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Abstract

Loss of biodiversity can affect transmission of infectious diseases in at least two
ways: by altering host and vector abundance or by influencing host and vector be-
haviour. We used a large herbivore exclusion experiment to investigate the effects
of wildlife loss on the abundance and feeding behaviour of mosquito vectors and to
explore consequences for vector-borne disease transmission. Large herbivore loss
affected both mosquito abundance and blood-feeding behaviour. For Aedes mcin-
toshi, the dominant mosquito species in our study and a primary vector of Rift Valley
fever virus (RVFV), abundance decreased with large herbivore loss, while blood feed-
ing on humans increased. Despite an elevated human biting rate in the absence of
large herbivores, we estimated that the potential for RVFV transmission to humans
doubles in the presence of large herbivores. These results demonstrate that multi-
ple effects of biodiversity loss on vectors can lead to counterintuitive outcomes for

human disease risk.
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The idea that the loss of biodiversity can increase the risk of infec-
tious diseases in animals and humans is a topic of ongoing interest
(Cardinale et al., 2012; Civitello et al., 2015; Keesing et al., 2010;
Rohr et al., 2019; Salkeld et al., 2013; Wood et al., 2014). Most em-
pirical studies on this issue focus on how pathogen prevalence or
abundance in focal hosts or vectors varies in response to changes in
biodiversity (reviewed in Ostfeld & Keesing, 2012). For example, an
observational study in Louisiana, USA, found that the prevalence of
West Nile virus (WNV) infection in mosquito vectors was strongly
and negatively related to the diversity of non-passerine bird spe-
cies occurring across sites (Ezenwa et al., 2006). Similarly, a manip-
ulative study in Kenya, in which loss of diversity was simulated via
the exclusion of large herbivores, showed that the densities of flea
vectors and rodent hosts infected with Bartonella nearly doubled in
plots missing large herbivores (Young et al., 2014). Given that both
WNYV and Bartonella are transmitted by generalist vectors that feed
on both wildlife reservoirs and human hosts, these studies support
the idea that biodiversity loss can modify human risks of acquiring
vector-borne diseases.

There are several mechanisms that can account for why
biodiversity is linked to vector-borne disease risk (Johnson &
Thieltges, 2010; Keesing et al., 2006). For example, the presence
of a diverse community of hosts for a vector might simply divert
vector bites away from the most effective (i.e. competent) patho-
gen hosts, thereby disrupting transmission (Keesing et al., 2006).
It is also possible that competitive interactions between species
(including hosts and non-hosts) in a diverse community might
suppress the population density of effective hosts, consequently
dampening transmission (Keesing et al., 2006). These two types
of mechanisms, whereby diversity alters aspects of vector or host
behaviour and abundance, respectively, are the most frequently
cited explanations for diversity-disease patterns (reviewed in
Keesing et al., 2010). However, these mechanisms are rarely stud-
ied in tandem, yet their combined effects may be critical to fully
understanding when biodiversity loss might substantially alter in-
fectious disease risk.

A notable example of the synergism that can arise between
behaviour and abundance-driven effects of biodiversity comes
from studies of the tick-borne agent of Lyme disease, Borrelia
burgdorferi. In the north-eastern United States, white-footed mice
are the most competent reservoir host for B. burgdorferi; however,
mouse densities tend to be lower in habitats with high abundance
and richness of other vertebrate species (reviewed in Ostfeld &
Keesing, 2012). Moreover, the presence of other species, par-
ticularly chipmunks, diverts ticks away from mice (Brunner &
Ostfeld, 2008). Thus, differences in both host abundance and vec-
tor feeding behaviour in more diverse habitats appear to contrib-
ute to associations between host diversity and disease prevalence
in the Lyme disease system.

For mosquito-borne diseases, vector abundance and vec-

tor behaviour are key drivers of disease transmission because

transmission potential (i.e. vectorial capacity) depends, in part, on
both the density of vectors and number of bites an infectious host
receives (Garrett-Jones, 1964). Intriguingly, deforestation, which is
often accompanied by diversity loss, has been linked to changes in
both the abundance and biting behaviour of mosquito vectors of
human malaria (Vittor et al., 2006; Yasuoka & Levins, 2007). In the
Peruvian Amazon, for example, human biting rates of the malaria
vector, Anopheles darlingi, were over 200 times higher in defor-
ested compared to forested sites (Vittor et al., 2006). Although
this change in vector behaviour was largely attributed to mos-
quito preferences for breeding sites, the potential direct or indi-
rect contributions of diversity loss to such patterns are not well
understood.

