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Abstract

To what extent birds provide the ecosystem service of pest control in subsistence farms,
and how this service might depend on retained natural habitats near farmlands is unex-
plored in West Africa. To fill this knowledge gap, we placed plasticine mimics of insect pests
on experimentally grown crops on the Mambilla Plateau, South Eastern Nigeria. We
recorded bird attacks on the mimics and the proportion of mimics removed by birds. We also
determined the influence of distance of crops from forest fragments on both attack and
removal rates. We placed 90 potted plants of groundnut (Arachis hypogea) and bambara
nut (Vigna subterranea) along 15 transects running 4.5 km from forest edge into open grass-
land. Each plant had six of the 540 mimics in total placed on their leaves. We inspected the
potted plants weekly for 12 weeks to record (i) the presence of bird beak marks on mimics,
and (ii) the number of missing mimics. Once a week we collected all the mimics from the
plants and counted the number of assumed beak marks. After counting we replaced the
mimics on the plants, mark free. We found a strong positive correlation between the abun-
dance of insectivorous birds and the mean number of missing mimics and/or bird attack
marks on mimics. However, this positive effect of insectivorous bird abundance on prey
mimic attack/removal became less strong the farther they were from a forest fragment. We
found increased predation rates and abundance of insectivorous birds closer to forest frag-
ments. Our data suggest that pest predation may be a key ecosystem service provided by
insectivorous birds on Nigerian farmlands. Farmlands that are closer to forest fragments
may experience a higher rate of pest control by insectivorous birds than those further away,
suggesting that retaining forest fragments in the landscape may enhance pest control ser-
vices in sub-Saharan subsistence farms.

Introduction

Across Africa, subsistence farming, whereby farmers produce food sufficient only for their
own use, is the most widespread type of agriculture. This is especially so in West Africa, where
most farms range between 1-5 ha [1] and are located in rural areas, typically scattered within
savannah or forest habitats. While historically there was some sort of equilibrium between
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Competing interests: The authors have declared cleared to create more farmland. Forests are increasingly fragmented and woody corridors
that no competing interests exist. linking forest fragments are being destroyed [3, 4]. This land use change has a plethora of neg-

ative effects on the natural environment, including reduced biodiversity and genetic diversity
[5]. Fenta et al. [6] quantified this loss of ecosystem service provision in natural African land-
scapes and warned of the negative long-term effects of such loss on climate regulation and
nursery services.

The value of birds in controlling insect pests, and of forest fragments in maintaining bird
populations is acknowledged in tropical agroecosystems [7-9]. However, to what extent birds
positively control insect pest in African subsistence farms remains mostly unknown. Many
farmers perceive birds as pests [10, 11]. Thus, it is extremely important that the net effect of
birds as insect predators in farmlands is quantified. If the economic impact of bird predation
in controlling insect pests is positive, farmers will benefit by ensuring they manage their farm-
land in ways which provide for bird habitat [12]. A vital first step in the process must be quan-
tifying the ecosystem services birds provide.

Across Africa, insect pests threaten both food security and farmers’ income [13-16],
accounting for almost 58% of food insecurity in West Africa [16, 17]. Subsistence farmers are
especially vulnerable and suffer significant loss of yield from pre-harvest insect pests [18-21].
The Lepidopteran stem borer (Noctuidae: Busseola fusca) and the fall armyworm (Noctuidae:
Spodoptera frugiperda) are key pests, accounting for up to 75% of crop yield losses [22-26].
More specifically, in Nigeria about 30% of cocoa yield loss is caused by the brown cocoa mirid
(Miridae: Sahlbergella singularis) [27].

Despite their negative effects, African subsistence farmers rarely control crop pests because
of lack of availability and/or cost of pesticides [16, 28]. Moreover, the use of chemicals is prob-
lematic; insecticides are commonly applied without regard to safety precautions [13], with
major implications for human health, the ecosystem and the environment [29]. The regular
use of pesticides can lead to pest resistance [30], harm insect pollinators and destroy food
resources of insect predators such as birds [31-33].

