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Abstract

The tropical ichneumonid wasps are poorly sampled, particularly in the Old World, despite their
ecological importance and high species richness. Existing inventories also tend to have had a
taxonomic focus, with trap placement reflecting the need for maximal sample size rather than
rigorous ecological comparisons. Here, we report the results of an intensive sampling effort at
Kibale National Park, Uganda, carried out with randomised trap locations.

We sampled ichneumonid faunas for a year (2011-2012) with Malaise traps, in eight successional
sites ranging from clearcut exotic plantations to primary rainforest. The traps were situated in ten
random locations at each site and were moved between locations once a week. The total sampling
effort encompassed 231 trap months (using traps smaller than the standard size), one of the largest
we know of from a single Afrotropical location. We sorted the collected ichneumonids into
subfamilies and investigated whether their community composition differed between the sites.

Ichneumonid faunas differed between forest and former plantation sites, with both the overall
difference and that of four subfamilies significant. Our sample size was unexpectedly small (1212
individuals), but we estimate that the model-based analyses we used could still have given a
significant result with a smaller (954 individual) sample.

Overall, randomly placed Malaise traps detected ecological patterns in Afrotropical ichneumonid
distributions. Our data also showed that there is a rich and at least partly undescribed ichneumonid
fauna still awaiting discovery in the Afrotropical rainforests. Future inventories of this fauna may,
however, have to compromise on objective random trap placement in order to get a large sample
size.

Introduction

Tropical rainforests host a bewildering diversity of species, many of which remain poorly known or
undiscovered. The ichneumonid wasps are no exception. This ecologically important parasitoid
family is extremely diverse (probably over 100 000 species worldwide as estimated by Gauld 2002)
and is found on all continents with the exception of Antarctica (Yu et al. 2011). Yet its tropical



diversity is still very poorly known. Indeed, until very recently ichneumonids were believed to be so
species-poor in the tropics that they became a textbook example of an anomalous latitudinal
diversity gradient - and numerous hypotheses have tried to explain why they do not follow the
conventional pattern of greatest diversity in the tropics (Owen & Owen 1974, Janzen & Pond 1975,
Rathcke & Price 1976, Janzen 1981, Gauld 1987, Gauld et al. 1992). This belief has lost ground
after extensive surveys in the Neotropical region, especially in Amazonia (Sdéksjarvi et al. 2004,
Veijalainen et al. 2012, Veijalainen et al. 2013) revealed countless undiscovered tropical species and
very high local species richness, but has yet to be conclusively disproved (Quicke 2012).

Extensive long-term surveys appear to be required to adequately inventory tropical ichneumonid
faunas (Sadksjérvi et al. 2004). However, such surveys represent a distinct minority in the tropics,
and the few studies carried out to date concentrate mainly on Central America (Gauld 1991 and
subsequent publications) and Western Amazonia (Sadksjirvi et al. 2004 and subsequent
publications). A number of localities in South Africa have also been extensively sampled, e.g.
Hantam Botanical Gardens which was surveyed for a total of 258 trap months, but the data has not
yet been analysed (Simon van Noort pers. comm.). Other tropical areas have not been equally
extensively surveyed, and the Old World rainforests may well harbour largely unexplored faunas.
Townes (1969), for example, estimated that only 15% of the ichneumonid species occurring in the
Ethiopian (i.e. Afrotropical) region had been reported in 1969. Currently the described fauna of the
Afrotropics includes only 2097 ichneumonid species in 26 subfamilies and 360 genera (Yu et al.
2011, van Noort 2017), a mere fraction of the estimated total of 12100 species ( Townes & Townes
1973, van Noort 2017). A limited number of assessments have been conducted in Sierra Leone and
Uganda (Owen & Owen 1974), Namibia (van Noort et al. 2000), Gabon (van Noort 2004), the
Central African Republic, Tanzania, Uganda and South Africa (van Noort pers. comm.).

Ichneumonids have an important ecological role in regulating population densities of other insects
and spiders (Gauld & Bolton 1988, and e.g. Varkonyi et al. 2002, Morris et al. 2004, Roslin et al.
2013). They are parasitoids of other arthropods, so their numbers and diversity reflect that of their
hosts and (indirectly) of other species such as plants that the hosts use (May 1988, Sadksjérvi et al.
2006, Basset et al. 2012). Also, their position high in the food web means they are likely to be
sensitive to ecological disturbances; the first organisms to be visibly affected when communities are
disturbed. Their main drawback when it comes to ecological research is their relatively low tropical
population densities, which makes it difficult to collect large representative samples of the local
species pool (Sadksjérvi et al. 2004).

