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a b s t r a c t
We studied breeding sites of Phlebotomus orientalis (Diptera: Psychodidae) the vector of visceral leishmaniasis in northern Ethiopia. Although numbers were rather small, 165 sand ﬂies were captured emerging
from vertisol cracks. The most productive breeding sites were cracked vertisols, dry river banks and close
to trees. No sand ﬂies were caught emerging from sandy clay loam soils in peri-domestic habitats but a
few were captured emerging from gaps in a stone wall. Abiotic parameters in vertisols close to trees and in
open ﬁeld from which P. orientalis had emerged, were compared. Soil pH was slightly alkaline and salinity
was low. Organic matter contents were similar in both sites. Temperatures and RH remained relatively
stable near trees from the end of the rainy season through mid dry season, yet ﬂuctuated markedly at
the shallower depth in the open ﬁeld. During the rainy season, cracks in the soil were sealed resulting in
signiﬁcant lowering of the oxygen concentrations near the tree. Gravimetric water content of soil near
trees was lower than open ﬁeld at shallow depth but similar deeper down. We conclude that ambient
conditions suitable for sand ﬂy larvae at shallow depths (45 cm) are restricted to areas close to trees.
However, deeper in vertisols (90 cm) suitable conditions are apparently maintained throughout the dry
season even in open fallow ﬁelds.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
The leishmaniases endanger some 350 million people in 88
countries. Cutaneous leishmaniasis (CL) manifests as a sore at the
bite site of the infected sand ﬂy and is usually self healing. Visceral
leishmaniasis (VL) also known as Kala Azar, is a life-threatening
systemic infection. There are 200–400 thousand new leishmaniasis
cases annually, with an estimated 20–40 thousand deaths (Alvar
et al., 2012). VL is caused in East Africa and the Indian subcontinent
by Leishmania donovani, while in Europe, North Africa and Latin
America the causative parasite is L. infantum. The most important
VL foci in Ethiopia are in the Humera/Metema lowlands bordering
the endemic areas of Sudan. Most VL cases in the Humera/Metema
regions are among migrant agricultural laborers arriving from
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non-endemic regions to work in the vast sesame ﬁelds of the
region (Hailu et al., 2007). Recently a VL outbreak was reported
from the district of Tahtay Adiyabo (Sheraro), located some 120 km
east of Humera where the affected human populations were local
villagers (Abbasi et al., 2013).
The vectors of leishmaniasis in the old world are blood-sucking
phlebotomine sand ﬂies (Diptera: Psychodidae) belonging to the
genus Phlebotomus (Maroli et al., 2013). In Sudan and Northern Ethiopia. Phlebotomus orientalis has been incriminated as the
main vector of VL (Kirk and Lewis, 1955). P. orientalis, females
are essentially exophagic and rarely enter houses (Gebre-Michael
et al., 2010). Dense populations of P. orientalis were reported in
Acacia-Balanite (Acacia seyal and Balanites aegyptiaca) woodlands
growing on deeply-cracked vertisols (black cotton soil) (Elnaiem,
2011; Hoogstraal and Heyneman, 1969). In recent years, much of
the endemic region in the Humera/Metema lowlands has been
cleared of trees and converted to agricultural land growing sesame,
sorghum and cotton. Despite this, VL remains rampant and migrant
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laborers arriving in the industrialized farms from non-endemic
regions in Highland areas of the country, comprise the bulk of the VL
cases in this area (Hailu et al., 2007). Sand ﬂies have clearly adapted
to the open agricultural ﬁelds where they may be captured in large
numbers (Gebre-Michael et al., 2010; Moncaz et al., 2013)
Sand ﬂies are holometabolous insects that breed in humid dark
habitats where larvae feed on composting organic matter of animal
and plant origin. Mature sand ﬂies are small and fragile nocturnal
insects that normally ﬂy close to the ground and refrain from ﬂight
activity under windy conditions, remaining within several hundred
meters of their breeding place during their entire life time (KillickKendrick, 1999).
The widest gap in our understanding of sand ﬂy biology remains
their larval ecology. In the insectary, optimal rearing conditions
for different sand ﬂies are often remarkably uniform. For example,
desert-dwelling P. papatasi from the Middle East, and Neo-tropical
Lu. longipalpis from Latin America (as well as other species), are
optimally reared under remarkably similar conditions (26 ± 2 ◦ C,
85–95% RH, composting rabbit feces-based larval diet) (Volf and
Volfova, 2011). This observation indicates that in nature sand
ﬂies must locate and oviposit in specialized ecological niches
that offer such conditions for developing larvae. Small numbers
of larvae have been recovered from diverse habitats including
caves, crevices, animal burrows, termite mounds, cracks in the soil,
domestic animal shelters, cracked walls, tree-holes, birds’ nests
and leaf litter (Feliciangeli, 2004; Singh et al., 2008). There are
only two documented examples of more productive sites: In Sardinia 310 Phlebotomus spp. larvae were recovered from topsoil
inside an abandoned shed (Bettini, 1989). In Panama, 2258 Lutzomyia spp. larvae were found in soil samples obtained from forest
ﬂoors (Hanson, 1961). Additional methods for identifying breeding
sites include emergence traps (ETs) speciﬁcally designed to capture adults emerging from their breeding sites. Such traps proved
useful in characterizing sand ﬂy breeding sites in Brazil and Israel
(Casanova et al., 2013; Moncaz et al., 2012).
The aim of the current study was to identify and characterize
putative P. orientalis breeding sites in vertisol cracks and peridomestic habitats by capturing adults emerging from suspect habitats.
In addition we measured several abiotic parameters in the soil to
assess whether ambient conditions may be suitable for sand ﬂy
larvae.
2. Materials and methods