An alternative to the use of pesticides is natural pest control and insectivorous birds, for
example, provide an economically and environmentally sound alternative in many systems
[31, 32, 34, 35]. In both temperate and tropical locations [9, 36-38] predation of pests by birds
can substantially benefit crop plants [7, 39, 40]. Zhang et al. [16] estimate this service to add
between 100-400 billion USD per annum to the world’s economy. In Costa Rica, Karp et al.
[8] showed birds were directly responsible for an increase in coffee yield worth US$310 ha™
through predating the coffee berry borer (Hypothenemus hampei). Tropical studies have
repeatedly linked the success of birds as predators of insect pests in agricultural landscapes
with native forest proximity [8, 33, 41-43]; birds use forest fragments as sites for breeding,
hibernation and roosting [44]. Thus, maintaining forest fragments within an agricultural land-
scape may help improve insect pest control services by birds. For example, in Central Sulawesi,
the lemon-bellied white-eye (Zosterops chloris) occurs in both coffee plantation and forest hab-
itats [9]. It plays an important role in suppressing insect pests in the coffee plantation, and con-
trol is enhanced by the plantation’s proximity to forest [41].

The agricultural landscape in south-eastern Nigeria consists of a mosaic of small subsistence
farms with annual crops such as maize (Zea mays), groundnuts (Arachis hypogea) and bam-
bara nuts (Vigna subterranea), with patches of forest at varying distances from the crop fields
[45]. Groundnuts are a major source of food and cooking oil in Nigeria [46, 47] and across
West Africa, and often generate income for women [48]. In Nigeria, insect pests can reduce
groundnut yield by up to 40% [49], although a loss of between 10-20% is the norm [48]. Foliar
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pests leading to these reductions in crop yield include the (Scarabaeidae: Lachnosterna quer-
cina), false wireworms (Tenebrionidae: Gonocephalum spp.) and groundnut hopper (Cicadelli-
dae: Hilda patruelis; [47, 48, 50, 51]). But given evidence from other tropical systems, these
subsistence landscapes may harbour insectivorous bird species in forest patches that may
reduce invertebrate pests of crops and thus benefit farmers. Moreover, as many forest birds
may not fly far from forest [52], the efficacy of control may be influenced by the proximity of
farm to forest. If this is the case it is essential for conservation that this is known to farmers.

Quantifying pest control by birds is difficult because birds forage quickly and most preda-
tion leaves no trace [53]. One method is to attach plasticine prey mimics (e.g., caterpillars) to
crop plants and record their removal rate from the plants and/or the number of attack marks
left behind in the plasticine [54-57]. Different coloured plasticine can be shaped to resemble
specific prey species [58, 59], and predators can be determined, at least to a higher taxanomic
level, by the marks they leave behind [58-60].

Here, we use artificial plasticine models in West African subsistence farmlands to test if: i)
crop pests are attacked by insect-eating bird abundance and ii) this predation rate depends on
the proximity of farmland to forest fragments. We made two main predictions:

1. Predation rate (bird attack marks or missing pest mimics) will i) correlate positively with
insectivore abundance, and negatively with distance to forest fragments, and ii) the strength
of the positive effect of bird abundance on predation rates will decrease with increasing dis-
tance from forest fragments.

2. Insect-eating bird abundance will correlate negatively with increasing distance to a forest
fragment.

Materials and methods
Study area

Our study area is located within and beyond the Ngel Nyaki forest reserve [61], along the
north-western escarpment of the Mambilla plateau in Taraba State (7.16°N, 11.66°E), south-
eastern Nigeria (Fig 1A). It includes Yelwa village and is close to Nigerian Montane Forest
Project (NMFP) field station. The plateau, with an average elevation of 1,600 m is characterised
by gently undulating hills mostly covered in overgrazed Sporobilis grassland [61]. Small forest
fragments, mostly degraded and grazed by cattle, line the side of streams. Ngel Nyaki forest,
about 7.2 km? in area is the largest stand of submontane forest on the plateau. It is confined to
the steep slopes of an ancient volcano, with the tops of trees adjacent to the grassland (Fig 1B)
and is rich in bird and animal life [61]. Small subsistence farms surround Yelwa village and
spread out along the bottom of stream-side valleys. Annual crops include maize, groundnuts,
bambara nuts, ginger (Aframomum melegueta), kidney beans (Phaseolus vulgaris), potatoes
(Solanum tuberosum) and yam (Dioscorea rotundata). The Mambilla plateau has a distinct wet
(April-September) and dry season (October-March) with a mean annual rainfall from 1600-
2000 mm [62]. The minimum average monthly temperature ranges from 15.5-18.5 “C and the
maximum from 27.5-30.5 °C [61].