Of the many methods used to collect ichneumonids, Malaise traps are the most efficient for large
scale inventories of the local mobile species. These tent-like traps collect flying insects
continuously and can be placed in large numbers in the field, often resulting in large catches with
relatively little effort. This gives a representative view of which species are present and (to some
extent) of their relative abundances.

Conventionally, Malaise traps are placed with some care on the likely flight paths of ichneumonids.
This maximises sample sizes since ichneumonids, along with other insects, generally fly along
specific paths. It does, however, make the process of placing traps subjective: researchers generally
rely on experience to choose a good spot with criteria which are not particularly quantifiable, nor
easy to describe objectively. When the focus is faunistic or taxonomical (e.g. listing the species
present in an area) such a sampling is not a problem. But if the focus is on an ecological hypothesis
(e.g. comparing the fauna of different forest types) a different approach may be preferable. Possible



alternatives include randomising trap locations, situating traps on a regular grid, or some other
objective way of deciding beforehand where the traps will be placed.

In this work, we began a long-term project aimed at repeating the Amazonian ichneumonid
inventories (Sadksjirvi et al. 2004) in Africa, by carrying out an intensive sampling of Afrotropical
ichneumonids with randomly placed Malaise traps. Our aim was to assess the suitability of the
resulting material for ecological research. The traps were located in eight ecologically distinct sites
in Kibale National Park, Uganda. Specifically, we asked if differences in subfamily composition
could be discerned on a successional gradient from clearcut plantations to partially logged forest to
undisturbed primary forest (such as have been detected for other taxa; e.g. Nyafwono et al. 2014).

Materials & Methods

Study site

The Malaise traps were placed near the Makerere University Biological Field Station (0°35" N
30°20" E; approximately 1500 m a.s.l.) in Kibale National Park (795 km?2), Western Uganda. The
park contains medium altitude moist evergreen forests as well as swamps, grasslands, woodland
thickets and colonizing shrubs (Struhsaker 1997, Chapman & Lambert 2000) and is surrounded by
agricultural land, including tea plantations and small farms. It was formerly closely connected to the
forest of the Congo Basin although this connection has deteriorated due to human activity
(Chapman & Chapman 1997, Naughton-Treves 1998). There are two wet and two dry seasons each
year (Chapman et al. 1999).

In Kibale, the traps were located in eight sites of varying successional status (Fig. 1). Four former
conifer plantations were clearcut at different times and left to naturally regenerate into rainforest:
R03, R0O1, R98 and R93 (clearcut between 2002-2004, 2000-2001, 1995-1999 and 1987-1994
respectively). These had regenerated for an average of 9, 11, 14 and 19 years at the time of our
study, and have in earlier work been referred to as RAC9, RAC11, RAC14 and RAC19 (Nyafwono
et al. 2014). Two forest sites were partially logged in 1968-1969 and had regenerated for 43 years:
K13 (50% basal area reduction during logging, also treated with the arboricide Finopal DT) and
K15 (40% basal area reduction). The remaining two forest sites are primary forest and have
experienced minimal disturbance. Site K30 was minimally logged (2-3 trees / km?) before 1970,
and site K31 has confusingly been referred to both as primary untouched forest (e.g. Nyafwono et
al. 2014) and as heavily logged forest (Struhsaker 1997). Our traps were located in what we believe
to be an unlogged part of K31, with most traps in the southern half of the site (the area called K32
by Olupot 2000).

The above eight sites form a successional gradient from primary forest to recently clearcut
plantation (K31, K30, K15, K13, R93, R98, R0O1, R03). This gradient can be divided into
successional classes at many different resolutions; in this work, we primarily grouped the sites into
the two successional classes of forest (K31, K30, K15, K13) and former plantation (R93, R9§, RO1,
R03). We chose this grouping due to our relatively small sample size, which did not allow the sites
to be analysed separately.

Malaise traps

We used 30 Malaise traps to collect flying insects from the different sites during Sep 2011 - Oct
2012. The traps were of a relatively small size (140 x 55 cm vertical trap surface, covered by a
narrow triangular roof) and lacked rain covers over the sample containers, since we wanted to make



them easy to move between sites. Insects were preserved in ethanol. We emptied the traps at one
week intervals.