vertisols in sesame and sorghum ﬁelds; (3) Termite mounds; (4)
Dry riverbeds and river banks; (5) Rodent burrows; (6) peridomestic environments in clay loam soil, included areas under trees and
bushes, stone walls and stone piles resulting from the collapse of
residential hut (Tukul). Sand ﬂy trapping was restricted to the dry
season because adult sand ﬂies were very scarce during the rainy
season and dirt roads became impassable.
2.3. Trapping methods
Emergence traps (ETs) were constructed as described previously
(Moncaz et al., 2012). Brieﬂy, large horizontal sticky traps (LHSTs)
were placed over or next to the exits of suspected breeding sites and
covered with a sand ﬂy-proof net (186 holes per square centimeter).
The LHSTs were made of white polypropylene boards, measuring
60 cm × 60 cm, placed horizontally on square metal frames approximately 15 cm above ground. The top sides of the boards were
smeared with sesame oil. Individual or multiple LHSTs were covered by sand ﬂy-proof netting to enclose smaller or larger areas.
ETs with one LHST covered an area of approximately 4 m2 .
ETs were placed over cracked vertisols (Fig. 1A and B), in dry
riverbeds (Fig. 1C), over tree root systems (Fig. 1D), tree trunks
and buttresses (Fig. 1E), loose stone walls surrounding farm yards
(Fig. 1F) and over a stone pile produced by a collapsing hut (=tukul).
ETs for larger areas comprised several LHSTs enclosed under a common net (hereafter tunnel-trap). Tunnel ETs covered areas greater
than 10 m2 (Fig. 2A). ETs for vertical soil river banks comprised multiple LHSTs supported by pegs driven into the soil bank and covered
in netting (Fig. 2B). In some cases, prior to placement of the LHSTs
and the net cover, approximately 50 cm of the soil river bank were
excavated to expose the more humid subterranean milieu (Fig. 2C).
2.4. Identiﬁcation of sand ﬂy species, gender, and age
Sand ﬂies were removed from the sticky straps using ﬁne watchmakers’ forceps and placed in 70% ethanol. They were mounted
in Hoyer’s medium with their heads separate from thoraces. Flies
were identiﬁed to species based upon cibarial and pharyngeal
armature as well as spermatheca of females and external genitalia
of males (Lewis, 1982). Age-grading of wild-caught male sand ﬂies
was performed based on the orientation of their external genitalia
(Fig. 2D–E). The external genitalia of male sand ﬂies rotate through
180◦ around the longitudinal body axis during the initial 16–24 h
of adult life (Moncaz et al., 2012).

2.1. Study sites
Kafta Humera Woreda (Western Tigray) – 14.17 19 N
36.37 18 E 600 m AMSL. The town of Humera is surrounded
by vast ﬁelds of sesame, sorghum and cotton. The Humera and
Metema districts comprise the largest and most important focus
of VL in Ethiopia affecting mostly migrant agricultural laborers
(Deribe et al., 2012; Hailu et al., 2007). Sand ﬂies were collected
during late November 2010 – early dry season, shortly after the
sesame and sorghum harvests.
Shiraro [=Sheraro]–Tehatay Adiabo Woreda (North Western
Tigray) – 14.17 19 N 36.37 18 E 1000 m AMSL. Rural area with a
stable population, considered an emerging focus of Kala Azar. Sand
ﬂies were collected during different periods between October 2011
and March 2013.
2.2. Putative breeding sites
Preliminary surveys (Fig. 1) identiﬁed several putative sand
ﬂy breeding sites in vertisols: (1) Trees (ﬁssures in bark, holes in
trunks and root systems of common woody species); (2) Cracked

2.5. Microclimatic and physicochemical soil parameters
Several abiotic soil parameters were monitored in putative
breeding sites to determine their potential suitability as breeding
sites. The volumetric water content (VWC) of the soil was measured
continuously under trees as well as in the open ﬁelds at different depths from the end of the rainy season (Sept. 2012) until mid
dry season (March 2013). Oxygen concentration in subterranean air
spaces was sampled periodically. Soil samples were taken for laboratory analyses of physicochemical parameters during mid-dry
season.
2.5.1. Monitoring of the soil microclimate
Temperature and relative air humidity (RH) sensors as well as
volumetric water content (VWC) sensors (Onset© S-THB-M002)
were buried 1 m from the trunk of a B. aegyptiaca tree within its
root system in partial shade of its canopy. A second set of sensors
was buried in an open ﬁeld 10 m away from the tree. Two sensors
each were buried at depths of 45 and 90 cm in both of these habitats. The wirings of the sensors were inserted into PVC tubes and
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Fig. 1. (A) Cracked vertisol in a fallow sesame ﬁeld during dry season. (B) Emergence traps deployed in a fallow Sorghum ﬁeld (cracked vertisol). (C) Emergence traps deployed
in a dry riverbed (cracked vertisol). (D) Emergence traps deployed around a Balanite tree (cracked vertisol, root system). (E) Emergence trap covering a Balanites aegyptiaca
trunk and base. (F) Emergence traps deployed in peridomestic habitats covering stone walls.

