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Abstract

Background: Metabarcoding of vertebrate DNA found in invertebrates (iDNA) rep-
resents a potentially powerful tool for monitoring biodiversity. Preliminary evidence
suggests fly iDNA biodiversity assessments compare favorably with established ap-
proaches such as camera trapping or line transects.

Aims and Methods: To assess whether fly-derived iDNA is consistently useful for
biodiversity monitoring across a diversity of ecosystems, we compared metabarcod-
ing of the mitochondrial 16S gene of fly pool-derived iDNA (range = 49-105 flies/site,
N = 784 flies) with camera traps (range = 198-1,654 videos of mammals identified to
the species level/site) at eight sites, representing different habitat types in five coun-
tries across tropical Africa.

Results: We detected a similar number of mammal species using fly-derived iDNA
(range = 8-15 species/site) and camera traps (range = 8-27 species/site). However,
the two approaches detected mostly different species (range = 6%-43% of species
detected/site were detected with both methods), with fly-derived iDNA detecting
on average smaller-bodied species than camera traps. Despite addressing different
phylogenetic components of local mammalian communities, both methods resulted in
similar beta-diversity estimates across sites and habitats.

Conclusion: These results support a growing body of evidence that fly-derived iDNA
is a cost- and time-efficient tool that complements camera trapping in assessing mam-
malian biodiversity. Fly-derived iDNA may facilitate biomonitoring in terrestrial eco-
systems at broad spatial and temporal scales, in much the same way as water eDNA

has improved biomonitoring across aquatic ecosystems.
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1 | INTRODUCTION

Understanding the distribution of life on this planet is an important
first step toward deciphering the processes that create, maintain,
and now threaten biological diversity (Steffen, Crutzen, & McNeill,
2007). Existing resources for monitoring global biodiversity (e.g., the
Global Biodiversity Information Facility) have large gaps where no
data are available; this is particularly true for large parts of tropical
Africa. Tools that allow for rapid and cost-effective biodiversity as-
sessment can aid in identifying the drivers of biodiversity declines
and be used to monitor the effects of different conservation strate-
gies and fill the gaps in these global biomonitoring efforts (Nicholson
etal.,, 2012).

DNA barcoding approaches, which use short DNA sequences to
assign unknown samples to a particular species based on compari-
son with a reference database of homologous sequences (Moritz &
Cicero, 2004), have been explicitly developed to accelerate biodiver-
sity assessments. The advent of high-throughput sequencing (HTS)
technologies has enabled the extension of this concept of barcoding
to the automated identification of many species from a single sam-
ple (i.e., metabarcoding; Taberlet, Coissac, Pompanon, Brochmann,
& Willerslev, 2012).

Metabarcoding now allows researchers to use a variety of sub-
strates as sources of DNA to determine many of the species pres-
ent in an ecosystem. For example, environmental DNA (eDNA) in
water has proven useful to monitor fish and invertebrates in aquatic
ecosystems (Valentini et al., 2016). Although soil (Andersen et al.,
2012) and water from watering holes (Rodgers & Mock, 2015) and
rivers (Deiner, Fronhofer, Machler, Walser, & Altermatt, 2016) have
been shown to contain amplifiable DNA from terrestrial vertebrates,
eDNA has been less frequently used to characterize terrestrial
ecosystems.

Several factors may explain the higher appeal and faster de-
velopment of eDNA biomonitoring in water than in terrestrial eco-
systems. Plant DNA has been shown to persist in soils for up to a
few hundred years (Yoccoz et al., 2012), while vertebrate DNA was
shown to remain detectable for several years in soil when conditions
are favorable (Andersen et al., 2012); although this facilitates re-
construction of past biodiversity and allows researchers to escape
temporal or seasonal variation affecting other survey methods, it
prevents distinguishing modern and historic signals (Andersen et al.,
2012; Taberlet, Bonin, Zinger, & Coissac, 2018). Once in soil, eDNA
is generally bound to substrates such as clay particles or organic ma-
terial that hinder its spatial diffusion; large volumes of soil should
be analyzed to compensate for such heterogeneity, which entails
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significant costs and logistic difficulties (Taberlet et al., 2018). In
contrast, DNA tends to persist for shorter periods in water (Dejean
et al., 2011; Thomsen et al., 2012). In addition, vertebrate DNA can
diffuse through a broader body of water, which allows for cost-ef-
fective sampling of large volumes of water when coupled with filtra-
tion techniques (Valentini et al., 2016). These differences have likely
contributed to the higher appeal and faster development of water
eDNA approaches and highlight the need for the development of
techniques amenable to terrestrial ecosystems.

Invertebrates that come into contact with vertebrates or their by-
products as part of their life cycle represent a promising alternative
source of vertebrate DNA for metabarcoding-based assessments
of terrestrial biodiversity. This is particularly true for invertebrates
that are easily trapped in large numbers in field settings by nonex-
perts. Invertebrate-derived DNA (iDNA) obtained from terrestrial
leeches and carrion flies (families Calliphoridae and Sarcophagidae;
hereafter referred to as flies) has already shown promise as a tool
for rapid, cost-efficient detection of a broad range of terrestrial ver-
tebrates (Bohmann, Schnell, & Gilbert, 2013; Calvignac-Spencer et
al. 2013; Schnell et al., 2018; Schnell et al., 2012). Studies of medical
entomology have also repeatedly demonstrated that other easily
trapped invertebrates contain amplifiable vertebrate DNA (Kent,
2009), including but not limited to, mosquitos (e.g., Bataille et al.,
2012), biting midges (Lassen, Nielsen, Skovgard, & Kristensen, 2011),
and sandflies (Abbasi et al., 2009); indeed, iDNA from sandflies and
mosquitoes was recently used to detect a diversity of Amazonian
vertebrates in the context of assessing biodiversity (Kocher et al.,
2017).