In this study, we investigated how biodiversity loss might impact
vectorsinwaysthatalter disease transmission to humans. Specifically,
we examined the effects of simulated wildlife loss on the abundance
and behaviour of mosquitoes. Mosquitoes are important vectors of
a range of infectious diseases, many of which are zoonoses that af-
fect both humans and animals, such as Rift Valley fever virus (RVFV),
WNYV and Yellow fever virus (Gubler, 1998; Sang & Dunster, 2001).
We took advantage of a long-term replicated herbivore exclusion
experiment, the Kenya Long-term Exclosure Experiment (KLEE), to
examine how the loss of large native herbivorous mammals affected
the abundance and blood-feeding behaviour of mosquitoes, includ-
ing known vector species. KLEE was established in 1995 in an acacia
savannah woodland, and the experiment has had profound effects
on local plant and animal communities. Documented effects of the
KLEE herbivore manipulations on animals include changes in the
abundance and/or diversity of larger mammals (Kimuyu et al., 2017),
small mammals (Keesing, 1998), birds (Ogada et al., 2008), rep-
tiles (McCauley et al., 2006; Pringle et al., 2007) and invertebrates
(Keesing et al., 2013; Pringle et al., 2007). The effects on plants are
even more profound, ranging from changes in species diversity, plant
biomass and canopy cover (reviewed in Goheen et al., 2018). Given
these exclusion-associated changes in vegetation structure and
blood meal host availability, we expected large herbivore exclusion
to have potential direct and indirect effects on mosquito abundance
and behaviour. We also quantified the potential repercussions of
large herbivore loss for the transmission of mosquito-borne diseases
by estimating the effect of herbivore exclusion on vectorial capacity
for RVFYV, a zoonotic pathogen of high relevance in African savannah

ecosystems.

2 | MATERIALS AND METHODS
2.1 | Study site

Mosquitoes were sampled in the KLEE located in Laikipia County,
Kenya (0°17.477' N, 36°51.885" E). KLEE consists of six adjacent
200 m x 200 m treatments, each replicated in three blocks (North,
Central and South), that exclude different combinations of wild and

domestic herbivore species (Young et al., 1998). Wild herbivore
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exclusion is maintained with electric fencing. KLEE is located in a
habitat with a diverse complement of large mammalian herbivores,
including the mega-herbivores elephant (Loxodonta africana) and gi-
raffe (Giraffa camelopardalis), and seven species of meso-herbivores
including buffalo (Syncerus caffer), plains zebra (Equus burchelli) and
Grant's gazelle (Nanger granti). The three KLEE wildlife treatments
include (a) full exclusion of all herbivores over ~15 kg, (b) exclusion of
mega-herbivores only and (c) full access to all herbivores. To exam-
ine the effects of complete large herbivore loss on mosquitoes, we
focused our study on two of these three wildlife treatments: a versus
c, representing full exclusion of all large herbivores versus full ac-
cess to all larger herbivores. In total, we sampled one plot with large
herbivores and one without in each of the three replicate blocks.
The KLEE study site is routinely used by researchers for studies that
involve comparisons in plots with and without large herbivores, with

different treatment types used at the same relative frequency.

2.2 | Mosquito trapping

Mosquitoes were sampled in KLEE during three trapping sessions
held in July 2013, July 2014 and May 2015. Rainfall in Laikipia
County is weakly trimodal with a primary peak in April-May and
secondary peaks in June-July and October-November, although
rainfall patterns can be highly variable across years (Keesing &
Young, 2014). Based on actual rainfall patterns in the month pre-
ceding each trapping session, the two July trapping sessions were
classified as dry periods (total rainfall: June 2013 = O mm and June
2014 = 0 mm) and our May 2015 session as a wet period (total rain-
fall: April 2015 = 131 mm).