the sensors themselves were wrapped in a ﬁne iron mesh for protection. The sensors were plugged into data loggers (HOBO Micro
Station© ) (Fig. 3A). The combined systems comprising sensors and
data loggers were concealed in the ground (Fig. 3B).
Temperature, RH and water content were monitored continuously for six months, from late rainy season (September 2012) until
mid dry season (March 2013). Readings were registered by the data
loggers at 60 min intervals and downloaded onto a mobile computer. Mean daily maximum and minimum temperatures as well
as RH values were calculated for each sampling period.
To determine oxygen concentrations. Six sampling pits were
dug around a tree trunk, and six more in an open ﬁeld. The distal ends of 6 mm ﬂexible tubes were connected to air sampling
and equilibration chambers made of perforated 20-ml disposable
syringes. The sampling chambers were buried and the ﬂexible tubes
were connected to non-return valves to prevent mixing of air from
the subterranean space with atmospheric air. Half of the sampling
chambers were buried at a 45 cm and half at 90 cm (three replicas
for each habitat and depth). Air samples were drawn using a syringe
connected to the non-return valves. The ﬂexible tubes were protected by external PVC tubes. To prevent air exchange through the

protective PVC tube, it was sealed with mud. The air drawn into the
syringe was expelled into a chamber containing a sensor (Fourier©
Oxygen Sensor DT222A) (Fig. 3D). Data were collated and analyzed
by MultiLogPro data loggers (Fourier Education, Israel). Air samples
were drawn at 72, 82, 120, and 150 h after sealing the sensors in
the soil. Thereafter, samplings were conducted periodically during
the dry season.
2.5.2. Soil proﬁle characterization
Soil was sampled to a depth of 100 cm using a manual auger
during mid dry season (March 2013) in two vertisol plots previously monitored for sand ﬂy breeding using ETs. Both sites were
fallow Sorghum (Sorghum bicolor) ﬁelds, one was close to three
trees (two B. aegyptiaca, one Combretum molle), and another was
in an adjacent open area. Three samples were taken from each site.
Additional soil samples were taken from a peridomestic site with
clay loam texture. The soil cores were divided into 5 20 cm segments. Each segment was seal-packed and weighed. The samples
were weighed again prior to air drying to account for evaporation
during shipment and customs inspections. Thereafter, samples
were air dried and sieved to 2-mm diameter aggregates. Two
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Fig. 2. (A) A tunnel emergence trap deployed in a fallow Sesame ﬁeld (cracked vertisol, dry season). (B) Rodent burrow opening in a vertical dry-riverbank. (C) Emergence
trap deployed over eroded riverbank (cracked vertisol). (D) Immature Phlebotomus orientalis male with un-rotated external genitalia. Note the ventral orientation of the style
(arrow). (E) A mature P. orientalis male with fully rotated external genitalia. Note the dorsal orientation of the style (arrow) and the torsion between the two distal abdominal
segments (arrowheads).

samples from each segment were analyzed for abiotic parameters
and three additional ones for organic matter content. Hygroscopic
water content was measured by weight loss of air dried samples
upon drying in an oven at 105 ◦ C for 24 h (Reynolds and Clarke
Topp, 2007). Bulk density was measured by weighing sieved soil
packed into measuring cylinders (45 ml).
Electrical conductivity and pH were measured in soil extracts
of saturated pastes after equilibration for 2 h. Organic matter content was measured by weight loss on incineration at 400 ◦ C (8 h)
and reweighing. Soil texture was measured by sedimentation rates
using the hydrometer method (Day, 1965).

Analysis of Variance (ANOVA) was applied to determine the signiﬁcance of differences in physicochemical parameters between
habitats. Two Way ANOVA was used to determine the interaction between physicochemical parameters and the sampling depth.
Fisher’s exact test was carried out to compare and evaluate the
proportions of adult to immature male sand ﬂies in different habitats. All statistical analyses was carried out with GraphPad Prism 5
(http://www.graphpad.com/scientiﬁc-software/prism/).

3. Results
3.1. Sand ﬂies emerging from cracks in vertisols

2.6. Statistical methods
The sand ﬂy trap-yields in different habitats were normalized (log [n + 1]) (Downing, 1976) and tested for normality by
Kolmogorov–Smirnov Z test (K–S). Means of trap yields were compared using t test for data complying with normal distribution.
Otherwise, the Mann Whitney rank sum test was applied. One Way

ETs were deployed in vertisols in cultivated ﬁelds, dry riverbeds,
next to trees as well as over termite mounds. Depending on available resources the traps were left in place for one to three nights
continuously, totaling 282 trap/nights. In all, 54 P. orientalis were
trapped (an average of 0.19/trap/night, Fig. 4). Of these, 5 (9.3%)
were female, and 11 (20.4%) were immature males with un-rotated
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Fig. 3. (A) Temperature/RH and volumetric water content (VWC) sensors protected by a sealed PVC pipe and connected to a data logger. (B) Sensors and data logger in the
open pit prior to covering with soil. (C) Check-valve on the surface above an oxygen monitoring pit. (D) Data Logger, air sampling device and oxygen sensor inserted into
syringe (arrow) connected via a check-valve to the sampling chamber inside a sampling pit. The access tubes were sealed after sensors and tubing were in place.

genitalia (Fig. 2D). Dry-river banks in vertisols comprised the most
proliﬁc emergence sites (0.28 ± 0.25 sand ﬂies/trap/night). A relatively high proportion of immature males was recorded in one
shallow riverbed where 5 (31%) immature males were trapped. No
P. orientalis were found in Acacia woods near Humera, and none
were found exiting termite mounds (Fig. 4).
Twenty sand ﬂies were trapped in tunnel ETs covering 5 LHSTs
in fallow vertisols (Fig. 2A). One trap in the Sheraro district and one
in the Humera district (totaling 20 trap-nights). The mean catch
was 0.1 sand ﬂies/LHST/night (=0.5 sand ﬂies/tunnel trap/night)

A total of 61 P. orientalis were trapped by four ETs deployed over
10 m long sections of vertical river bank, from which the external
50-cm soil layer were removed by digging (Fig. 2C). Three of the
traps were deployed for three nights each while a single trap was
deployed for four nights continuously. Some 50% of the sand ﬂies
emerged on the second to fourth night (Fig. 5). The vast majority of
the ﬂies (95%) were male; of these 5 males (8.6%) were immature.
Six sand ﬂies, including four males and two females were
trapped by 9 ETs deployed next to trees over their root systems
in a mixed scrub forest comprising Acacia spp. and B. aegyptiaca
(0.67 sand ﬂies/trap/night).