It is however unclear how well iDNA, and in particular fly iDNA,
describes vertebrate biodiversity in an ecosystem and how it com-
pares with other approaches such as camera traps (Schnell et al.,
2015). The study that first proposed to use fly iDNA for biodiversity
assessments showed that this method detected many of the known
mammalian species present in two tropical ecosystems in Cote
d’'lvoire and Madagascar, even though it relied on small numbers of
flies (Calvignac-Spencer et al. 2013). More recently, a comparison of
fly iDNA and camera traps at Selangor and Tembat Forest Reserve in
Peninsular Malaysia found that fly iDNA detected a few more spe-
cies than camera traps but that only a single species was detected
by both approaches (Lee, Gan, Clements, & Wilson, 2016). Similarly,
a fly ibDNA metabarcoding study conducted at Barro Colorado
Island, Panama, identified roughly the same number of species as
camera traps and transects, but also only found a moderate species
overlap between these methods (Rodgers et al., 2017). This prelim-
inary evidence suggests that camera trapping and fly iDNA might
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FIGURE 1 (a) Map of field sites across
sub-Saharan Africa showing locations
sampled. The map was created using the R
package rworldmap (South, 2011). (b) A fly
trap deployed in the field

represent complementary methods for describing mammalian spe-
cies assemblages.

Here, we implemented a metabarcoding approach to validate
the use of flies as a tool for assessing mammalian biodiversity in a
broader range of ecosystems, focusing on eight sites across sub-
Saharan Africa. We directly compared the performance of fly iDNA
metabarcoding with camera trapping at all sites to assess whether
these methods generally tend to be complementary or usually de-
tect the same species. To understand how these approaches might
complement one another, we also examined whether flies and
camera traps differed in their ability to detect small- and large-
bodied mammal species, whether the species detected by these
methods were phylogenetically distinct, and whether the mamma-
lian communities they describe differed by habitat type.

2 | MATERIALS AND METHODS

2.1 | Study sites

Fly collection and camera trapping were undertaken within the
framework of the Pan African Programme: The Cultured Chimpanzee
(PanAf) (panafrican.eva.mpg.de). The program studies the diversity
and diversifying mechanism in chimpanzees and involves 39 tempo-
rary research sites in 16 countries. Material for this study was col-
lected at eight of these sites located in five countries and represented
three different habitat types: two in forest-savannah ecosystems
(Gashaka Gumti National Park, Nigeria; Sobeya, Guinea), one in a sa-
vannah ecosystem (Kayan, Senegal), three in East African rainforests
(Budongo Forest, Uganda; Bwindi Impenetrable National Forest,
Uganda; Ngogo East in Kibale National Park, Uganda), and two lo-
cated in West African rainforests (Grebo National Forest, Liberia;
East Nimba Nature Reserve, Liberia; Figure 1a, Table 1). At each
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research site, we defined a data collection zone (range = 12-96 km?),
based on direct and indirect observations of chimpanzee activity
in the area. This collection zone was then divided into a grid with
1 x 1 km cells. Collection of flies and camera trapping were per-
formed in parallel in 2013, with additional camera trap data collected
in 2012 and 2014 at some sites (Table 1).

2.2 | Camera traps

Camera traps were installed in each data collection zone with
the aim of covering the entire grid evenly. Installation locations
within the grids were not chosen randomly, but rather with regard
to wildlife activity (e.g., travel paths, natural bridges, and feeding
sites) with an effort to maximize the number of animal species
detected. For protection against wildlife damage and humidity,
the cameras (Bushnell) were kept inside plastic boxes sealed with
cling film that also contained silica. Maintenance (i.e., exchange of
memory cards, recharging of batteries, and exchange of silica) was
performed every month or every second month as required by the
climate. Details of camera trapping effort are presented in Table 1.
Species assignment from video clips was performed by experts at
each field site, and we only included videos where a species-level

detection was possible.

2.3 | Fly trapping

Flies were caught at one-kilometer intervals along the grid system.
Fly trapping was performed as described by Calvignac-Spencer
et al. (2013). In short, fly traps consisted of a pyramidal net and a
plastic bowl containing commercially available bait based on animal
proteins (Unkonventionelle Produkte Feldner, Waldsee, Germany;

Figure 1b). Plastic bowls were covered with a net to prevent contact
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TABLE 1 Sampling of flies and camera trap data was performed in parallel at 8 different research sites

N traps with mammal
DNA? [c10/c25]

10/8

N assignable reads®

N subsampled
[c10/c25]