Mosquitoes were sampled for five consecutive nights within
each KLEE block using CO,-baited CDC miniature light traps (John
W Hock, model 512). CO, (dry ice) bait has been shown to increase
the capture rate of many mosquito species (Tchouassi, Quakyi,
etal., 2012; Tchouassi, Sang, et al., 2012; Tchouassi et al., 2019), and
most of the speciesin our study region have previously been trapped
in high numbers using CO,-baited light traps (Arum et al., 2015;
Sang et al., 2010). Within each sampling block, trapping occurred
simultaneously in plots with and without large herbivore. Two mos-
quito traps were set at the centre of each 200 m x 200 m treat-
ment plot, one at a height of 1 m and one at a height of 3 m. Traps
were set between 1,630 and 1,730 hr and retrieved approximately
13-14 hr later. Given a flight distance of key mosquito species in
our study region of typically less than 200 m (e.g. reported flight
range of adult female Aedes mcintoshi = 150 m; Linthicum, Bailey,
et al., 1985; Linthicum, Kaburia, et al., 1985), the positioning of our
traps should have been sufficient to sample locally available mos-
quitoes. Trapped mosquitoes were immobilized using triethylamine,
sorted, and placed into 1.5 ml tubes, and stored in liquid nitrogen
for transport to the laboratory in Nairobi. Once in the laboratory,
specimens were stored at -80°C until morphological identification.
All mosquitoes were identified to species level using published tax-
onomic keys (Edwards, 1941; Gillett, 1972; Jupp, 1996).
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2.3 | Blood meal analyses

To evaluate mosquito feeding behaviour, engorged mosquitoes
were separated from other specimens for blood meal analysis. We
focused the blood meal analyses on the dominant mosquito spe-
cies from the May 2015 trapping session, Ae. mcintoshi, which ac-
counted for the vast majority (75%-90%) of blood-fed specimens.
Forty-three individual blood-fed Ae. mcintoshi out of a total of 48
blood-fed mosquitoes captured were processed, comprising 19 out
of 2,962 (0.64%) specimens from plots without large herbivores and
24 of 4,247 (0.57%) specimens from plots with large herbivores.
We extracted genomic DNA from all blood-fed specimens using
the Qiagen DNeasy Blood and Tissue Kit (Qiagen, GmbH Hilden,
Germany) per the manufacturer's instructions. DNA was amplified
targeting a 500 bp fragment of the 12S mitochondrial rRNA gene
using the primers 12S3F [5-GGGATTAGATACCCCACTATGC-3'] and
12S5R [5-TGCTTACCATGTTACGACTT-3'] (Roca et al., 2004). PCRs
were performed using the MyTag HS Mix kit (Bioline, Germany),
in a final volume of 10 ul containing 10 M of each primer, 5 ul of
2xmytaq HS mix and 2 ul of DNA. The cycling parameters were 95°C
for 3 min, followed by 35 cycles of 20 s at 95°C, 30 s at 56°C and
30 s at 72°C, and 72°C for 4 min. Amplicons were sized by 1.5%
agarose gel electrophoresis against a 100 b DNA ladder (O'Gene
Ruler, Fermentas, Fisher Scientific, UK). PCR products were purified
using ExoSAP-IT (USB, Cleveland, OH, USA) prior to sequencing.
DNA sequences were compared using the BLAST algorithm and the
GenBank database (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Species-
level identification was determined when sequences exhibited 298%
identity spanning at least 300 bp as previously described (Valinsky
et al., 2014). Overall, blood meals were successfully identified from
16 of 19 (84%) and 18 of 24 (75%) blood-fed specimens from plots
without and with large herbivores, respectively.

2.4 | Vectorial capacity estimation

Since Ae. mcintoshi plays a key role in the transmission of RVFV in
Kenya (Sang et al., 2010; Tchouassi et al., 2014), we quantified the
potential for large herbivore loss to affect disease risk by focusing on
the ability of this mosquito to transmit RVFV. Specifically, we esti-
mated the daily rate at which new infections with RVFV might arise
from a single infected mosquito (i.e. vectorial capacity, VC) in the
presence versus absence of large herbivores as:

_ maZe~v/EP
n

vC

where m is the mosquito density, a is the human biting rate, p is the
daily probability of adult mosquito mortality, and EIP is the extrinsic in-
cubation period (in days) of RVFV in Ae. mcintoshi (Garrett-Jones, 1964;
Massad & Coutinho, 2012). A parameter for vector competence (i.e.
the probability that a mosquito becomes infected and transmits virus)

is often included in the expression for VC given by the equation:


http://blast.ncbi.nlm.nih.gov/Blast.cgi
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VC= masz”/-loge p (Kramer & Ciota, 2015), where m and a are as de-
fined previously, p = the probability of daily survival, n = the extrinsic
incubation period (EIP) and b = the vector competence. However, we
did not include a term for competence in our estimate since we did not
evaluate possible differences in vector competence across herbivore
treatments in our study.