Fig. 4. Phlebotomus orientalis captured in emergence traps in different habitats in
the Sheraro and Humera districts of northern Ethiopia.

Fig. 5. P. orientalis sand ﬂies captured emerging from cracks in vertisol river banks
near Sheraro, Ethiopia.
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3.2. Peridomestic habitats
Peridomestic habitats were generally characterized by sandy
clay loam soils. ETs were deployed in three villages: under trees
over their root systems, stone piles, loose stone walls surrounding
farms and dwellings, roofs made of logs and mud and piles of drying
manure. Traps were left for 1–4 nights (total 138 trap-nights). With
the exception of a single recently-eclosed male trapped emerging
near a B. aegyptiaca tree trunk, no sand ﬂies were trapped emerging
directly from root systems in these sandy clay loam soils. Furthermore, no sand ﬂies emerged from manure piles or mud roofs. Only
six P. orientalis females were trapped emerging from loose stone
walls.

3.3. Comparison between fallow vertisol ﬁelds and vertisols close
to trees
The study was conducted in a fallow Sorghum (vertisol) ﬁeld
near Sheraro with two B. aegyptiaca and a single Combretum molle
tree. Five ETs were deployed next to the trees, in partial shade of
their canopy. Six additional traps were deployed in the same ﬁeld
some 10 m away from the trees. To improve the yield of ETs, 6 W
incandescent light bulbs were suspended above the sticky surfaces
of the LHSTs. The traps were deployed for a single night. Fourteen,
male P. orientalis were trapped under the trees (2.8 per trap/night),
including 2 immature males (14.3%). Ten sand ﬂies were trapped
in the open ﬁeld (1.6 per trap/night), including 3 females (30%)
and 7 males. The difference between the traps next to trees and
exposed ﬁelds was not signiﬁcant (Mann Whitney test, P = 0.6224).
The difference in the proportion of immature to mature males was
not signiﬁcant either (Fisher’s exact test, P = 0.4928).
To determine the microclimatic conditions in the two sites,
temperature, relative humidity (RH) and volumetric water content
(VWC) were monitored continuously, and the percentage of oxygen in subterranean air pockets was measured periodically from
October 2012 (late rainy season) until February 2013 (mid dry season) (Fig. 7). The ﬁeld was covered with Sorghum plants when the
system was installed, but subsequent readings were taken after the
harvest when the soil had already dried and began cracking. During
the dry season the predominant plant cover comprised Xanthium
strumarium shrubs (90%) and Zizipus spina-christi shrubs (10%) as
well as scattered B. aegyptiaca trees (Fig. 6).
Pronounced temperature ﬂuctuations were recorded in the
open ﬁeld (±5 ◦ C at a depth of 45 cm and ±2 ◦ C at 90 cm). On the
other hand, average temperature ﬂuctuations close to trees in partial shade, did not exceeded ±2 ◦ C at both depths (45 cm and 90 cm).
Elevated RH values of 90–100% characterized the deep soil during the rainy and dry seasons. High RH was maintained at both
depths until early dry season. By mid dry season, RH at 45 cm had
decreased sharply but at 90 cm depth RH decreased only moderately (Table 1). The difference between the two depths was highly
signiﬁcant (Paired T test, P < 0.0001).

3.3.1. Oxygen concentrations
Mean oxygen concentrations in the airspace in vertisols during
the late rainy season, when the cracks were sealed were measured 72–150 h after sealing the sampling apparatus. The oxygen
concentration near a tree (13.5 ± 0.7%) was signiﬁcantly lower
(P < 0.001) than in the open ﬁeld (19.19 ± 0.6%) (Table 2). However,
the differences in oxygen concentrations at different depths were
insigniﬁcant (P = 0.7383, Fig. 7). Oxygen concentration measured
during the dry season, after cracks were formed in the soil, was
equal to atmospheric concentration (21%) in both sampling depth
and the two habitats.

Fig. 6. Sorghum ﬁeld with isolated trees (the experimental site during (A) late rainy
season, (B) early dry season and (C) mid dry season).