Experiments

We used groundnuts and bambara nuts as our focal crop species because they are common on
the Mambilla plateau and are widespread across the savanna regions of Africa [45, 50, 63].

We bought seeds of bambara nuts and groundnuts from Nguroji village local market and
planted into garden-soil-filled polypots measuring 32 x 40 cm in the nursery of the Nigerian
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Fig 1. The study area. (A) Map of Nigeria and the location of the experimental site on Mambilla Plateau, Nigeria. (B)
The study landscapes.

https://doi.org/10.1371/journal.pone.0255638.9001

Montane Forest Project (Fig 2A). Each seed species was planted into 45 polypots making a
total of 90 polypots (three seeds/bag). The seeds were protected from birds and rodents using a
cage of wire netting with pore size of 0.8 mm x 1.2 mm. The seeds germinated approximately
10 days after sowing, with germination of all seeds complete after 15 days. Three weeks after
planting, we moved them into 10 farmlands and placed them along 15 line transects, with each
transect measuring 300 m, making a total of 4500 m of transects. Five farmlands had two tran-
sects each and the other five farmlands had one transect each, depending on the size of farm-
land. The distance between transects was at least 150 m. We placed one groundnut plant and
one bambara nut plant in each section, with a minimum increasing distance of 50 m across
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Fig 2. Experimental set-up. (A) seeds of groundnuts and bambara nuts planted into polypots. (B) Experimental set up in farmlands; six crop plants were placed in each
transect (i.e., three replications for each crop species). (C) Mimics placed on crop plant.

https://doi.org/10.1371/journal.pone.0255638.9002

sections. In total, six crop plants (i.e., three replications for each crop species) were placed in
each transect (Fig 2B).

To estimate bird predation rates, we used plasticine, a non-toxic putty-like modelling mate-
rial (Newplast, UK). We made plasticine mimics of brown and green caterpillars, grey beetles
and grey larvae as baits for birds [37, 60, 64, 65]. The colours and shape of the plasticine mim-
ics resembled as closely as possible insect species we had found on the crop plants in the fields.
We tried three different prey types to maximise the chance that at least one of the mimic types
was considered as prey. At the end of the experiment there was found to be no difference in
predation rates across mimic type: inclusion of prey type in the models had no significant
effect (footnotes to the models in Tables 1 and 2). Caterpillars, beetles and larvae were all made
to the same size; diameter 3.5 mm and length 25 mm and as close to the shape of their real-life
counterparts as possible. We then attached the mimics to the plant leaves using UHU all-pur-
pose adhesive glue (Fig 2C). We randomly placed six mimics on the leaves of each experimen-
tal crop plant, one mimic per leaf, amounting to a total of 540 mimics. We note that placing
mimics on every plant may not be ideal. For example, birds have a good learning ability so
may learn that the mimics are not prey [37, 54, 66]. We monitored the mimics daily for 12
weeks along transect sections (three transects per day) to record bird attack marks and/or the
number of missing mimics. At the end of each week, all mimics were collected for identifica-
tion of bird predation marks, then remoulded into prey shapes and replaced on the crop
plants. Bird attack marks were identified under a magnifying hand lens. Artificial mimics were
considered predated if they had a distinct beak mark that looked like a bird attack mark, or
they were missing. If an entire pest mimics was removed from the plant, we considered it bird
predation, because most vertebrate attacks on artificial caterpillars are by birds [54], and pred-
atory arthropods (e.g., wasps and other insects) may be unable to remove an entire mimics

Table 1. Model 1A. The relationship between bird attack marks on pest mimics and insect-eating bird abundance, and distance to a forest fragment. The model also tests
how the relationship between bird attack marks and bird abundance depends on distance to a forest fragment.