We estimated the mortality term (u) for the VC equation as
1- the daily survival rate. Survival was calculated based on parous
rates (i.e. proportion of females that have laid eggs) as described
(Davidson, 1954), using the formula p” = M where p is the daily sur-
vival rate, M is the proportion of the population which is parous,
and n is the number of days between emergence of adult females
and first oviposition. Parity is widely used as proxy for estimating
mosquito survival (Churcher et al., 2015; Reeves, 1965; Tchouassi,
Quakyi, et al., 2012; Tchouassi, Sang, et al., 2012). We assumed
an n value of 3 for Ae. mcintoshi following (Arum et al., 2016), and
dissected the ovaries of randomly selected Ae. mcintoshi females
collected during the wet sampling period for parity by scoring
specimens as nulliparous or parous based on the degree of dila-
tation of the tracheolar skein (Detinova, 1962). Between 5% and
9% of the total number of Ae. mcintoshi specimens collected per
treatment type were dissected, including 199 of 2,223 (8.9%)
specimens from plots without large herbivores and 187 of 3,821
(4.9%) specimens from plots with large herbivores. This sample
size exceeds those used for estimating survival for Ae. mcintoshi
during RVFV outbreak situations in Kenya (Sang et al., 2010), and
for Anopheles species in relation to VC for Plasmodium transmis-
sion (Ndoen et al.,, 2012; Pan et al., 2012), so should provide a
good estimate of survival for RVFV VC estimation.

Finally, because RVFV is a zoonotic pathogen for which animal
hosts contribute to transmission (Hoogstraal et al., 1979), we ac-
counted for zoonotic transmission in the VC expression by modi-
fying the a? term. In the classical VC equation, the squared human
biting rate reflects both the contact rate between mosquitos and
humans that leads to acquisition of infection by mosquitos and the
contact rate that leads to transmission back to humans. Thus, for a
pathogen with a human reservoir, the squared biting rate accounts
for the fact that a mosquito must bite a human host twice for trans-
mission to occur. This parameter, a, can be separately represented
by feeding parameters in systems where transmission to humans
involve a zoonotic blood meal (LaDeau et al., 2015). For the zoo-
nosis case as is RVFV, we decomposed a” into a, x a, where a,
represents the contact rate between mosquitoes and all hosts that
contribute to mosquito infection (hereafter called ‘reservoir host
biting rate’), and a, represents the contact rate between mosqui-
toes and humans that leads to pathogen transmission (human biting
rate). We used blood meal analysis data to calculate biting rates
by first estimating frequencies of Ae. mcintoshi blood feeding (by
herbivore treatment) as the proportion of blood-fed Ae. mcintoshi
times the total number Ae. mcintoshi collected per trap night. Then,
to estimate reservoir host (a,) and human (ay) biting rates, this value
was adjusted to account for the combined Ae. mcintoshi feeding

rate on all RVFV reservoir hosts (humans and African buffalo) or

the feeding rate on humans only. We considered African buffalo to
be a viable reservoir host for RVFV given evidence that this spe-
cies plays a role in the persistence of the virus between outbreaks
(Beechler et al., 2015; LaBeaud et al., 2011). Finally, since the KLEE
study site is routinely used by human researchers (with all treat-
ment types used at the same relative frequency), we expected to be
able to calculate a biting rate for humans using our blood meal data.