3.3.2. Continuous monitoring of volumetric water content (VWC)
The VWC of the soil near trees as well as in the open ﬁeld
decreased gradually from the late rainy season (September 2012),
throughout the early dry season (December 2012) (Fig. 8). The VWC
near the trees was lower than in the open ﬁeld, presumably due
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Table 1
Mean values of microclimatic parameters in vertisols during different seasons at two depths near tree trunks and in an open fallow ﬁeld.
Season

Shallow (45 cm)

Deep (90 cm)

Max daily
temp (◦ C)

Min daily
temp (◦ C)

Temp ﬂuctuations
Max–Min (◦ C)

RH (%)

Max daily
temp (◦ C)

Min daily
temp (◦ C)

Temp ﬂuctuations
Max–Min, (◦ C)

RH (%)

Area close to tree
Late rainy season
Early dry season
Mid dry season

25.9 ± 0.24
24.8 ± 0.5
26.7 ± 0.7

29.0 ± 0.26
25.7 ± 0.40
27.2 ± 0.48

0.09 ± 0.05
0.95 ± 0.38
0.51 ± 0.26

100
100
68.03 ± 6.76

26.0 ± 0.15
25.2 ± 0.52
25.9 ± 0.18

26.1 ± 0.19
25.3 ± 0.41
25.9 ± 0.14

0.05 ± 0.11
0.10 ± 0.17
0.51 ± 0.2

95.41 ± 4.97
90.23 ± 5.71
100

Open ﬁeld
Late rainy season
Early dry season
Mid dry season

28.8 ± 0.09
23.7 ± 0.40
30.0 ± 0.47

28.7 ± 0.11
22.5 ± 0.91
30.3 ± 0.24

0.13 ± 0.04
1.22 ± 0.60
0.38 ± 0.24

100
100
38.07 ± 8.19

27.9 ± 0.13
25.2 ± 0.24
27.5 ± 0.01

27.9 ± 0.08
25.1 ± 0.19
27.6 ± 0.02

0.05 ± 0.11
0.11 ± 0.14
0.03 ± 0.04

100
93.26 ± 6.93
65.85 ± 17.96

Table 2
Oxygen concentrations at different depths close to trees or in open ﬁeld vertisol plots. Measured at the end of the rainy season.
Close to tree
Depth of sampling (cm)
Oxygen content (%)

45
12.96 ± 3.47

Open ﬁeld
90
14.04 ± 3.52

45
20.04 ± 0.66

90
18.34 ± 3.93

uptake of water by the tree’s roots to compensate for transpiration.
The VWC values should be considered as approximate since, due to
technical constraints, the calibration was delayed to the end of the
experiment period, but the sensors were stolen and could not be
recalibrated.

3.4.3. Electrical conductivity
The electrical conductivity (compensated to 25 ◦ C) of saturated
paste soil extract, was relatively low. Neither the site, nor the
sampling depth affected the electrical conductivity signiﬁcantly
(Fig. 9B).

3.4. Characterization of the soil proﬁles in vertisols close to trees
and in fallow agricultural ﬁelds

3.4.4. Gravimetric water content (GWC)
GWC was signiﬁcantly higher in the open ﬁeld than near trees
and increased with depth signiﬁcantly (P < 0.05) (Fig. 9C).

3.4.1. Soil texture
The soil in the two sites was essentially the same vertisol and
the only differences were due to one site being near a perennial tree
and the other in a fallow ﬁeld in which annual crops were cultivated
for approximately 3–4 months per year. The clay content was >60%,
and sand fraction ranged between 12 and 15%. The soil in both sites
can be classiﬁed as clay soil.

3.4.5. Organic matter content
All samples were rich in organic matter and neither the site,
nor the sampling depth had a signiﬁcant effect on organic matter
content (Fig. 9D). This uniformity is probably due to the mixing
mechanism of vertisols, whereby topsoil and plant-derived particulate matter drop into cracks during the dry season and deep soil
is pushed upwards due to expansion, during the wet season.

3.4.2. Soil pH
The pH was moderately alkaline in both sites, but the mean pH
in the open ﬁeld (8.21 ± 0.16) was signiﬁcantly higher than that of
the near-tree plots (8.01 ± 0.16, P < 0.01). There was a notable albeit
non-signiﬁcant increase in pH with increased depth (Fig. 9A).

3.4.6. Micro-climatic conditions in cracks and burrows in
vertisols
Temperature, RH and oxygen content were monitored continuously for 24 h at depths of 20 cm and 40 cm in cracks, and 50

Fig. 7. Oxygen concentrations at different depths next to a tree and in an open fallow
vertisol ﬁeld. Measured at the end of the rainy season.

Fig. 8. Volumetric water content (VWC) at different depths close to tree trunks and
in open vertisol ﬁeld. Monitored over 80 days from late rainy season to early dry
season. Y axis, VWC was deﬁned as the volume of water per unit volume of dried
soil.
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Fig. 9. Physicochemical parameters of vertisol near a tree and in an open fallow ﬁeld at different depths: (A) pH; (B) Electrical conductivity; (C) In-ﬁeld gravimetric water
content (GWC); (D) Organic matter content.

Table 3
Temperature and relative humidity in vertisol cracks and rodent burrows.
Habitat
Vertical cracks
Horizontal burrows

Depth (cm)

Temp. range (C◦ )

RH range (%)

20
40

17.7–28.1
20.4–27.2

47.5–50.2
46.9–67.6

50
100

24.8–36.5
20.9–33.8

24.8–53.0
27.7–52.1

and 100 cm deep in horizontal burrows with openings in a vertical river bank. Temperatures in cracks decreased with depth
and became more stable. The temperatures ﬂuctuated in a similar
manner in both cracks and burrows but, the temperatures in burrows were higher (Table 3). Oxygen concentrations were standard
atmospheric (21%) at cracks and burrows for both sampling
depths.
3.4.7. Characterization of the soil proﬁles in peri-domestic areas
The soil comprised 72.5%, sand and 27.5% clay at all depths.
This composition classiﬁes it as sandy clay loam soil. The pH was
moderately alkaline (7.94 ± 0.1) and the electrical conductivity of
saturated soil paste extract (compensated to 25 ◦ C), was relatively
low (0.79 ± 01). The gravimetric water content (GWC) was relatively low at all depths, reaching 3.2% at 20–40 cm, 6.9% at 40–60 cm
and 6.4% at a depth of 60–80 cm. Organic matter content was lower
than vertisols, reaching an average of 3.63% at 20–40 cm depth,
2.25% at 40–60 cm depth and 2.44% at 60–80 cm depth.