N 16S

N videos

reads analyzed

amplicons

N traps

N flies

105
105

Years of sampling

Habitat type

Research Site

Country

1,170
1,538

78,310/75,874

672,000
672,000
336,000

28

15
15

2012-2014

2013-2014
2013-2014

Forest-savannah

Sobeya

Guinea

13/13
7/7

270,188/250,656
95,639/89,985

Rainforest

Grebo National Forest
East Nimba Nature

Reserve

Liberia

585

49

Rainforest

Environmental DNA
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~
-
N
-

15/15

419,352/393,021

651,141

15 29

2012-2014 105

Forest-savannah

Gashaka Gumti National

Park
Kayan

Nigeria

1,654

11/11
14/14
9/7

128,078/121,729
325,026/299,764
44,778/42,827

598,528
660,449
480,000

26
28
20

15
15
15

105
105
105

2012-2014
2012-2014
2012-2014

Savannah

Senegal

198
1,469

Rainforest

Budongo Forest Reserve

Uganda

Rainforest

Bwindi Impenetrable

National Park

126,403/118,926 11/11 475

552,000

15

105

2012-2014

Rainforest

Ngogo East (Kibale
National Park)

Ope

8,306

1,487,774/1,392,782

4,622,118

112 196

784

Total

Note: c10/25: minimum of 10/25 sequences representing one unique sequence for the reads to be considered.

GOGARTEN ET AL.

aAfter removal of reads assigned to humans or to species that were not on the list of mammalian species present in the country according to the [IUCN Red List of Threatened Species.

bAfter removal of multiple videos of the same species taken on the same day and removing all videos of animals that were not on the list of mammalian species present in the country according to the

IUCN Red List of Threatened Species, as well as all videos of humans.

between flies and the bait. Traps were left open for 20 min with a
maximum of 20 flies collected per trap. Flies were killed by plac-
ing flies into a container with a cotton swab soaked in 95% ethanol
or ether. Where possible, flies were collected twice at 25 locations
at each site, once in the dry season and again in the wet season.
Flies were collected in 50-ml Falcon tubes (Carl Roth) and stored
on silica at ambient temperature (in the field) and subsequently at
4°C (at the Robert Koch Institute). The baits used here were previ-
ously shown to attract flies belonging to a minimum of three fami-
lies: Calliphoridae, Sarcophagidae, and Muscidae (Calvignac-Spencer
et al. 2013; Hoffmann et al., 2018; Hoffmann et al., 2017; Schubert
et al., 2015). We confirmed that this was also the case across these
field sites by using soup CO1 metabarcoding (Folmer, Black, Hoeh,
Lutz, & Vrijenhoek, 1994; Yu et al., 2012) of our fly pools; of the
12,768 sequences assignable to the family level using OBIltools
(Boyer et al., 2016; Fujisawa & Barraclough, 2013), 8,101 sequences
were assigned to Calliphoridae, 4,653 to Sarcophagidae, and 14 to
Muscidae.

Due to monetary and time constraints, we selected 15 fly traps
per site for further molecular analyses, and traps were selected to
maximize the space sampled across the study area (for East Nimba
Nature Reserve, only seven suitable traps were available due to a
shortage of material). Previous work by our group suggested that
atleast 1in 7 flies tested contained mammal DNA (C. Hoffmann, S.
Calvignac-Spencer, & F. H. Leendertz, unpublished data), so from
each of these traps, seven flies were randomly selected and used
for subsequent analysis (105 flies per site, with the exception of
East Nimba Nature Reserve for which only 49 were collected). In
total, 784 flies were selected for further molecular analyses.

2.4 | Molecular and bioinformatic methods

Extraction of DNA was performed on each individual fly using the
GeneMATRIX Stool DNA Purification Kit (Roboklon) by a service
provider (GenExpress), as described in detail by Calvignac-Spencer
et al. (2013). Flies were extracted individually to enable their use in
studies linking the detection of pathogens in a particular fly with a
particular species of vertebrate, but we have previously shown the
feasibility of extracting from pools (Hoffmann et al., 2018). DNA of
flies collected from a trap was pooled in equal volumes, resulting
in 15 DNA pools per site (i.e., each pool represented one trap) and
was then used for metabarcoding. Metabarcoding was based on a
130-bp fragment of the mitochondrial 16S gene, which was ampli-
fied from each DNA pool using primers described by Taylor (1996).
Amplicons from each pool were prepared and dual-indexed for deep
sequencing in different runs on a lllumina MiSeq sequencer (lllumina)
using the MiSeq Reagent Kit v2 (2x 150 bp) or v3 (2x 300 bp;
Illumina). PCR conditions and details regarding the preparation of
amplicons for deep sequencing are described in detail by Hoffmann,
Stockhausen, Merkel, Calvignac-Spencer, and Leendertz (2016) and
in the Supplementary Material. Briefly, the first PCR was performed
using the primers described by Taylor (1996) to limit amplification
biases and improve sensitivity, and then, lllumina-specific adapters
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were added to these amplicons with a PCR performed with fusion
primers. Subsequently, Nextera indexes and Illumina sequenc-
ing adapters were appended with a PCR. Per pool, two sets of 16S
amplicons were generated, processed, and independently indexed,
resulting in total of 196 amplicons that were deep sequenced. We
sequenced one negative control, which comprised very few se-
quences (N = 244), of which 15 sequences were assigned to Colobus
guereza, likely reflecting low-level laboratory contamination.