At each forest site, we used ten random locations for the traps. The four former plantation sites had
an average of ten random locations per site, but the amount varied between sites. The locations are
the same as used by Nyafwono et al. (2014) for collecting fruit-eating butterflies, though the
plantation sites have since been renamed.

Since there were many more locations (80) than available traps (30), we kept traps in the same
location for a week then moved them to adjacent locations. The traps were evenly distributed
among the eight sites at all times, and each location was sampled several times per season. The total
sampling effort was 1006 samples, i.e. roughly 7042 trap days or 19.3 trap years. There were 442
samples which contained ichneumonids. Nine of these samples were excluded from analyses due to
their trap location being lost.

The samples were sorted into orders at the Estonian University of Life Sciences under the
coordination of Olavi Kurina. We then pinned all the ichneumonid specimens and sorted them into
subfamilies. The ichneumonids are deposited at the Zoological Museum of the University of Turku
(ZMUT), Finland.

Statistical analyses

To analyse how ichneumonid faunas differ between sites, we used a mix of distance-based and
modelling-based approaches. We first visualised differences between sites with non-metric
multidimensional scaling. Then, since the results of the visualisation suggested a difference between
forest and former plantation sites, we estimated the relative abundance of each subfamily in forest
and former plantation with generalised linear models. We also analysed the difference between
forest and former plantation separately with distance based methods. Finally, we estimated the
minimum sample size needed to detect a significant difference between forest and former
plantation.

We visualised differences in community composition between sites with non-metric
multidimensional scaling (function ‘metaMDS’ of the R package vegan; Oksanen et al. 2016). Since
catch sizes differed between sites, we first standardised the data by dividing by each site’s total.
Distances between sites were calculated using Bray-Curtis dissimilarities.

We estimated the expected catch size of each subfamily in forest and former plantation by fitting
generalised linear models (GLM) to our data (package mvabund of the R software; Wang et al.
2016). We assumed negative binomial errors and a log link function, and calculated 95% confidence
intervals by bootstrapping the trap sites. To test if the catch differed between forest and former
plantation, we calculated likelihood ratios for each subfamily and compared these to a null
distribution (acquired by resampling our trap sites 999 times). We tested the significance of the
overall difference between forest and former plantation (sum of likelihood ratios) by the same
method. To adjust for possible false positive results, we also calculated subfamily significance
levels which were corrected for multiple testing (using a step-down resampling procedure; Wang et
al. 2016).

We also used distance-based methods to test if the catch differed between forest and former
plantation. These are analogous to the GLMs, but use Bray-Curtis distances between trap sites. We
tested if the distances between forest and former plantation were significantly greater than within



these two areas with permutational manova (function ‘adonis’ of the R package vegan; Oksanen et
al. 2016). We also assessed which subfamilies contributed to the difference using a modified form
of the simper procedure. Conventional simper uses average forest-plantation distances to calculate
contributions and performs poorly if there is a high variance in taxa abundances (Warton et al.
2012), which we tried to alleviate by using the overall forest-plantation distance instead. The
analysis was otherwise identical to conventional simper, and was based on the ‘simper’ function of
the R package vegan (Oksanen et al. 2016).

To estimate the minimum sample size needed to get a significant result, we took random
subsamples of our data, and checked how large a subsample was needed for the GLMs to
consistently identify a significant forest-plantation difference. We resampled the trap sites (with
replacement) 400 times for each investigated sample size, and required that at least 95% of the
resamplings be identified as significant by the GLMs. To decrease computation time, we used
Poisson distributed errors instead of negative binomial - we expect this to have little effect on the
overall result.

All analyses were carried out in the R software, version 3.2.1 (R Core Team 2015). The complete
analyses and data are available online (Hopkins et al. 2017).

Results

A total of 1212 ichneumonid wasps were caught in 433 samples. These belonged to 17 different
subfamilies. Non-metric multidimensional scaling suggested that the ichneumonid community
composition differed between forest and former plantation sites (Fig. 2).

The expected catch sizes in forest and former plantation differed (manyglm p=0.009; Fig. 3). Four
subfamilies had significantly different catch sizes (manyglm p<0.05; Fig. 3), but all except
Ichneumoninae could potentially be false positives (Ichneumoninae manyglm p=0.02 after
adjusting for multiple testing).