2.5 | Statistical analyses

Mosquito counts over each 5-day collection period for each study
block were aggregated by treatment plot and trapping period to test
for effect of large herbivore presence in a plot on total and species-
specific mosquito abundance. To deal with different seasonal mos-
quito abundance patterns, data for the dry periods (July 2013 and
July 2014) and wet period (May 2015) were analysed separately. For
the dry season analyses, total mosquito abundance and the abun-
dance of two dominant individual species (Culex univittatus and Culex
pipiens, Table S1) served as response variables in separate general-
ized linear models (GLM) with a Poisson error structure. The main
predictor variable was large herbivore presence/absence. Replicate
block (North/Central/South) and sampling session (July 2013/July
2014) were also included as covariates in the Cx. univittatus model.
The Cx. pipiens model included only block as a covariate since this
species was not encountered in the 2014 sampling session. For
the wet season analyses, total mosquito abundance and the abun-
dance of five species accounting for >98% of collections (Ae. mcin-
toshi, Aedes hirsutus, Cx. univittatus, Cx. pipiens and Aedes tricholabis,
Table S1) served as response variables in separate GLMs. A Poisson
error structure was used for Ae. hirsutus, Ae. tricholabis and Cx. pipi-
ens, and a negative binomial error structure was used for the other
species. Large herbivore presence was included as the predictor
variable in these models, and block was included as a covariate. All
GLMs were implemented in R version 3.3.1 (R Core Team, 2013) with
the MASS package. Model validity was assessed by inspection of re-
siduals. Lastly, we used Pearson chi-squared tests to evaluate the
effects of large herbivore presence on blood-feeding behaviour and

parity in Ae. mcintoshi.

2.6 | Ethical Statement

Approval of the study was obtained from the Scientific Ethics Review
Unit (SERU) of the Kenya Medical Research Institute (SSC No. 2346).

3 | RESULTS
3.1 | Abundance

A total of 7,287 mosquitoes from 17 species were collected across

three sampling sessions, but most of the specimens (7,209, 98.9%)
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were collected during the wet sampling period (Table S1). Ae. mci-
ntoshi was the dominant species collected in May 2015 during the

wet period, accounting for 83.8% of all collections. During the dry

ilransboundory and Emeiging Disease
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periods, Cx. univittatus dominated the 78 collections accounting for
60.5% of mosquitoes collected in July 2013 and both of the indi-

vidual mosquitoes collected in July 2014.

TABLE 1 Effect of large herbivore exclusion on mosquito abundance during the dry season; models represent GLMs with Poisson
distribution

Total abundance (df = 6, 6)

Culex univittatus abundance (df = 6, 6)

Culex pipiens abundance (df = 4, 8)

p estimate + SE  Zvalue p

Large Herbivores -0.77 £ 0.25 -3.13 <.002”
Present: Yes

Session: July 14 -3.23+0.72 -4.52 <.0001"

Block: North 3.04 +0.59 515  <.0001""

Block: South 1.39 + 0.65 2.15 03’

p estimate + SE

-0.83+0.32

-2.77 +0.73
3.63+1.01
2.20+1.05

Zvalue p p estimate + SE Zvalue p

-2.58 01" -0.69 +0.43 -1.60 .11

-3.80 0001 - - -
3.59 .0003"" 19.90 + 2,769.57  0.01 99
208 .04 17.97 + 2,769.57 0.01 1.00

Note: Central is used as reference category for analysis of block effects, and July 13 is used as reference for analysis of the effect of trapping session.
*p < .05,
**p < .01,

***p < .001.
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FIGURE 1 Mosquito abundance in the presence versus absence of large herbivores in the (a) dry compared to (b) wet sampling periods
and for (c) Aedes mcintoshi in the wet season compared to (d) the other four dominant species combined (Culex univittatus, Culex pipiens,
Aedes hirsutus, Aedes tricholabis) during this same period
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FIGURE 2 Proportion of Aedes mcintoshi blood meals coming
from different host species in the presence versus absence of large
herbivores

XZ = 15.10, p = .0001). Daily survival as estimated from the parous
rate was 0.91 for plots with large herbivores and 0.83 for plots with-
out large herbivores indicating that Ae. mcintoshi survival was higher
in plots with large herbivores. This difference reflects a 0.09 versus
0.17 daily mortality rate in plots with large herbivores compared to

those without large herbivores.

3.4 | Vectorial capacity

We quantified the VC of Ae. mcintoshi for RVFV in the presence
and absence of large herbivores by combining our wet season data
on mosquito abundance, blood-feeding behaviour and mortality
(Table 3). We used a fixed value of 7 days for the EIP based on ex-
perimental studies performed at a temperature of 26-27°C (Turell
et al., 2008), which approximates the ambient temperature at our
field site during the mosquito collections. Based on these param-
eters, we estimated VC as 300 in plots with large herbivores and 148

in plots without large herbivores (Table 3). Thus, the potential for Ae.
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mcintoshi to transmit RVFV effectively doubles in the presence of
large herbivores.