The pipeline used for the analysis of our metabarcoding data is
described in detail by Hoffmann et al. (2016). In short, paired-end
raw reads were joined (illuminapairedend) in the software package
OBITools (v1.1.18), setting the minimum alignment score to 40,
and primer and adapter sequences were subsequently removed
(Cutadapt v1.2.1) and reads were quality-trimmed, setting the qual-
ity score to 30 over a sliding window of four bases (Trimmomatic
v0.35; Bolger, Lohse, & Usadel, 2014; Boyer et al., 2016; Martin,
2011). The dataset was de-replicated using the OBITools software
package, and only sequences represented by at least 10 or 25 reads
(c10 and 25 thresholds) were used for further taxonomic assign-
ment (obiuniq, obigrep). Reference databases were built by perform-
ing an in silico PCR on all vertebrate sequences available in GenBank
using the program ecoPCR v0.2, allowing three mismatches be-
tween primers and reference sequences. Taxonomic assignment
was implemented with the OBITools ecotag command, which uses
the Needleman-Wunsch algorithm to map query sequences against
an ecoPCR database and provides taxonomic assignments at spe-
cies, genus, and family levels, with a minimum identity level of 0.95
(Bellemain et al., 2010; Ficetola et al., 2010; Needleman, 1970). The
OBITools ecotag program first looks for the reference sequence that
has the highest similarity to the query sequence and then identifies
other reference sequences with similar identities. It then assigns the
query sequence to the taxonomic rank that encompasses all of these
similar reference sequences. All downstream analyses were based
on sequences assigned at the species level. Analyses were also per-
formed at the genus level, but trends did not differ from the species
level; genus-level results are thus not presented in the manuscript.

2.5 | Quality control

Two different thresholds were used to reduce the likelihood of con-
taminant sequences leading to false species detection. We sought to
explore the importance of these thresholds in determining the spe-
cies present at a particular site, and we therefore present results from
both threshold combinations. Specifically, we applied two thresholds
to the metabarcoding data: a minimum of 10 sequences representing
one unique sequence (c10) and a minimum of 25 sequences (c25).
To further exclude likely contaminant sequences and potential misi-
dentification of camera trap videos, we also filtered both the iDNA
and camera trap datasets by excluding those mammalian species not
present in the country according to the IUCN Red List of Threatened
Species (lists of native mammalian species present in each country
downloaded on 11 May 2018, Tables S7-511). This approach de facto
also excluded humans and domestic animal species, which do not
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appear on the Red List. Applying the c10 or c25 thresholds (followed
by filtering of species not on the Red List in at least one site stud-
ied here) to our negative control would identify it as positive for C.

guereza or negative, respectively.

2.6 | Body size and biomass estimates

To examine whether species detected with flies or camera traps dif-
fered in either their body size or biomass, we used estimates of adult
body mass and population density from the PanTHERIA database
(Jones et al., 2009). To estimate biomass for a species, we multiplied
the average adult body mass by the average population density.
Adult body mass estimates were available for 87 of the 92 species
detected here, while we were only able to estimate biomass for 51 of
the 92 species detected based on available data. These biomass esti-
mates were systematically missing for smaller-bodied species (Figure
S1), precluding a further analysis of this variable here.

2.7 | Statistical analysis

To examine whether camera traps and flies tended to detect the
same species, we tested for a relationship between the fly detec-
tion rate (proportion of fly traps detecting a species) and the camera
detection rate (proportion of videos at a site detecting a species)
using generalized linear mixed models (Baayen, 2008) with a bino-
mial error structure and logit link function. In these models, we in-
cluded the camera trap detection rate (i.e., the proportion of camera
trap videos at a site detecting a given species) as a fixed effect and
species and site as random effects, allowing for random slopes of the
site random effect. As an overall test of the effect of the fixed ef-
fect, we compared the full model with a null model lacking the fixed
effect, but comprising the same random effects structure as the full
model (Forstmeier & Schielzeth, 2011) using a likelihood ratio test
(Dobson, 2002). We checked models for overdispersion and found
no evidence for overdispersion in these models. We assessed model
stability by comparing the estimates obtained from a model based
on all data with those obtained from models with the levels of the
random effects excluded one at a time and found no major issues
with model stability, indicating that no influential sites or species ex-
isted. Models were implemented using the function glmer of the R
package Ime4 (Bates, Machler, Bolker, & Walker, 2015). The samples
for these models consisted of 92 species detected across the eight
field sites with 112 fly traps and 8,306 camera trap videos.

We compared the average adult body mass of species detected
with camera traps and flies using generalized linear mixed models
(Baayen, 2008), including site as a random effect. We log-trans-
formed average adult body mass to improve the normality of the
dependent variable. Species could not be included as a random ef-
fect in this model due to model convergence issues. To allow for a
likelihood ratio test, we fitted the models using maximum likelihood
(rather than restricted maximum likelihood; Bolker et al., 2008). We
checked whether the assumptions of normally distributed and ho-
mogeneous residuals were fulfilled by visually inspecting a qqgplot
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and the residuals plotted against fitted values, both of which indi-
cated no obvious deviations from these assumptions. We tested for
significance as described above. Confidence intervals were derived
using the function bootMer of the package Ime4, using 1,000 para-
metric bootstraps and bootstrapping over the random effects. The
samples for these models consisted of 87 species detected across
the eight field sites with 112 fly traps and 8,306 camera trap videos
for which body mass estimates were available. Statistical modeling
was conducted in R version 3.4.0 (R Core Team, 2017), and data
visualization was performed using the ggplot2 package (Wickham,
2016).