4. Discussion
The association of Kala Azar with vertisols and P. orientalis its
vector with Acacia-Balanites scrub forest in Sudan and Ethiopia
has been noted in numerous studies (Elnaiem et al., 1999; GebreMichael et al., 2010; Hoogstraal and Heyneman, 1969; Tsegaw et al.,
2013). In northern Ethiopia much of the forest has been cleared and
supplanted by intensive, albeit seasonal agricultural production of
sesame sorghum and cotton. In our study, P. orientalis were trapped
using ETs deployed in vertisols over cultivated ﬁelds, dry river-beds
and river-banks as well as near the few remaining trees. Although
a relatively small number of sand ﬂies was caught emerging from
cracks in any particular location, once multiplied by the vast areas of
cultivated ﬁelds, it is clear that such ﬁelds afford breeding sites for
huge populations of P. orientalis. Indeed, ample evidence for dense
populations of this sand ﬂy was obtained in a previous study where
non-baited LHSTs deployed in fallow ﬁelds captured an average of
43 P. orientalis per trap per night (Moncaz et al., 2013). This ﬁnding is signiﬁcant in view of the fact that local inhabitants strongly
believe that the “cause” for VL is associated with Acacia woodlands
and tend to fell the few remaining A. seyal trees in order to combat
the disease. Our ﬁndings of large P. orientalis populations in open
fallow ﬁelds, suggest that such actions are futile.
Vertisols are characterized by high contents of smectitic clay
minerals that enhance swelling when wet and shrinkage upon
drying, thereby, causing extensive cracking during the dry season.
Moreover, wetting of the soil results in dispersal of clay particles causing vertisols to be highly sensitive to structure-altering
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processes such as intensive agriculture. The distribution of P.
orientalis in Ethiopia was shown to be associated with the presence
of smectite minerals (Gebre-Michael et al., 2004). In a study
performed in the Humera region, vertisols from cultivated ﬁelds
exhibited markedly more swelling upon wetting than undisturbed
vertisol in a nearby forest. Therefore, cracks in agricultural ﬁelds
were markedly wider and deeper than vertisol cracks in natural
savannah woodlands (Shabtai et al., 2014). As the cracks widen
and deepen in the dry season, remaining organic matter from the
harvested plants as well as manure from animals grazing on the
stubble, fall through the cracks to the deeper layers where high
humidity and stable temperatures are maintained throughout
the dry season (Table 1). Rodents in the ﬁelds use vertisol cracks
for shelter and presumably for building their nests. Plant derived
compost mixed with rodent feces inside dark, humid habitats with
stable temperatures, probably provide optimal conditions for sand
ﬂy larvae (Feliciangeli, 2004) sand ﬂies.
Sand ﬂies tend to ﬂy close to the ground to avoid being swept
by strong winds (Killick-Kendrick, 1999). Presumably for the same
reason they frequently use riverbeds as ﬂight corridors and are
more numerous in depressions in the landscape than in open areas
(Moncaz, Warburg, unpublished). In our study, the number of P.
orientalis trapped emerging from cracks in riverbanks exceeded
those trapped in cultivated ﬁelds or near trees (Fig. 4). It is conceivable that sand ﬂies that travel through riverbeds select cracks
and burrows in their banks for resting and breeding.
Habitats favored by sand ﬂies were documented in tree hollows
in northern Nigeria and Kenya (Asimeng, 1992; Basimike et al.,
1992). In Bihar India, large numbers of P. argentipes were captured in the canopies of Palmyra palms (Poché et al., 2012). The
abundance of phlebotomine sand ﬂies larvae in leaf litter on the
forest ﬂoor in Brazil close to tree bases was signiﬁcantly higher
than in open sites (Alencar et al., 2011). Finally, the association
of P. orientalis with different vegetation types was demonstrated
in Sudan where dense populations were associated with A. Seyal
woodland (Elnaiem et al., 1999). In our study, more sand ﬂies were
captured close to trees than in open vertisol ﬁelds. These were
most commonly B. aegyptiaca trees left in the ﬁelds as shelters for
the workers (Table 1). It is worth noting that tree-related habitats were also more suitable than open vertisol for Sergentomyia
spp., 2568 (513.6 ± 180.4/trap-night) of which were trapped by
the ETs deployed near the trees, while only 383 Sergentomyia spp.
(63.8 ± 29.4/trap-night) were trapped in the open ﬁeld (Moncaz
et al., 2014).
Oxygen concentrations measured during the end of the rainy
season when cracks were sealed, were markedly lower near trees
than in open areas (Table 2). This may have resulted from respiration of aerobic microbiota developing in decaying roots or other
tree-derived organic matter (Garcia et al., 2005). Such composting
organic matter could potentially afford suitable nourishment for
sand ﬂy larvae as well (Feliciangeli, 2004). Mildly hypoxic conditions under trees are not expected to affect breeding since during
the rainy season larvae are in diapause and require less oxygen.
Soil pH was signiﬁcantly lower close to trees probably due to the
release of acidic exudates in the rhizosphere of the trees’ extended
root system (Bertin et al., 2003). Apparently the crucial difference
between the two habitats was the RH in air pockets in the soil. During the dry season, RH dropped in the un-shaded vertisols to 38%
but remained 68% near trees (Table 1). The low RH measured in the
open ﬁeld in summer would render shallow depths unsuitable for
sand ﬂy larvae.
Proximity to root systems may be beneﬁcial for sand ﬂies
because the girth of the cracks is normally reduced due to tree
roots holding the soil together (Virgo, 1969). Moreover, enhanced
drying of the soil by the trees transpiration and water consumption tends to promote formation of deeper cracks (Zein el Abedine
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and Robinson, 1971). Reduced desiccation from narrow deep cracks
maintains elevated RH in and around root systems promoting ideal
conditions for sand ﬂy larvae. Indeed, concurrently with the P. orientalis sand ﬂies, we captured in the same ETs substantially larger
numbers (total of 2568) of emerging Sergentomyia spp. Of these,
almost 90% were trapped under trees, while only 10% were trapped
in open ﬁelds (Moncaz et al., in preparation)
The characteristic cracks of dry vertisols are completely sealed
during the rainy season and the surface is frequently ﬂooded. Concurrently, adult P. orientalis sand ﬂies all but disappear during
the rainy season (data not shown). Presumably, subterranean air
pockets remain where sand ﬂy larvae and perhaps even diapausing adults endure these unfavorable conditions. In support of this
hypothesis, adult P. orientalis resume activity only ∼2 months after
the rains have subsided and vertisol cracks re-open (A. Gebresellassie and T. Gebre-Michael, un-published).
We conclude that in our study areas P. orientalis breed in deeply
cracked vertisols in open ﬁelds and tree-related habitats. The elevated temperatures and reduced RH values in open ﬁelds during the
dry season are the probable limiting factors for sand ﬂy breeding,
while the availability of organic matter derived from composting (dead) roots, animal feces and stubble falling into deep cracks
are a probable factor promoting sand ﬂy breeding close to trees
(Coulombe et al., 1996). Cracks in river banks appear to be especially
suitable, perhaps because higher humidity is maintained during the
dry season.