Variables Estimate SE t p
(Intercept) 3.47 0.29 12.14 <0.001
Distance —0.00044 0.00010 —4.57 <0.001
Insect-eating bird abundance 0.081 0.013 6.12 <0.001
Distance* Insect-eating birds -0.000019 0.000010 -1.87 0.063

Note. Full model; Bird attack marks = insect-eating birds + distance + insect-eating birds*distance, random = ~1|section, method = "ML". Significant p-values are given
in bold. Pest mimic type was not significant when added to this model: Green mimics -0.064 + 0.17, t = -0.4, P = 0.70; grey mimics -0.066 + 0.17, t = -0.4, P = 0.70,
brown mimics set to the intercept.

https://doi.org/10.1371/journal.pone.0255638.t001
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Table 2. Model 1B. The relationship between number of missing pest mimics and insect-eating bird abundance, distance to a forest fragment. The model also tests how
the relationship between missing pest mimics and bird abundance depends on distance to a forest fragment.

Variables

(Intercept)

Distance

Insect-eating bird abundance

Distance* Insect-eating birds

Estimate SE t P

0.85 0.43 1.98 0.052
0.00022 0.00019 1.16 0.248
0.085 0.023 3.67 0.005
—0.000028 0.000011 -2.52 0.014

Note. Full model; Missing pest mimics = insect-eating birds + distance + insect-eating birds* distance, random = ~1|section, method = "ML". Significant p-values are

given in bold. Pest mimic type was not significant when added to this model: Green mimics 0.024 + 0.26, t = 0.09, P = 0.92; grey mimics -0.08 + 0.25, t = -0.3, P = 0.76,

brown mimics set to the intercept.

https://doi.org/10.1371/journal.pone.0255638.t002

from plant, only pieces of the mimics, due to the glued portion of mimics [67]. Therefore, we
considered all missing caterpillars to have been predated by birds, although we cannot exclude
the possibility that some were removed by other taxa such as mammals.

To determine insectivorous bird abundance, we conducted 10-minute point counts of birds
in each section of the 4500-m transect. In each section, survey points were located a minimum
of 50 m apart and spatially overlapped with the plasticine mimics’ placement area following
the methodology of Roels et al. [58]. Each section was surveyed four times per week by the
same observers between 6:30 am and 10:30 am. During each survey, all birds detected by sight
or sound within a 25-m radius were recorded. Birds flying through or over the count circle
were not counted. Following the methodology of Wattel [68], all bird species that included
insects as part of their diet, even though insects may not be a primary component of their diet,
were included in the dataset. Thus, all species used for analysis were species that are capable of
eating insects the size of our artificial mimics.

Statistical analysis

We used linear mixed-effects models (LMMs) in R statistical software [69] to test i) whether
the rate at which the mimics were attacked or removed by birds depended on abundance of
birds, and ii) whether proximity to forest fragment affected the predation rate (i.e., number of
bird attack marks or missing pest models).

The response variable was calculated per plant as the sum of all marks, or removed mimics,
across all six mimics per plant. This gave an approximately normally distributed response vari-
able, with most plants having some evidence of predation, and few with zero, so a Gaussian
error distribution was assumed: the residuals from the final model were reasonably normally
distributed.

We modelled the bird attack marks on pest mimics as a function of abundance of insect-
eating birds (Model 1A); section (i.e. section of each transect) was included as a random effect
because of how the experiment was designed, with distance from forest fragments and insect-
eating bird abundance as a fixed effect, and included the interaction between distance from
forest fragment and insect-eating bird abundance, to test whether the relationship between
predation rate and distance was dependent on the presence of birds.

Our rationale was that if insect-eating birds are an important component of crop—pest
predators, then we would expect higher predation rates to be associated with higher abun-
dances of insect-eating birds. Moreover, if proximity to forest fragments increases the preda-
tion rate effect of insect-eating birds, then we would expect this effect to decrease with
increasing distance from forest fragments (that is, a negative interaction between distance and
insect-eating bird abundance). We graphically checked adequacy of models using model
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diagnostics plots. There was no evidence of non-linear effects (that is quadratic or logarithmic
treatment of predictors did not improve model fits).