To analyze how mammal species detected with camera traps
or fly-derived iDNA were distributed on the phylogeny, we used
a Bayesian inference method for examining the evolution of a
phenotype (in this case, the detectability of a species only with
camera traps, only with fly-derived iDNA, or with both methods)
on a phylogenetic tree. For this, we used the TreeBreaker pro-
gram (Ansari & Didelot, 2016), which is able to break down a tree
into components for which the phenotype distributions differ,
on a phylogeny of the species detected in this studies, which we
downloaded from the TimeTree project (Kumar, Stecher, Suleski, &
Hedges, 2017). We modified this phylogeny by adding (a) Mungos
gambianus, whose phylogenetic placement and branch length
were drawn from Nyakatura and Bininda-Emonds (2012), (b) Aonyx
congicus, which we placed as the sister taxon of Aonyx capensis; no
phylogenetic data were available to assess the branch length for
their divergence, but as there is some debate as to whether these
taxa should be subspecies or species, we arbitrarily estimated that
they diverged 1 million years ago. Plots of these phylogenies and
the posterior probability of a trait change on branches were gen-
erated using version 5.3 of the ape R package (Paradis & Schliep,
2018). Following Kass and Raftery (1995), we considered values of
2 * In (Bayes factor) that were greater than 10 to indicate decisive
support for the alternative hypothesis, in this case that there were
differences in phenotype distributions on the phylogeny.

To compare the species communities detected with the fly-
derived iDNA and camera traps in different habitats, we used
nonmetric multidimensional scaling (hnMDS) on the presence or
absence of species, comparing both the Bray-Curtis dissimilarity
metric and the phylogenetically informed UniFrac distance metric.
We used adonis, a permutational multivariate analysis of variance
(Anderson, 2001), to test for differences in mammal community
composition based on site, and detection method. Small sample
sizes precluded a formal test of significance of differences in beta
diversity between communities by habitat type using adonis. In
addition, we compared the similarity of the species communities
detected at these eight sites with these two detection meth-
ods using hierarchical clustering with the unweighted pair group
method with arithmetic mean method (UPGMA) on both the Bray-
Curtis and UniFrac distance metrics of the presence or absence of
species. These analyses were performed using version 2.5-5 of the

vegan R package (Oksanen et al. 2018).

3 | RESULTS

In total, camera trapping across all sites resulted in 9,224 nonhuman
mammal videos that were assignable to the species level, after hav-
ing removed multiple videos of the same species taken on the same
day. Of the according detection events, 918 were excluded as the
identified species was not thought to be a native mammal (mostly
domestic animals) according to the IUCN Red List of Threatened
Species (Table 1). After filtering, we detected between 8 and 27
=20.1; Tables S1, S2).
From 112 fly pools analyzed, 101 (90%) contained amplifiable

mammalian species at each site (X,umber of species
mammalian DNA. For 95 fly pools, it was possible to generate an
amplicon from both replicates; for 6 fly pools, this was possible only
from one of the replicates. Raw reads from fly amplicons (N = 196)
were generated using different MiSeq runs and resulted in uneven
numbers of raw reads per amplicon ranging from 1,378 to 743,372.
This broad range was due to problems quantifying DNA concentra-
tions of libraries for pooling on our initial MiSeq run (August 2014);
this problem was fixed on the subsequent run (April 2015). To ac-
count for the uneven number of raw reads per amplicon, reads were
resampled to a maximum of 24,000 raw reads per amplicon, resulting
in a total of 4,622,118 raw reads (X,ymper of raw reads per amplicon = 23,582
). For the c10 threshold, the pipeline generated 3,160,393 usable
reads, and for the c25 threshold, 2,930,018 reads. For the c10
threshold, 75.4% of these reads were assigned at species level,
93.3% at the genus level, 94.2% at the family level, and 5.7% of the
reads were not assignable. For the ¢25 threshold, 76.2% of the reads
could be assigned at the species level, 93.5% at the genus level,
94.3% at the family level, and 5.6% of the reads were not assignable.
For the c10 threshold, 27.8% of reads that were assignable to the
species level were assigned to humans and were excluded from this
dataset (for the c25 threshold, 27.6% of reads). In addition, 7.1% and
7.5% of the reads assignable to the species level, for the c10 and
c25 thresholds, respectively, were excluded from the dataset be-
cause they were assigned to species not listed as native mammalian
species on the IUCN Red List of Threatened Species for that coun-
try (including humans and domestic animals). Following filtration
using the c10 threshold, we detected between 8 and 15 mammalian
species per site (Xyumber of species = 10.3; Table S1), while using the c25
threshold we detected between 5 and 15 mammalian species per
site (Xnumber of species = 8-6; Table S2). Generally, camera traps there-
fore detected more species than 16S metabarcoding of fly-derived
iDNA (Figure 2a; Table S1, S2).