Acknowledgments
This study was supported by the Bill and Melinda Gates Foundation Global Health Program (grant number OPPGH5336). We
gratefully acknowledge the expert assistance of Tsila Aviad in analyzing soil samples. We also thank Mr. Kiﬂom Degne and Mr. Henok
Tekie for their assistance with the collection of soil samples, and Mr.
Aysheshm Kassahun for his assistance in obtaining the permits to
export the soil samples.

References
Abbasi, I., Aramin, S., Hailu, A., Shiferaw, W., Kassahun, A., Belay, S., Jaffe, C., Warburg,
A., 2013. Evaluation of PCR procedures for detecting and quantifying Leishmania
donovani DNA in large numbers of dried human blood samples from a visceral
leishmaniasis focus in Northern Ethiopia. BMC Infect. Dis. 13, 153.
Alencar, R.B., De Queiroz, R.G., Barrett, T.V., 2011. Breeding sites of phlebotomine
sand ﬂies (Diptera: Psychodidae) and efﬁciency of extraction techniques for
immature stages in terra-ﬁrme forest in Amazonas State, Brazil. Acta Trop. 118,
204–208.
Alvar, J., Vélez, I.D., Bern, C., Herrero, M., Desjeux, P., Cano, J., Jannin, J., den Boer, M.,
2012. Leishmaniasis worldwide and global estimates of its incidence. PloS ONE
7, e35671.
Asimeng, E., 1992. Natural habitats of Phlebotomine sandﬂies in Northern Nigeria.
Insect Sci. Appl. 13, 113–119.
Basimike, M., Mutinga, M., Kumar, R., 1992. Habitat preference and seasonal variations of Phlebotomine sandﬂies (Diptera, Psychodidae) in Marigat Area, Baringo
District, Kenya. Insect Sci. Appl. 13, 307–314.
Bertin, C., Yang, X., Weston, L., 2003. The role of root exudates and allelochemicals
in the rhizosphere. Plant Soil 256, 67–83.
Bettini, S., 1989. Sandﬂy breeding-sites. Life Sci. 163, 179–188.
Casanova, C., Andrighetti, M.T., Sampaio, S.M., Marcoris, M.L., Colla-Jacques, F.E.,
Prado, A.P., 2013. Larval breeding sites of Lutzomyia longipalpis (Diptera: Psychodidae) in visceral leishmaniasis endemic urban areas in Southeastern Brazil.
PLoS Negl. Trop. Dis. 7, e2443.
Coulombe, C.E., Wilding, L.P., Dixon, J.B., 1996. Overview of vertisols: characteristics
and impacts on society. In: Donald, L.S. (Ed.), Advances in Agronomy. Elsevier
Holland, pp. 289–375.
Day, P., 1965. Particle fraction and particle-size analysis. In: Black, C. (Ed.), Methods
of Soil Analysis. Agron. Monogr. ASA, Madison, WI.
Deribe, K., Meribo, K., Gebre, T., Hailu, A., Ali, A., Aseffa, A., Davey, G., 2012. The burden of neglected tropical diseases in Ethiopia, and opportunities for integrated
control and elimination. Parasit. Vectors 5, 240.
Downing, J.D., 1976. Statistical analysis and interpretation of mosquito light trap
data. Proc. New Jersey Mosquito Control Assoc. 63, 127–133.