We constructed a second model using Model 1A but without distance, to test for an overall
main effect of insect-eating bird on predation rates (Model 2A).

We constructed a third model using Model 1A but without abundance of insect-eating
birds to test for an overall effect of proximity of the forest on predation rates (Model 3A).

Models 1B, 2B & 3B: We repeated each of the three models (1A, 1B and 1C) with the alter-
native index of predation rate—missing mimics (count of mimics that were not found).

We used a GLMM to test if forest proximity affected the abundance of insect-eating birds
(Model 4). We modelled insect-eating bird as a function of distance from forest fragment; sec-
tions were included as random effects, with distance as a fixed effect.

Results

In total, we recorded 1297 attack marks on pest mimics over the 12 weeks of our study, of
which 1258 (97%) were bird attack marks (some of the mimics had more than one bird attack
marks) and 39 (3%) were unidentified. One hundred and fifty-seven mimics were missing
(15% of the total mimics). Eighty-six (8% of the total mimics) were damaged in a way that was
unlikely to be related to bird predation and these were not included in the analyses. A total
number of 4511 insect-eating birds were recorded from 97 species across the 15 transects (S5
Table). The 10 most abundant species or species groups were the family Cisticolidae (715),
common bulbul Pyconotus barbatus (378), African stonechat Saxicola torquatus (291), bronze
mannikin Spermestes cucullate (289), common fiscal Lanius collaris (282), little bee-eater

75
é 200m .
£
s
2 5.01 .
(1]
=
o = - .
m: 2.5 4200m
0.01
0 10 20 30

Insect-eating bird abundance

Fig 3. How the relationship between bird attack rates on prey mimics with insect-eating bird abundance varies
with distance from a forest fragment. We estimated the predicted values from model in Table 1 and plotted the
predicted lines. Crop was set to A and the colour to brown, and we plotted three separate lines for close distance at
200m, intermediate distance at 2200m and a far distance at 4200m. The gradient becomes less steep away from the
forest fragments, showing that the positive effect of insect-eating bird abundance on prey mimics depends on
proximity to forest.

https://doi.org/10.1371/journal.pone.0255638.g003
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Fig 4. The relationship between bird attack marks on pest mimics and distance of crops from forest fragments.
Predicted lines are plotted from the model in S2 Table.

https://doi.org/10.1371/journal.pone.0255638.g004

Merops pusillus (243), whinchats Saxicola rubetra (190), rufous-naped lark Mirafra africana
(137), northern grey-headed sparrow Passer griseus (123) and yellow-throated longclaw
Macronyx croceus (121). Together, these 10 species represent 56% of the total individuals
recorded.

The number of bird attack marks on the mimics increased with insect-eating bird abun-
dance, but this positive relationship became weaker the further from the forest fragments
(Table 1, Fig 3). We found a strong positive main effect of insect-eating bird abundance when
not controlling for distance (S1 Table) and a strong negative effect of distance when not con-
trolling for insect-eating bird abundance (S2 Table, Fig 4).

This pattern was broadly the same for missing pest mimics. The number of missing pest
mimics (as an index of predation rate on pest mimics) increased with increased insect-eating
birds but again, this positive relationship becomes weaker further from the forest fragments
(Table 2, Fig 5). We found a strong average positive main effect of insect-eating bird abun-
dance when not controlling for distance (53 Table) and a strong negative effect of distance
when not controlling for insect-eating bird abundance (54 Table, Fig 6).

The abundance of insect-eating birds decreased as distance from a forest fragment
increased (Table 3, Fig 7).