The camera trap and iDNA approaches detected mostly differ-
ent species at any given site (Figure 2a; Tables S1, S2). This pattern
was apparent regardless of the thresholds used to filter the data. For
those species detected by both methods, we found no evidence for
a relationship between the proportion of camera trap days a species
was observed and the proportion of fly traps from which this species
was detected, when using either the c10 (Figure 3a; likelihood ratio
test: Xz =3.12,df = 1, p = .0774) or c25 threshold (Figure S2B: likeli-
hood ratio test: y? = 2.43, df = 1, p = .119).
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The three smallest animals detected with camera traps had an es-
timated adult body mass of 66 g (Galagoides demidovii), 215 g (Galago
senegalensis), and 243 g (Funisciurus pyrropus), while the largest three
were 271 kg (Tragelaphus eurcycerus), 593 kg (Syncerus caffer), and
3,825 kg (Loxodonta africana). In contrast, the three smallest animals
detected with flies had an estimated adult body mass of 27 g (Mops
condylurus), 39 g (Praomys jacksoni), and 66 g (Galagoides demidovii),
while the largest three had an estimated adult body mass of 198 kg
(Hylochoerus meinertzhageni), 264 kg (Hippotragus equinus), and
3,825 kg (Loxodonta africana), respectively. The average adult body
mass of species detected with camera traps was significantly higher
than that of mammalian species detected using flies using the c10
(Figure 3b; Table S3, Xcameratrap = 93-2 K8, Xies = 69.5 kg; likelihood
ratio test: X2 =23.63,df =1, p <.001) and c25 thresholds (Figure S3;
Table S4, Xcameratrap = 93-2 K8, Xpies = 80.4 kg; likelihood ratio test:
x?=18.84,df =1, p < .001).

We detected statistical support for a change in phenotype distri-
bution (i.e., detection with camera traps, detection with fly-derived
iDNA, or detection with both methods) across the phylogeny of
mammals detected in this study. The Bayes factor of the TreeBreaker
analysis of the model with one or more change points compared
with a model including no change points was 249; 2 * In (Bayes fac-
tor) = 11.0, which indicates decisive support for the alternative hy-
pothesis that there were differences in phenotype distributions on
the phylogeny. The mean number of change points estimated by the
TreeBreaker analysis was 4.6, while the 95% credibility interval for
the number of change points was 1-11. We detected the strongest
statistical support for a change in phenotype distribution in the de-
scending lineages of two branches on the phylogeny of mammals
detected in this study (Figure 2b; Figures S5 and Sé). Bats were only
detected with fly-derived iDNA and camera traps seemed better
able to detect artiodactyls and carnivores, though fly-derived iDNA
did detect some of these species as well.

The UPGMA analysis based on Bray-Curtis distances revealed
that fly (c10)- and camera trap-derived community compositions
resulted in identical overall clustering of sites, regardless of the
detection method (Figure 4a). In line with this, a permutational
multivariate analysis of variance of Bray-Curtis distances failed to
show any statistically significant difference between the commu-
nities described by the two methods (adonis F = 1.669, R?=0.116,
p =.093), as illustrated by largely overlapping 95% confidence el-
lipses in the nMDS plot (Figure 4b). The UPGMA analysis based
on Bray-Curtis distances only showed moderate support for clus-
tering according to habitat (Figure 4a). Species composition ap-
peared to differ by habitat type in the nMDS plot, though the low
number of sites representing each habitat type precluded a formal
test using adonis (Figure 4c). When examining camera- and fly-de-
rived species compositions, there was a significant difference in
community composition by site, suggesting that iDNA and camera
traps detected similar communities (adonis F = 2.114, R? = 0.649,
p = .003), highlighted by the proximity of sites in the nMDS plots
(Figure 4b, c). A similar pattern was observed using the c25 thresh-
old (Figure S4A-C).

Open Access
Dedicated to the study and use of environmental DNA for basic and applied sciences

In contrast, the UPGMA based on the UniFrac distance metric
revealed that fly (c10)- and camera trap-derived community com-
positions differed in the overall clustering of sites, with community
similarity rather appearing to be structured by detection method
(Figure 4d). In line with this finding, a permutational multivariate
analysis of variance of the UniFrac distance metric found a statisti-
cally significant difference between communities detected by these
two methods (adonis F = 2.449, R? = 0.148, p = .006), as illustrated
by largely nonoverlapping 95% confidence ellipses in the nMDS plot
(Figure 4e). Unlike what was observed using Bray-Curtis distances,
communities’ differences described by the UniFrac distance metric
did not appear to be structured by habitat type, though again the low
number of sites representing each habitat type precluded a formal
test using adonis (Figure 4f). When examining camera- and fly-de-
rived species compositions based on the UniFrac distance, there was
no significant difference by site, collectively suggesting that iDNA
and camera traps captured different parts of the mammalian phy-
logeny (adonis F = 1.261, R? = 0.525, p = .102). A similar pattern for
UniFrac distance analyses was observed using the c25 threshold
dataset (Figure 4SD-F).

4 | DISCUSSION

Across eight locations in sub-Saharan Africa, we detected a large
number of mammalian species using metabarcoding of iDNA derived
from a small number of flies. Fly-derived mammalian DNA detected
species in habitat types where the feasibility of this approach has
not previously been demonstrated (i.e., in savannah and highland
tropical rainforests). Thus, the broad geographic range of our study
adds to a growing body of evidence that wherever flies are present
in the tropics, they represent a useful tool for assessing mammalian
biodiversity (Calvignac-Spencer et al. 2013; Lee et al., 2016; Rodgers
et al., 2017; Schubert et al., 2015). A recent study also showed the
feasibility of using fly-derived mammalian DNA for biomonitoring in
a temperate urban area (Hoffmann et al., 2018), suggesting this ap-
proach may prove useful across most terrestrial ecosystems where
flies are present.