Permutational manova did not detect a significant difference between forest and former plantation
communities (p=0.059; F1,7s=1.86). However, modified simper identified three subfamilies that
significantly contributed to the (insignificant) difference: Ichneumoninae, Orthocentrinae and
Anomaloninae with 20%, 17% and 10% contributions.

Resampling suggested that 63 trap sites (out of 80) would have been sufficient to get a significant
overall difference between forest and former plantation (manyglm p<0.05 in at least 95% of
resamplings).

Discussion

Sampling the Afrotropical ichneumonid fauna with randomly placed Malaise traps resulted in
ecologically informative data, even with a catch containing relatively low numbers of individuals.
We detected differences in ichneumonid community composition between the two ecologically
distinct habitats of forest and clearcut former plantation (with model-based if not distance-based
statistical methods). We were also able to quantify how the individual subfamilies were distributed
between these two habitats, and identify at least one subfamily (Ichneumoninae) which was
significantly more abundant in one habitat than in the other. Analysing the distributions at a finer
resolution than forest versus former plantation would require a larger data set, but we note that our



data also suggests the existence of finer scale patterns: a possible separation between successionally
older and younger former plantation sites (Figure 2).

Randomising trap locations provided statistically robust and ecologically informative data, but at
the possible cost of an extremely small sample size. We caught an average of 1.2 ichneumonids per
one-week sample. Typical catches for our Amazonian inventories are about 30 ichneumonids per
trap week (e.g. Veijalainen et al. 2013), and have been even larger in our later, currently
unpublished Afrotropical sampling at the same site. Our choice of sampling design may have
contributed to this low sample size: we optimised the design for ecological comparisons by
selecting a large number of randomly located trap sites, and regularly moving traps between them.
This means that we did not place the traps near perceived insect flight paths as is conventional in
Malaise trapping. Furthermore, the need to regularly move traps led to our using relatively small,
simple traps that lacked rain covers. Thus, our low sample size suggests there may be a trade-off
between objective trap placement (i.e. random trap locations, multiple sites per trap) and sample
size.

It is clear that further ichneumonid taxa remain to be discovered at the site. Of the seventeen
subfamilies we found, two (Lycorininae and Sisyrostolinae) were represented by a single individual.
There were also no specimens of the subfamily Rhyssinae in the material, despite our having caught
several species of this subfamily in later (currently unpublished) samplings. At the species level, it
should be noted that the material contains a large number of undescribed species: three new species
of Tersilochinae have already been described from this material (Khalaim et al. 2014).

Of the two statistical approaches we used, generalised linear models (GLM) performed distinctly
better than distance-based methods for our data. The better statistical power of GLMs (c.f. Warton
et al. 2012) proved especially important for our relatively small dataset: indeed, if we had relied on
distance-based methods alone we would have detected no significant difference between forest and
former plantation communities. In contrast, resampling our data suggested that a smaller sampling
of 63 trap sites (79% of our data, ca. 954 ichneumonids) would still have given a significant result
with GLMs. Both approaches, however, gave qualitatively similar results. The subfamily
Ichneumoninae, for example, was highlighted by both analyses as being especially unevenly
distributed between the two habitats.

Overall, we have demonstrated that Afrotropical ichneumonid communities can successfully be
inventoried with randomly placed Malaise traps. Even very small samples (n<1000 individuals) can
reflect ecological gradients at the study site, especially if analysed with model-based rather than
distance-based methods. There also appears to be a rich and at least partly undescribed ichneumonid
fauna awaiting discovery in the Afrotropical rainforests. Future inventories, however, may have to
compromise on objective trap placement if large sample sizes are desired.
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Figure 1. The study site, Kibale National Park in south-western Uganda. Malaise traps were located in
clearcut former plantation of varying ages (R93 to R03), partially logged forest (K13 & K15), and primary
forest (K30 & K31).
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Figure 2. Visualisation of the Bray-Curtis distances between sites (non-metric multidimensional scaling).
The forest sites (K31, K30, K15, K13) differed from former plantation sites (R93, R98, R01, R03).
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Figure 3. Expected catch sizes for each ichneumonid subfamily in forest and former plantation, as
individuals per one week sample. Generalised linear models identified four subfamilies (marked with either a
dot or *) as differing significantly between forest and former plantation. Of these, all except Ichneumoninae
(marked with a *) could potentially be false positives. Error bars display 95% confidence intervals calculated
by bootstrapping the original data. Subfamilies are in order of abundance, with Campopleginae the most
common and Lycorininae represented by only one individual.



