands. This
forest type consists of a well-developed herb and shrub layer
with many flowering plants (Oyugi et al. 2007), and is domi-
nated by Brachystegia spiciformis and Hymenaea verrucosa
trees. The mixed forest grows on grey colored Pleistocene
lagoonal sands and clays, and consists of a mix of Afzelia
quanzensis, Hymenaea verrucosa, Combretum schumannii
and Manilkara sansibarensis trees. This forest type is multi-
layered with large trees and a dense thicket (Glenday 2008).
As a fourth habitat type we considered the forest edge. For
this we selected the border between mixed forest and agri-
cultural land, which forms an abrupt edge between dense
forest and open land with fields, housings and gardens. The
Arabuko Sokoke forest dramatically shrinked in size dur-
ing the past decades, and suffers under the deterioration of
habitat quality across all three forest types, due to logging
of hardwood timber, the production of charcoal, and intense
collection of dead wood (Cuadros-Casanova et al. 2018).
The location of our study area and the distribution of forest
types is displayed in Online Appendix S1.

Data collection

Arthropod sampling was conducted across three forest types,
and along the forest edge of the Arabuko Sokoke coastal
forest with light traps equipped with blue, green and UV
LEDs, which were attached to four panes (10 X 30 cm each)
of acrylic glass. A collecting jar underneath was filled with
ethanol. A power bank provided electricity for one night
(> 12 h). We installed light traps in the lower canopies about
8 m above ground. Sampling was done at 9 locations for
each of the three forest types, Brachystegia forest, Cynome-
tra forest, mixed forest, and at 9 locations along the forest
edge (in total 36 sampling sites). Arthropod sampling was
repeatedly conducted during two nights at each sampling site
(2x36=72). Each trap was activated from 5 pm to 7 am.
We emptied the traps each morning and changed the batter-
ies. Sampling was conducted during a three weeks sampling
campaign (28.02.2017 until 15.03.2017). The UV LEDs
were placed in the dense leaf canopy. Therefore the radiant
power of the LEDs were limited in space. To reduce poten-
tial spatial autocorrelation, distances among traps were at
least 200 m, and the UV LEDs were placed so that the light
of the neighboring lamp was not visible (see Horak 2013).
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Taxonomic determination

All individuals were sorted to taxonomic orders (namely
Apocrita, Blattodea, Caelifera, Coleoptera, Diptera, Embi-
optera, Formicidae, Hemiptera, Lepidoptera, Mantodea,
Neuroptera, Psocoptera). Due to the fact that most beetles
are taxonomically well described, we further assigned this
group to family and subfamily level (namely Laemophloe-
ide, Anthicidae, Carabidae, Tenebrionidae, Curculionidae,
Cantharidae, Cleridae, Staphylinidae, Elateridae, Scara-
baeoidae, Brentidae, Cerambycidae, Scolytidae) according
to literature (Delvare and Aberlenc 1989; Bdhrmann 1995;
Lawrence and Slipiriski 2013) and expert knowledge (RG,
AG, SS). Species were further identified for the well known
(sub)families Cerambycidae, Tenebrionidae and Scolytinae
by expert taxonomists (for names see acknowledgement). A
compilation of all individuals and taxa found are given in
Online Appendix S2-S4, for orders, beetle (sub-)families,
and beetle species, respectively.

Guilds

We have selected guilds that are directly related to habitat
structures, and thus reflect species” responses to habitat con-
ditions (see Simberloff and Dayan 1991). We grouped orders
and (sub)families as follows: Type of development (hem-
imetabolic vs holometabolic); Consumer guilds (consumers
of first order i.e. phytophagous and detrivorous mainly; con-
sumers of second order i.e. predators mainly, and parasitoids
mainly); And, dead-wood dependency. Guild assignments
were conducted based on the characteristics represented by
the majority of representatives of a respective order i.e. (sub)
family. Since a clear ecological allocation was not possible
in some cases (phytophagous and detrivorous), those were
lumped together. Classification was done according to litera-
ture (Stork 1987; Schmidl and Bussler 2004; Leksono et al.
2005), and expert knowledge (RG, AG, SS). We have to
tolerate a certain degree of inaccuracy here and will take this
into account when interpreting and discussing our results.
Guild classifications are given in Online Appendix S2, S3.