Discussion

Our study fills crucial knowledge gaps around the role of birds in pest control and insight into
the value to farmers of their maintaining trees in subsistence farm landscapes by providing the
first quantitative evidence for insectivorous birds probably providing pest control services to
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Fig 5. How the relationship between missing prey mimics and insect-eating bird abundance varies with distance
from a forest fragment. We estimated the predicted values from model in Table 2 and plotted the predicted lines.
Crop was set to A and the colour to brown, and we plotted three separate lines for close distance at 200m’,
intermediate distance at 2200m’ and a far distance at ‘4200m’. These lines show how the gradient becomes less steep
further away from the forest fragments.

https://doi.org/10.1371/journal.pone.0255638.9005

crops in West African subsistence farmlands. We found that bird predation on pest mimics
significantly increased with increasing abundance of insect-eating birds. Our results suggest
that birds within this Nigerian forest-agricultural landscape make a strong contribution
towards ecosystem services [34]. This is particularly important for subsistence farmers, who
have limited economic access to external resources [16] and are constrained by the cost and
availability of insecticides [70, 71].

Our observations are in line with other studies in tropical agroforestry systems [9, 41, 58,
72], which showed a strong correlation between insectivorous bird abundance and bird preda-
tion on artificial mimics. Together, these results counter common perceptions by farmers of
birds being only pests of crops [10, 73].

We carried out our experiments during the rainy season, which coincides with the breeding
season of many of the bird species we recorded visiting farms, and our findings suggest that
birds were responsible for most of the predation on the pest mimics. Often birds show
increased dependence on insects during their breeding season, with caterpillars comprising
between 20-90% of diets at this time [74-76]. This is the case in several of the common forag-
ers at our site, e.g., the African stonechat, bronze mannikin, common fiscal, little bee-eater and
the family Cisticolidae [72, 77, 78]. Moreover, the common bulbul, an extremely common spe-
cies recorded in this study switches from a predominantly frugivorous to insectivorous diet
during the breeding season [78, 79]. Whinchats, European migrants [80], were also common
at Ngel Nyaki during this study. Whinchats are insectivorous [81] and use farmland habitats
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Fig 6. The relationship between missing pest mimics and distance of crops from forest fragments. Predicted lines
are plotted from the model in S4 Table.

https://doi.org/10.1371/journal.pone.0255638.g006

extensively [82]. These suggests that birds may be more effective in pest control during the
rainy season than the dry season.

We found proximity to the forest was an important variable in explaining both bird abun-
dance and the intensity of bird predation on pest mimics. Our result suggests that insect-eating
birds using the forest fragments also forage in farmlands and eat insect pests. Many of the bird
species in our study are forest edge species [72, 83, 84], using forest trees for foraging, breeding
and roosting [85, 86]. In this way forest fragments, by sheltering insect-eating birds as well as
other mobile insect predators, may contribute to pest control services [8, 87], although the spe-
cific influence of a forest fragment is likely to depend on a range of variables such as its size,
quality, degree of isolation and time since fragmentation [88].

Our findings indicates that crops positioned close to forest may have an advantage over
crops grown away from the forest, as has been demonstrated for coffee plantations in the Neo-
tropics [8, 36] and elsewhere [89]. Moreover, they suggest that forest patches on the Mambilla
plateau should be conserved, rather than destroyed for planting crops or for grazing cattle, as
is happening now. This will provide suitable semi-natural habitats for a wide variety of bird

Table 3. Model 4. The relationship between insect-eating bird abundance and forest proximity.

Variables
(Intercept)

Distance

Estimate SE t p
15.48 1.23 12.55 <0.001
-0.0019 0.00047 -4.0068 <0.001

Note. Model: Insect-eating bird abundance = distance, random = ~1|section, method = "ML". Significant p-values are given in bold.

https://doi.org/10.1371/journal.pone.0255638.t003
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Fig 7. The relationship between insect-eating bird abundance and distance from forest fragments. Predicted lines
are plotted from the model in Table 3.
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species, while providing valuable ecosystem services to the farmlands. In addition, degraded
forest areas may be restored through tree planting to create additional semi-natural habitats
for birds. Doing this will increase landscape complexity which should positively influence bird
abundance [11], increase bird-mediated pest control [90], and allow the spill-over of other eco-
system services from the natural habitats to farmlands [91]. There are additional benefits to
promoting semi natural habitats: on the Mambilla plateau tree planting can directly benefit
farmers by reducing soil erosion, preventing springs from drying out and rivers from flooding.