In agreement with two studies comparing camera traps with
fly-derived mammalian DNA (Lee et al.,, 2016; Rodgers et al.,
2017), our results confirm on a larger scale that these approaches
are complementary, each detecting various unique taxa. Fly-de-
rived mammalian DNA detected smaller-bodied species than
camera traps, though fly-derived mammalian DNA also detected
many large-bodied species. As described previously, camera traps
seemed better able to detect larger species (Tobler et al. 2008),
though they can be modified to increase the detection of smaller-
bodied species (Melidonis & Peter, 2015) and we detected some
small-bodied species in this study as well. A species-level delinea-
tion of smaller-bodied species from a video might be more difficult
than for larger-bodied species. Indeed, arboreal and volant mam-
mals are generally precluded from having as large body masses as
terrestrial species (Bakker & Kelt, 2000; Smith & Lyons, 2011) and
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current study, with those species detected only using fly-derived iDNA (c10) highlighted with a black circle, those detected only with camera
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c25 threshold was that Praomys jacksoni was no longer detected with flies, so this species was not present in the c25 phylogeny. The results
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these mammals were detected less frequently with camera traps
(e.g., in this study bats were only detected with fly-derived iDNA),
which might be one factor involved in the observed differences in
body mass of species detected with these two approaches. Our
finding of a differential ability of the two methods to detect species
across the mammal phylogeny fits well with these observations,
since the clades where a change in detectability was observed
are also characterized by distinct average body size and degree of
terrestriality, that is, artiodactyls and carnivores are largely ter-
restrial, while many primates are largely arboreal. A similar ability
to detect small-bodied species has been suggested for leech-de-
rived iDNA (Weiskopf et al., 2018), though this pattern may not
hold in all ecosystems (Abrams et al., 2019), perhaps due in part to
differences in leech ecology and host preferences (Abrams et al.,
2019; Drinkwater et al., 2018). Further research is also needed to
disentangle whether and which other aspects of a mammalian spe-
cies’ biology beyond body mass may bias fly and other invertebrate
iDNA analyses toward the detection of particular species.

While camera trapping and fly-derived mammalian DNA me-
tabarcoding likely address different components of mammalian
alpha diversity, our analyses suggest that they produce similar esti-
mates of beta diversity. We attributed the differences observed be-
tween the Bray-Curtis and UniFrac-based beta-diversity estimates
to the phylogenetic structure of detectability with both methods.
Preliminary analyses based on Bray-Curtis distances suggested that
beta diversity was structured by habitat types, though this result

should be interpreted with caution because of the small number of
sites per habitat type available here. Confirming the ability of flies to
capture aspects of mammalian alpha and beta diversity in different
habitat types with larger sample sizes represents an exciting area of
future research.

Given the complementary nature of iDNA and camera trapping,
biodiversity monitoring efforts will however likely be most efficient
when these approaches are combined (Abrams et al., 2019). Camera
traps are on occasion damaged by animals and require regular up-
keep to keep batteries charged and maintain an unobstructed view
for the camera. The regular visits required for such maintenance
represent an ideal opportunity to also trap flies and other inverte-
brates to maximize the number of species detected. A large number
of flies can usually be collected in a short time window, particularly
when using multiple traps at a location, and training field assistants
to use fly traps is straight forward. Fly traps and baits are inexpen-
sive (Table S5) and can be reused. Following collection, flies can be
stored at room temperature on silica gel, meaning no electricity is
needed to cool samples in the field. While both approaches currently
have limitations in the field, this study shows that fly collection and
camera trapping can easily be performed in parallel in field settings
across a broad diversity of habitat types.

In most cases, the joint implementation of these approaches will
consist of adding an iDNA layer to ongoing camera trap studies.
Exporting flies from these countries to Germany was a straight-

forward process requiring minimal permits and bureaucracy, as
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the flies are not listed on the Convention on International Trade in
Endangered Species of Wild Fauna and Flora. As discussed above,
the main hurdle to such approaches will likely not be in the field;
rather, we expect that the significant additional costs incurred by
molecular analyses or scaling up camera trap efforts (considering
both manpower and materials) will represent more significant ob-
stacles. Following the collection of camera trap data, hundreds
of hours of videos need to be looked at by experts to determine
the species present. Citizen science projects can be used to ana-
lyze camera trap videos by nonexperts (e.g., chimpandsee.org), but
require many viewers per video and therefore take a lot of time.
Deep learning approaches show promise for automating this pro-
cess, which would improve the scalability of camera trap surveys
(Norouzzadeh et al., 2018). DNA analyses are already sufficiently
cheap that their inclusion in many conservation biology projects
would not require a major budget increase. In our study, the labora-
tory work to process the 784 flies was conducted in ~34.7 working
days (extraction of 45 flies/day = 17.4 days for extraction; PCR for
112 DNA pools with 2 amplicons/pool at a rate of 50/day = 4.5 days;
amplicon preparation for high-throughput sequencing = 12.8 days,
data analysis = 1 day). Pooled extraction of flies would have re-