Statistics

For orders, (sub) families and species, we constructed
taxon X sample matrices containing the numbers of individu-
als per taxon and sample. As the total number of individuals
among taxa differed strongly, we calculated relative abun-
dances per sample, by dividing the number of individuals
through the total sample size for each taxon. Total relative
abundances per sample refer then to the relative abundances
summed over all taxa. We note that this normalization means
that all taxa had the same weight in our analysis. We used
nonmetric multidimensional scaling (NMMDS) with Gower

dissimilarities to visualize the differences in community
composition. Finally, we used one-way ANOVA with post-
hoc Tukey tests and PERMANOVA to assess differences in
relative abundance of taxa (orders, (sub)families, species)
and groups of guilds among the four habitat types (Cynome-
tra forest, Brachystegia forest, mixed forest, forest edge).
Calculations were performed with the programs Statistica
12.0 and Past 4.01.

Results
Orders

In total, we collected > 250,000 individuals of arthropods
across all four habitat types. Relative abundances of all taxa
differed significantly among the four habitat types (Fig. 1).
Highest relative abundance was found in Brachystegia forest
(post hoc ANOVA Tukey test: all pairwise P <0.05). Low-
est relative abundance was found in Cynometra forest. Post
hoc Tukey tests did not show significant differences between
Cynometra forest, mixed forest, and forest edge (Fig. 1).
Patterns of relative abundances in different habitat types
varied among orders (Fig. 2a). Again, most taxa achieved
highest relative abundances (namely Formicidae, Araneae,
Apocrita, Heteroptera, Diptera, Neuroptera) in Brachystegia
forest, while relative abundances of most orders assessed
in Cynometra forest was comparatively low (Fig. 2a). In
contrast, Blattodea and Psocoptera showed highest rela-
tive abundances in the mixed forest. Comparatively high
relative abundances of Coleoptera and Diptera was found
along the forest edge (Fig. 2a). For the Cynometra forest we
obtained very low levels of relative abundances, except for
the order Apocrita (Fig. 2a). For Lepidoptera we found no
significant differences of relative abundance among all four
habitat types (Fig. 2a). These results are corroborated by the
ordination analyses, that separated particularly the arthropod
communities of the Brachystegia forest according to the first

Forest edge - =
Mixed forest - =

- * %k

Cynometra forest

——

Brachystegia forest -

0 0.2 04 0.6
Relative abundance

Fig. 1 Relative abundances of all studied arthropod taxa in four habi-
tat types. Error bars denote parametric standard errors. Parametric
one-way ANOVA between forest types: **P; 3, <0.01
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Fig.2 Relative abundances of orders of arthropods a and of bee-
tle families b assessed in four habitat types (blue bars: forest edge,
green: mixed forest, red: Cynometra forest, grey: Brachystegia for-

NMMDS axis (Fig. 3a). With respect to spider families, the
Brachystegia and the Cynometra forest were most different
in community composition (Fig. 3b).

Beetle (sub) families and beetle species

When considering the (sub)families of beetles, we found sig-
nificant differences among the four habitat types (Fig. 2b).
Particularly Cerambycidae, Curculionidae and Tenebrioni-
dae were most abundant in Brachystegia forest (Fig. 2b),
while Scarabaeoidea and Laemophloeidae occurred in com-
paratively high numbers in the mixed forest (Fig. 2b). Cyn-
ometra forest showed again lowest relative abundances for
most beetle (sub)families, except for Elateridae, Canthari-
dae, Staphylinidae and Tenebrionidae (Fig. 2b). NMMDS
separated the Brachystegia forest from the three other habitat
types (Fig. 3¢c). Arthropod communities of the Brachystegia
forest, forest edge, and mixed forest even did not overlap
in ordination space (Fig. 3c). The arthropod community of
Cynometra forest appeared to be most homogeneous in com-
position (Fig. 3c).