4 | DISCUSSION

Large mammal biodiversity is being lost at an unprecedented rate
across the globe, and the repercussions of these losses for eco-
system function and human well-being have garnered increas-
ing attention (Cardinale et al., 2012; Diaz et al., 2006; Johnson
et al., 2017; Johnson & Thieltges, 2010). We investigated the ef-
fects of the loss of large herbivorous mammals on mosquito ecol-
ogy and evaluated the implications for vector-borne zoonotic
disease transmission in an ecosystem where humans and wildlife
coexist, but where large herbivore populations are threatened by
the intensification of livestock production and other anthropo-
genic activities (Crego et al., 2020; Ogutu et al., 2016). We found
that the exclusion of large wild mammals changed key aspects of
mosquito ecology and behaviour. When large herbivores were
absent from experimental plots, systematic differences in mos-
quito abundance, biting behaviour and survival emerged. First,
the presence of large herbivores significantly decreased total
mosquito abundance during dry periods, but this pattern was re-
versed during wet periods. However, the increase in wet season
mosquito abundance in large herbivore plots was driven entirely
by effects on a single dominant species, Ae. mcintoshi. Second,
large herbivores deflected mosquito bites away from humans, and
Ae. mcintoshi displayed a strong shift towards human blood feed-
ing in response to large herbivore loss. Third, daily survival of this
species was lower in plots without large herbivores. Given that
Ae. mcintoshi serves as the major vector of RVFV, the causative
agent of RVF, a vector-borne disease of concern in our study re-
gion (Sang et al., 2010; Tchouassi et al., 2014), we used our data on
changes in Ae. mcintoshi abundance, biting behaviour and survival
in the presence versus absence of large herbivores to estimate
the impact of large mammal loss on the transmission efficiency of
RVFV. RVFV causes periodic disease outbreaks in domestic rumi-
nants, and humans become infected via mosquito bite (Linthicum
et al., 2016). Accounting for the fact that both humans and wild

ruminants potentially serve as maintenance hosts for the virus

TABLE 3 Parameters and data sources used for vectorial capacity (VC) estimation

Parameters Definition

m Mosquito density

a, Reservoir host (human + buffalo) biting rate
a, Human biting rate

u Daily mortality

EIP Extrinsic incubation period

(maya,)e 4/ P

n

VC =

Large Herbivores
present

127.4
0.535
0.401
0.09

300

Large Herbivores
absent

74.1
0.590
0.590
0.17

148

Source

This study
This study
This study

This study and Arum
et al. (2016)

Turell et al. (2008)



Iseq. 53:} *

TCHOUASSI ET AL.

lransboundary and Emering
=, |

Red

(Evans et al., 2008; Meegan, 1979; Swanepoel & Coetzer, 2004),
we found that despite the shift in Ae. mcintoshi blood-feeding
behaviour towards humans in plots without large herbivores, the
potential for RVFV transmission was lower in these sites. These
results underscore the importance of considering multiple mech-
anisms by which biodiversity loss can influence pathogen trans-
mission when trying to predict how biodiversity might influence
infectious disease risk.