We demonstrated that birds may control pests of groundnuts and bambara nuts and this is
of economic significance given that insect pests regularly reduce groundnut yields by 10-20%
[92] and, in Nigeria, by up to 40%. Nigeria is the major producer of groundnuts in Africa [49,
92] and, there is currently a resurgence in interest in farming cash crops [93, 94]. It will be vital
to transfer our findings to farmers and policy makers. For example, insectivorous birds could
be lured onto farms by adding appropriate nesting boxes [73, 95-97]. Also, tree species attrac-
tive to birds can be identified and planted on farms. These strategies may enhance bird services
to farmlands, particularly in areas where there are no forests.

Overall, our study is especially timely for Nigeria where human population is increasing at
an unprecedented rate [2] and at the same time oil revenue is decreasing [98], so that subsis-
tence farming is on the increase [16, 99]. This places forests at risk across Nigeria but also
Africa [6, 100]. Moreover, the meagre income of subsistence farmers [16] limits their access to
insecticides [70, 71], and at the same time as argued above [29] integrated pest management is
far preferable to chemical control [11, 90]. Both understanding and demonstrating the value of
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birds as biocontrol agents of crop pests, and the value of forest patches to these birds, is a first
step in both improving a livelihoods and conserving forest habitat.

Our study did not look at the effect of forest size on insectivorous bird populations but
given our findings that forests are important in providing the ecosystem service of pest control,
more applied research in this area would be helpful in order to advise farmers on farm design.
Moreover, it may be that planting stands of trees would be beneficial, as has been shown in
other agricultural landscapes [3, 101]. Also, other factors that we did not consider in this study
can affect pest predation. For example, identification of insect pest species in the farmlands
[102], and time of year [72], all influence the ecosystem service of pest control by birds.

Our study in demonstrating that birds are important in providing insect pest control has
set the scene for more research. Future research should scale up our investigations so that we
quantify the value of forest fragments in terms of pest control; identifying which bird species
are most important to be integrated into pest management programs, identifying the propor-
tion of pests removed by birds, and the value of different sized forest fragments in terms of the
number of insectivorous birds they harbour, e.g., see Karp et al. [8].

Supporting information

S1 Table. Model 2A: The relationship between bird attack marks on pest mimics and
insect-eating birds.
(PDF)

S2 Table. Model 3A: The relationship between bird attack marks and forest proximity.
(PDF)

S3 Table. Model 2B: The relationship between number of missing pest mimics and insect-
eating bird abundance.
(PDF)

S$4 Table. Model 3B: The relationship between missing pest mimics and forest proximity.
(PDF)

S5 Table. Bird species recorded at experimental plots.
(PDF)

S1 Data. Manuscript data.
(XLSX)

Acknowledgments

We thank three anonymous referees and the Editor for their valuable comments on an earlier
draft of this manuscript. We thank the assistants who helped with fieldwork in Nigeria;
Yakubu Vugeh, Usman Bashiru and Elisha Emmanuel. We are grateful to farmers who allowed
us work on their farmlands. We thank the Nigerian Montane Forest Project (NMFP) for logis-
tics support.

Author Contributions
Conceptualization: Murna Tela.

Data curation: Murna Tela.

Formal analysis: Murna Tela, Will Cresswell.

Funding acquisition: Hazel Chapman.

PLOS ONE | https://doi.org/10.1371/journal.pone.0255638  August 9, 2021 12/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0255638.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0255638.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0255638.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0255638.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0255638.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0255638.s006
https://doi.org/10.1371/journal.pone.0255638

PLOS ONE

Birds provide pest control in farmlands

Investigation: Murna Tela.

Methodology: Murna Tela.

Project administration: Murna Tela.

Resources: Murna Tela, Hazel Chapman.

Software: Will Cresswell.

Supervision: Will Cresswell, Hazel Chapman.

Validation: Murna Tela, Will Cresswell, Hazel Chapman.

Visualization: Murna Tela, Will Cresswell.

Writing - original draft: Murna Tela.

Writing - review & editing: Murna Tela, Will Cresswell, Hazel Chapman.