duced the number of working days needed to 16 (Table S5), and

automation of some steps might have further sped up the process.
Material costs were also not prohibitive (Table S5: price per fly pool
€31.93; price per site: €478.9), though they could also be reduced
by further pooling and automation. In contrast, the costs for the
equipment to conduct camera trapping at each site were signifi-
cantly higher (€7,734.05 per site; Table S6). The time to look at and
identify species from videos from camera traps was also intensive;
those working at the field sites generally spent 1 to 3 months on this
task at each site, though at some sites even this amount of effort
was not sufficient and required the use of a citizen science project
to pre-analyze the data (chimpandsee.org). Since further decreases
in material costs can also be expected (e.g., sequencing reagent
costs), collecting iDNA samples in parallel to other efforts may be a
prudent way to maximize the long-term efficiency of biomonitoring
efforts, regardless of the immediate availability of funds for molec-
ular analyses.

In this study, we only analyzed a small number of flies at each
location; as the cost of molecular analyses declines, it will be in-
teresting to examine whether larger sampling efforts increase
the overlap between camera traps and iDNA species detection.
Larger sample sizes combined with appropriate sampling strate-

gies (in particular repeated sampling) could also enable the use
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of occupancy models and therefore the production of statisti-
cally robust biodiversity assessments for terrestrial mammals
(Abrams et al., 2019; Schnell et al., 2015). While the collection
of large numbers of some invertebrates can be quite time-con-
suming and difficult in some seasons (e.g., leeches; Abrams et al.,
2019), the mobility and abundance of flies means that large num-
bers can be rapidly collected across seasons and habitat types.
The high mobility of flies does however bring with it more uncer-
tainty regarding the location where the fly's contact with mam-
mal DNA actually occurred; such uncertainty could potentially be
accounted for in occupancy models, so long as information about
fly dispersal and mammalian DNA persistence in or on their bod-
ies is obtained. Gaining more insight into fly ecology and iDNA
persistence therefore represents a critical next step in developing
the use of occupancy models with these types of data. Different
invertebrates may ultimately prove useful for assessing mamma-
lian biodiversity at different spatial scales, and occupancy models
may also benefit from combining iDNA from a diversity of inver-
tebrates. Further, there are a myriad of alternative approaches for
assessing biodiversity (e.g., transects monitoring for signs or the
animals themselves, soil or water eDNA, trapping of animals, and
hunter self-monitoring) that it will be interesting to compare with
camera traps and fly-derived iDNA to determine the most reliable
and cost-efficient means of generating biodiversity assessments
(Marrocoli et al., 2019; Newman, Buesching, & Macdonald, 2003;
Taberlet et al., 2018).

Fly-derived iDNA metabarcoding faces the same limitations as
other metabarcoding approaches. In particular, metabarcoding is
only as good as the reference databases used to assign taxonomy
to sequences (Bohmann et al., 2014; Bush et al., 2017; Pedersen et
al., 2015; Schnell et al., 2015; Taberlet et al., 2018). The difficulty in
assigning a significant fraction of the sequences generated in this
study at the species-level probably resulted in part from such data-
base gaps—many mammalian species have simply not yet been bar-
coded. The use of zoo and museum specimens provides an exciting
way to generate reference sequences at a minimal cost (Salleh et al.
2017) and might contribute to rapidly improving our reference data-
bases, which will in turn improve estimates derived from metabar-
coding experiments. Thus, fly-derived iDNA datasets will represent
permanent, verifiable sources of information from which regular
reanalysis will provide more and more accurate retrospective biodi-
versity assessments.

Flies not only contain the DNA of mammals found in these eco-
systems; they also have been shown to carry the DNA of other
vertebrates (Calvignac-Spencer et al. 2013; Rodgers et al., 2017).
Fly-derived iDNA collections can potentially be screened using
primers developed for the detection of other groups of organisms
of interest (Taberlet et al., 2018). Flies also contain the DNA of
many microorganisms, including wildlife and human pathogens,
suggesting fly-derived iDNA has the potential to provide insights
into the microbial diversity of ecosystems (Bitome-Essono et al.,
2017; Hoffmann et al., 2016; Hoffmann et al., 2017; Knauf et
al., 2016). Synanthropic flies associated with humans and their
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livestock, including fly families beyond the Calliphoridae and
Sarcophagidae, are thought to be vectors for a broad range of
pathogens, including protozoan parasites (Graczyk et al., 1999),
bacteria (Emerson, Bailey, Mahdi, Walraven, & Lindsay, 2000), and
helminths (Monzon et al., 1991). These fly associations also occur
in nonhuman primate groups, and flies in these associations carry
bacterial pathogens causing major mortality in these primates
(Gogarten et al., 2019; Hoffmann et al., 2017). This suggests fly-
derived iDNA collections contain information that could be useful
for monitoring pathogens in ecosystems and potentially for de-
tecting outbreaks as well. Collectively, our results suggest that fly-
derived iDNA can facilitate surveys of biodiversity in terrestrial
ecosystems at broad spatial, temporal, and phylogenetic scales, in
much the same way as water eDNA has improved biomonitoring

across aquatic ecosystems (Taberlet et al., 2018).
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