14

A. Moncaz et al. / Acta Tropica 139 (2014) 5–14

Elnaiem, D.A., Hassan, H.K., Ward, R.D., 1999. Associations of Phlebotomus orientalis
and other sandﬂies with vegetation types in the eastern Sudan focus of kala-azar.
Med. Vet. Entomol. 13, 198–203.
Elnaiem, D.E.A., 2011. Ecology and control of the sand ﬂy vectors of Leishmania donovani in East Africa, with special emphasis on Phlebotomus orientalis. J. Vector Ecol.
36, S23–S31.
Feliciangeli, M.D., 2004. Natural breeding places of Phlebotomine sandﬂies. Med. Vet.
Entomol. 18, 71–80.
Garcia, C., Roldan, A., Hernandez, T., 2005. Ability of different plant species to promote microbiological processes in semiarid soil. Geoderma 124, 193–202.
Gebre-Michael, T., Balkew, M., Berhe, N., Hailu, A., Mekonnen, Y., 2010. Further
studies on the Phlebotomine sandﬂies of the kala-azar endemic lowlands of
Humera-Metema (north-west Ethiopia) with observations on their natural
blood meal sources. Parasit. Vectors 3, 6.
Gebre-Michael, T., Malone, J., Balkew, M., Ali, A., Berhe, N., Hailu, A., Herzi, A.,
2004. Mapping the potential distribution of Phlebotomus martini and P. orientalis
(Diptera: Psychodidae), vectors of kala-azar in East Africa by use of geographic
information systems. Acta Trop. 90, 73–86.
Hailu, A., Gebre-Michael, T., Berhe, N., Balkew, M., 2007. Leishmaniasis in Ethiopia.
In: Berhane, Y., Kloos, H., Haile, D. (Eds.), The Ecology and Epidemiology of Health
and Disease in Ethiopia. , 1st ed. Addis Ababa, pp. 615–634.
Hanson, W., 1961. The breeding places of Phlebotomus in Panama (Diptera, Psychodidae). Ann. Entomol. Soc. Am. 54, 317–322.
Hoogstraal, H., Heyneman, D., 1969. Leishmaniasis in the Sudan Republic: 30. Final
epidemiologic report. Am. J. Trop. Med. Hyg. 18, 1091–1210.
Killick-Kendrick, R., 1999. The biology and control of phlebotomine sand ﬂies. Clin.
Dermatol. 17, 279–289.
Kirk, R., Lewis, D., 1955. Studies in leishmaniasis in the anglo-EGyptian Sudan. XI.
Phlebotomus in relation to leishmaniasis in the Sudan. Trans. R. Soc. Trop. Med.
Hyg. 49, 229–240.
Lewis, D., 1982. A taxonomic review of the genus Phlebotomus (Diptera: Psychodidae). Bull. Br. Mus. Nat. Hist. (Ent.) 45, 121–209.

Maroli, M., Feliciangeli, M.D., Bichaud, L., Charrel, R.N., Gradoni, L., 2013. Phlebotomine sandﬂies and the spreading of leishmaniases and other diseases of
public health concern. Med. Vet. Entomol. 27, 123–147.
Moncaz, A., Faiman, R., Kirstein, O., Warburg, A., 2012. Breeding sites of Phlebotomus
sergenti, the sand ﬂy vector of cutaneous leishmaniasis in the Judean Desert.
PLoS Negl. Trop. Dis. 6, e1725.
Moncaz, A., Gebresilassie, A., Kirstein, O., Faiman, R., Gebre-Michael, T., Hailu, A.,
Warburg, A., 2013. Attraction of phlebotomine sand ﬂies to baited and nonbaited horizontal surfaces. Acta Trop. 126, 205–210.
Moncaz, A., Gebresilassie, A., Kirstein, O., Faiman, R., Gebre-Michael, T., Hailu, A.,
Warburg, A., 2014. Sergentomyia spp.: breeding sites in vertisols and peridomestic habitats in North West Ethiopia. Acta Trop. 137C, 88–94.
Poché, R.M., Garlapati, R., Elnaiem, D.E.A., Perry, D., Poché, D., 2012. The role of
Palmyra palm trees (Borassus ﬂabellifer) and sand ﬂy distribution in northeastern
India. J. Vector Ecol. 37, 148–153.
Reynolds, W.D., Clarke Topp, G., 2007. Soil Water Analysis, 2nd ed. CRC Press for the
Canadian Society of Soil Science, Boca Raton, FL.
Shabtai, I., Shenker, M., Edeto, W., Warburg, A., Ben-Hur, M., 2014. Effects of land use
on structure and hydraulic properties of Vertisols containing a sodic horizon in
northern Ethiopia. Soil Tillage Res. 136, 19–27.
Singh, R., Lal, S., Saxena, V.K., 2008. Breeding ecology of visceral leishmaniasis vector
sandﬂy in Bihar state of India. Acta Trop. 107, 117–120.
Tsegaw, T., Gadisa, E., Seid, A., Abera, A., Teshome, A., Mulugeta, A., Herrero, M.,
Argaw, D., Jorge, A., Aseffa, A., 2013. Identiﬁcation of environmental parameters
and risk mapping of visceral leishmaniasis in Ethiopia by using geographical
information systems and a statistical approach. Geospat. Health 7, 299–308.
Virgo, K., 1969. Soil structure in Vertisols of the Blue Nile clay plains, Sudan. J. Soil
Sci. 20, 189–206.
Volf, P., Volfova, V., 2011. Establishment and maintenance of sand ﬂy colonies. J.
Vector Ecol. 36 (Suppl. 1), S1–S9.
Zein el Abedine, A., Robinson, G.H., 1971. A study on cracking in some vertisols of
the Sudan. Geoderma 5, 229–241.