Overall, we collected 86 individuals (19 species) of cer-
ambycid beetles, 325 individuals (31 species) of scolytinae
beetles, and 1620 individuals (36 species) of tenebrionid
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est).. Error bars denote parametric standard errors. Apocrita exclude
ants. Parametric one-way ANOVA between forest types: *P; 3, <0.05,
*#Py 3, <0.01. ##%P; 3, <0.001. (Color figure online)

beetles. The cerambycid community composition based on
species abundances significantly differed between the four
habitat types (one-way PERMANOVA P <0.001). NMMDS
demonstrated clear compositional differences between the
four habitats with respect to species composition (Fig. 3d).
The Brachystegia forest exhibited also the widest compo-
sitional variation (Fig. 3d). In the Brachystegia forest we
sampled 66 individuals (76%) of the cerambycids, while the
three other forest types were represented by only 20 individ-
uals (one-way ANOVA P ; 3,<0.001). We found significant
differences between relative abundances and forest types in
scolytid species (one-way ANOVA P ; 5,=0.01). 205 of the
320 scolytid individuals were captured at the forest edge.
Tenebrionidae (one-way ANOVA P ; 3,=0.03) were least
abundant in the mixed forest.

Guilds

Holometabolic insects showed highest relative abundances
in the Brachystegia forest, and similar relative abundances in
the three other habitat types (Fig. 4). Hemimetabolic insects
showed similar relative abundances in Brachystegia, mixed
forest and at the forest edge, but were least abundant in Cyn-
ometra forest (Fig. 4). Within our two trophic groups we found
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no significant differences for first order consumers, but higher
relative abundances of second order consumers in Brachyste- Dead wood dependent
gia forest than in the other forest types and at the forest edge
(Fig. 4). Dead-wood dependency showed no significant differ-
ences among taxa and habitat types. Phytophages/Saprophages
Beetle (sub)families grouped according to the major con-
sumer guilds and exhibited significant differences in relative Predators/Parasitoids .
abundances among the four habitat types (see Fig. 5). Myce-
tophagous beetles showed highest relative abundances in the
mixed forest (Fig. 5), while phytophagous beetles dominated Hemimetabola ok
in the Brachystegia forest (Fig. 5). Xylophagous beetles were
most abundant at the forest edge (Fig. 5). There were no clear
Holometabola *okk

correlations in relative abundances between the trophic guilds,
except for omnivores — xylophages (Spearman’s r=0.62, per-
mutation P <0.01) and the saprophages — phytophages combi-
nations (Spearman’s r=0.53, permutation P <0.05).

Discussion

We found highest relative abundances for most orders and
(sub)families in the Brachystegia forest and lowest val-
ues in the Cynometra forest, while mixed forest and forest
edge showed intermediate levels of relative abundances
for most taxa. The results were corroborated by the ordina-
tion analyses that point to strong compositional differences

0 0.1 0.2 0.3 0.4
Relative abundance

Fig.4 Relative abundances of orders assigned to four groups of
guilds across four habitat types (blue bars: forest edge, green: mixed
forest, red: Cynometra forest, grey: Brachystegia forest). Error bars
denote parametric standard errors. Parametric one-way ANOVA:
*P; 3, <0.05; ***P; 5, <0.001. (Color figure online)

between the forest types and the largest ordination spaces
for the Brachystegia forest.
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Relative abundance

Fig.5 Relative abundances of Coleoptera families and subfamily
sorted into trophic groups across four habitat types (blue bars: forest
edge, green: mixed forest, red: Cynometra forest, grey: Brachystegia
forest). Error bars denote parametric standard errors. Parametric one-
way ANOVA: **P; 5, <0.01. (Color figure online)

Interestingly, for some groups we found divergent trends.
For example, representatives of the orders Blattodea and
Psocoptera showed highest relative abundances in the mixed
forest, while Coleoptera, Lepidoptera and Diptera were very
abundant along the forest edge. These contrasting order and
family specific trends might be responses to local biotic and
abiotic conditions, such as the availability of specific (micro)
habitats and resources in the respective forest types (Don-
sen and Fahrig 1997; Devictor et al. 2008). For example,
most representatives of the orders Blattodea and Psocoptera
depend on comparatively humid conditions near the ground,
as found in the mixed forest, and mainly occur in associa-
tion with deadwood or are found under foliage, foraging on
algae, lichens, fungi and various plant products (Bell et al.
2007). Similarly, humid conditions and the availability of
deadwood and litter also support saprophagous and myce-
tophagous beetles (Topp et al. 2006). This is also confirmed
by our results for the Cynometra forest. This forest type is
growing on grey colored Peistocene clays and thus provide
higher soil moisture than the sandy soils of the Brachyste-
gia forest (Kanga 2002; Kagema et al. 2016). Most of the
other taxa, such as Formicidae, Araneae, Heteroptera, Dip-
tera and Neuroptera showed highest relative abundances in
the Brachystegia forest. This forest type provides high plant
diversity consisting of trees and a rich shrub and herb layer,
as well as glades and a large variety of nectar sources (Oyugi
et al. 2007). In consequence, phytophagous species, such as
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Heteroptera, and some Diptera and Neuroptera particularly
benefit from this high level of plant diversity.