The contrasting effect of wildlife exclusion on the abundance
patterns of Ae. mcintoshi versus Culex and other Aedes mosquitoes
was one of the striking findings of our study. This difference in re-
sponse to large herbivore loss is most likely associated with variation
in ecological and life-history attributes across mosquito species. For
example, mosquito abundance patterns could be shaped by differ-
ences in host preferences. Many Culex species, including Cx. pipiens
and Cx. univittatus, preferably feed on birds (Anderson et al., 2004).
Previous work in the KLEE plots has shown that bird diversity in-
creased in plots without large herbivores (Ogada et al., 2008), a
pattern that may explain the positive effect of large herbivore loss
on Culex abundance. Patterns of host availability might also con-
tribute to the Ae. mcintoshi abundance pattern. A preference for
larger mammals (e.g. cattle, goats, sheep) by Ae. mcintoshi has been
reported throughout this species' range in East Africa (Linthicum,
Bailey, et al.,, 1985; Linthicum, Kaburia, et al., 1985; Lutomiah
et al., 2014; Tchouassi et al., 2016). Thus, the loss of similarly sized
large mammal hosts from the plots without larger herbivores may
help explain the negative effect of large herbivore loss on the abun-
dance of this species. Indeed, our blood-feeding data suggest that
in response to the loss of large wild mammals in the large herbivore
exclusion plots, Ae. mcintoshi mosquitoes shifted their blood meal
diets to the largest available mammal they could find (i.e. humans).
The difference in the abundance patterns between Ae. mcintoshi
and other Aedes species (Ae. hirsutus and Ae. tricholabis) is more dif-
ficult to explain. While data on blood-feeding pattern of Ae. hirsutus
and Ae. tricholabis are scarce, a recent field study based on host
choice showed that both species are attracted to and indeed feed
on livestock hosts (Tchouassi et al., 2016). Given this, the difference
in the effect of large herbivore exclusion on Ae. mcintoshi versus
these other two Aedes species may be a consequence of processes
other than host availability. Since all three of these Aedes species
are floodwater mosquitoes that hatch in response to flooding (Arum
et al., 2015; Tchouassi et al., 2016), one hypothesis is that Ae. mcin-
toshi might outcompete the other species in same habitats during
larval development. Overall, our abundance findings indicate that
large herbivore loss has differential effects on the abundance of Ae.
mcintoshi and other key mosquito species at our study site. Coupled
with the fact that at least three (Ae. mcintoshi, Cx. pipiens, Cx. uni-
vittatus) of the five dominant mosquitoes in our study serve as vec-
tors for various arboviruses (e.g. RVFV, WNV), it seems likely that
the implications of large herbivore loss for mosquito-borne disease
transmission will vary depending on the specific vector species in-
volved. Finally, it is important to note that our data on variation in

Aedes abundance patterns in response to large herbivore loss come

from a single wet season sampling period, so future longitudinal
studies will be crucial for identifying specific drivers of the patterns
we describe here, including the impacts of seasonality and the vari-
able responses of different mosquito species.

For mosquitoes, blood feeding controls opportunities for
pathogen infection; thus, identifying the factors that influence
mosquito blood-feeding behaviour is crucial for understand-
ing patterns of disease transmission (Kilpatrick et al., 2007,
Reeves, 1965). We used blood-fed Ae. mcintoshi to investigate
differences in blood-feeding behaviour in response to large her-
bivore loss. In plots with large herbivores, Ae. mcintoshi fed on
a diverse group of hosts, including wild mammals and humans,
with the majority of blood meals coming from humans (50%), el-
ephants (22%) and African buffalo (17%). In plots without large
herbivores, these mosquitoes shifted their blood meal sources
almost exclusively to humans (94%), suggesting that large her-
bivores play a substantial role in deflecting Ae. mcintoshi bites
away from humans. The very high human feeding rates we un-
covered for Ae. mcintoshi in this study contrast sharply with
past findings on human blood-feeding behaviour in this species
where humans accounted for between 0.2% and 5.1% of all blood
meals recorded. It is worth noting that the blood meals are most
likely from researchers who access these plots and the area is
not inhabited by humans. Previous studies report that Ae. mcin-
toshi prefers to feed on livestock, particularly cattle (Linthicum,
Bailey, et al., 1985; Linthicum, Kaburia, et al., 1985; Tchouassi
et al., 2016); therefore, the high feeding rates we observed for
humans may be due, in part, to the absence of preferred livestock
hosts. Unlike past studies of blood feeding in Ae. mcintoshi, which
have largely been carried out in livestock-dominated systems,
our study provides insight into the blood-feeding behaviour of
this mosquito in a wildlife context. In the absence of livestock,
Ae. mcintoshi appears to prefer buffalo, elephants and humans
over other large wild mammals. Given the close phylogenetic re-
lationship between buffalo and cattle, the preference for buffalo
is not surprising. However, this behaviour has important implica-
tions for pathogen transmission, exemplified here by RVFV. First,
African buffalo are known to become infected with RVFV, and
recent evidence suggests that this species plays some role in the
persistence of the virus in between large outbreaks (Beechler
etal., 2015; LaBeaud et al., 2011). Second, the strong preference
of Ae. mcintoshi for buffalo and humans highlights the potential
for virus spillover to occur from buffalo maintenance hosts to
humans, particularly during non-epidemic periods. Indeed, our
results shed new light on possible pathways of RVFV inter-epi-
demic persistence and spillover to humans.