Different preferences of species for certain forest types,
and differences in community composition underline that
taxa are strongly associated with specific abiotic and biotic
conditions and resources. Despite the low taxonomic reso-
lution of identification and the related uncertainty when
assigning taxa to guilds, we found significant differences
among the forest types based on the groups of guilds applied
here. Our results underline that using ecological species
information might help to better identify the mechanisms
explaining the differences between forest types (Lebrija-
Trejos et al. 2010; Habel et al. 2019).

Our data collected along the forest edge show highest
relative abundances for Coleoptera (especially Scolytinae,
Anthicidae, Carabidae and Staphylinidae). When consider-
ing our guild classification we found highest relative abun-
dances for xylophagous and pantophagous beetles along
forest edges. Such transition zones provide higher solar
radiation than a closed canopy forest. This significantly pro-
motes a rich herb layer and a rich variety of nectar sources
(Zellweger et al. 2020). Many insect groups, including
wood-inhabiting beetles, benefit from the availability of
these resources and the higher temperatures (Wermelinger
et al. 2007; Lehnert et al. 2013; Seibold et al. 2016). A large
proportion of beetles, especially pantophagous ones, suc-
cessfully develop on crops in agricultural fields as well as in
gardens. We also found comparatively high levels of relative
abundance for representatives of the orders Lepidoptera and
Diptera along the forest edge. This goes in line with previ-
ous studies on butterflies, which were observed inside and
along forest edges of the Arabuko Sokoke forest (Habel et al.
2018). The authors found that butterfly communities along
the forest edges were comparatively diverse, consisting of
both, typical forest specialist species intermixed with species
occurring in open landscapes. However, we have to consider
that even if the diversity of species in the interior of an intact
forest is less than at the forest edge, most typical forest spe-
cialists occur largely restricted to the forest interior and can
only rarely found along the forest edge (Magura et al. 2001).

Conclusion

In conclusion, our results showed that relative abundances
vary among orders and strongly rely to forest types (as
also indicated for other taxonomic groups, such as butter-
flies, Habel et al. 2017). This trend is confirmed by all the
parameters determined, as species richness, relative abun-
dance, and community structure (based on relative abun-
dances and guilds). This indicates that the preservation of
all three forest types is crucial to hold the entire diversity
of this East African coastal forest biodiversity hotspot.



Journal of Insect Conservation (2021) 25:221-228

227

Although our results are very clear, we would like to point-
ing out the weaknesses of this study. 1. Potential auto-
correlation: We have to consider here that flying insects
are able to disperse over large distances, but attraction to
light appears to be limited to only small radii (Truxa and
Fiedler 2012). We note that our study design leads to a
certain degree of spatial non-independence between sam-
ples. However, this type of spatial autocorrelation serves
to account for the environmental variably not related to our
study questions, which might influence the comparisons
between arthropod communities. Further variance analyses
even assume that the within treatment variability is low
in comparison to the between treatment, which means for
spatial samples that they are spatially autocorrelated. 2.
Comparatively rough classification of taxa into distinct
guilds: This might blur potential community structures
(as already discussed above). 3. Effects from seasonality,
which we do not consider here: The patterns obtained in
our study provide a snap-shot taken during the end of a
dry season within a 3 weeks field campaign. The obtained
community structures may vary over seasons in the wake
of resource availability and taxon-specific phenologies and
responses. Previous studies indicate significant changes
of vegetation structures in tropical forests over seasons
(Guan et al. 2013), which may impact relative abundances
and distribution patterns of animal species (Basset 2001;
Seyfulina and De Bakker 2008; Medina and Lopes 2014;
Habel et al. 2018). Therefore, the same study might
produce a different picture at different time points (the
strongly pronounced rainy and dry seasons in this region).
4. Our results refer to data collected during night, and thus
do not consider the taxonomic repertoire of taxa, which
are active during day. Thus, results based on daily-active
species might create a diverging picture. Thus, our data
tells only part of the story. Nevertheless, the fact that all
parameters assessed showed identical structures and trends
confirm a high informative value of our collected data.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10841-021-00293-z.
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