To understand how the changes in mosquito abundance and
biting behaviour observed in response to wildlife exclusion might
translate to disease dynamics, we estimated the vectorial capacity
of Ae. mcintoshi for RVFV in the presence versus absence of large
herbivores. Vectorial capacity summarizes the potential for virus
transmission to humans by accounting for the density of mosqui-

toes, the daily rate at which they bite infectious and susceptible
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hosts, the mosquito mortality rate, and the interval between virus
acquisition and transmissibility in the mosquito (i.e. the EIP). Based
on evidence from the literature that humans mount viremia lev-
els sufficient to infect mosquitoes (Meegan, 1979; Swanepoel &
Coetzer, 2004) and that buffalo are also likely permissive for viral
replication (Davies & Karstad, 1981; Evans et al., 2008), we as-
sumed that these two hosts would be most likely to contribute
to RVFV infection of mosquitoes in our study system. As a result,
we found that VC doubled in the presence of large herbivores.
This is the opposite of what we would expect based on the ob-
served shift in mosquito feeding behaviour alone. However, this
result emerges because both higher Ae. mcintoshi abundance and
improved survival in plots with large herbivores more than com-
pensate for the higher human biting rate in plots without large
herbivores. Interestingly, the effects of large herbivore loss on
mosquito biting behaviour and survival may be linked. Previous
studies have described survival costs of host switching in mosqui-
toes (Harrington et al., 2001; Phasomkusolsil et al., 2013); thus,
the loss of preferred wildlife blood meals and concomitant dietary
shift to human blood that occurred in large herbivore exclusion
plots may have been associated with survival costs. If so, biodiver-
sity loss-associated changes in mosquito feeding behaviour might
commonly be accompanied by changes in survival rates. Since
feeding behaviour and survival both affect pathogen transmission
potential, the fact that they both may change simultaneously re-
inforces the need for considering a combination of factors when
evaluating the effects of biodiversity loss on disease risk in vec-
tor-borne disease systems.

It is important to acknowledge several simplifying assump-
tions that we made in our estimate of VC which might have af-
fected our conclusions. We did not consider the potential effect
of herbivore exclusion on vector competence which includes two
components: the probability of transmission from an infected host
to the mosquito and the probability of transmission from an in-
fected mosquito to a susceptible host. For the first component,
we assumed that humans and buffalo are equally effective at in-
fecting mosquitoes with RVFV. While RVFV viremia levels in hu-
mans have been quantified directly (Meegan, 1979; Swanepoel &
Coetzer, 2004), inference about the efficiency of buffalo at infect-
ing mosquitoes has largely been made from serological patterns
(Evans et al., 2008). However, even if we assume that buffalo make
no contribution to VC and that humans drive transmission (i.e. re-
place a, x a, with af,), VC in the large herbivore plots still exceeds
VC in plots without large herbivores by ~50% (225 versus 148),
indicating that the observed shift in human feeding behaviour
of Ae. mcintoshi in large herbivore exclusion plots is still insuffi-
cient to overcome the increased abundance and lower mortality
of these mosquitoes in these plots. For the second component, it
is possible that variation in habitat structure and host availability,
both of which are associated with large herbivore exclusion in the
KLEE plots (Augustine & Mcnaughton, 2004; Goheen et al., 2007
Ogada et al., 2008), might affect the ability of an infectious mos-

quito to infect a susceptible human host with RVFV. However, at
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present, the magnitude and direction of any such effects are hard
to predict. The same caveat holds for our estimate of mosquito
survival for which we assumed a fixed value for the number of
days between female mosquito emergence and first oviposition,
a trait that could also be affected by habitat and host availability
differences between herbivore treatments.

5 | CONCLUSION

Overall, we found that biodiversity loss in the form of the loss
of large wild mammalian herbivores altered patterns of mosquito
abundance, blood-feeding behaviour and survival. In combination,
these effects have implications for the transmission of RVFV, the
causative agent of a zoonotic vector-borne disease. Surprisingly,
despite the strong effect large herbivores had on deflecting mos-
quito bites away from humans, RVFV transmission potential was
maximized in plots with large herbivores. This outcome is the re-
sult of simultaneous positive effects of large herbivore presence
on mosquito abundance and survival. Our results demonstrate
how multiple effects of biodiversity loss on vectors combine to

shape infectious disease risk.
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