References
1. Stock R. South of the Sahara: a geographical interpretation: Guilford Press; 2012.
2. WPR. http://worldpopulationreview.com/. Accessed 20th October 2019. 2019.

3. Buechley ER, Sekercioglu CH, Atickem A, Gebremichael G, Ndungu JK, Mahamued BA, et al. Impor-
tance of Ethiopian shade coffee farms for forest bird conservation. Biological Conservation. 2015;
188:50-60.

4. Tadesse G, Zavaleta E, Shennan C. Coffee landscapes as refugia for native woody biodiversity as for-
est loss continues in southwest Ethiopia. Biological Conservation. 2014; 169:384—91.

5. Phalan B, Bertzky M, Butchart SH, Donald PF, Scharlemann JP, Stattersfield AJ, et al. Crop expan-
sion and conservation priorities in tropical countries. PloS One. 2013; 8(1):e51759. https://doi.org/10.
1371/journal.pone.0051759 PMID: 23326316

6. Fenta AA, Tsunekawa A, Haregeweyn N, Tsubo M, Yasuda H, Shimizu K, et al. Cropland expansion
outweighs the monetary effect of declining natural vegetation on ecosystem services in sub-Saharan
Africa. Ecosystem Services. 2020; 45:101154.

7. Classen A, Peters MK, Ferger SW, Helbig-Bonitz M, Schmack JM, Maassen G, et al. Complementary
ecosystem services provided by pest predators and pollinators increase quantity and quality of coffee
yields. Proceedings of the Royal Society B: Biological Sciences. 2014; 281(1779):20133148. https://
doi.org/10.1098/rspb.2013.3148 PMID: 24500173

8. Karp DS, Mendenhall CD, Sandi RF, Chaumont N, Ehrlich PR, Hadly EA, et al. Forest bolsters bird
abundance, pest control and coffee yield. Ecology Letters. 2013; 16(11):1339-47. https://doi.org/10.
1111/ele.12173 PMID: 23981013

9. Maas B, Tscharntke T, Saleh S, Putra DD, Clough Y. Avian species identity drives predation success
in tropical cacao agroforestry. Journal of Applied Ecology. 2015; 52(3):735—43.
10. Lamelas-Lopez L, Marco F. Using camera-trapping to assess grape consumption by vertebrate pests
in a World Heritage vineyard region. Journal of Pest Science. 2021; 94(2):585-90.

11.  Olimpi E, Garcia K, Gonthier D, De Master K, Echeverri A, Kremen C, et al. Shifts in species interac-
tions and farming contexts mediate net effects of birds in agroecosystems. Ecological Applications.
2020:e02115. https://doi.org/10.1002/eap.2115 PMID: 32145709

12. Costanza R, Mageau M. What is a healthy ecosystem? Aquatic Ecology. 1999; 33(1):105—15.

13. Day R, Abrahams P, Bateman M, Beale T, Clottey V, Cock M, et al. Fall armyworm: impacts and impli-
cations for Africa. Outlooks on Pest Management. 2017; 28(5):196-201.

14. DiarraK, Sylla S, Diatte M, Brevault T, Bernadas G. Tuta absoluta Meyrick (Lepidoptera: Gelechiidae):
a new threat to tomato production in sub-Saharan Africa. African Entomology. 2014; 22(2):441-4.

15. Sileshi GW, Gebeyehu S, Mafongoya PL. The threat of alien invasive insect and mite species to food
security in Africa and the need for a continent-wide response. Food Security. 2019; 11(4):763-75.

16. Zhang W, Kato E, Bianchi F, Bhandary P, Gort G, van der Werf W. Farmers’ perceptions of crop pest
severity in Nigeria are associated with landscape, agronomic and socio-economic factors. Agriculture,
Ecosystems & Environment. 2018; 259:159-67.

PLOS ONE | https://doi.org/10.1371/journal.pone.0255638  August 9, 2021 13/17


http://worldpopulationreview.com/
https://doi.org/10.1371/journal.pone.0051759
https://doi.org/10.1371/journal.pone.0051759
http://www.ncbi.nlm.nih.gov/pubmed/23326316
https://doi.org/10.1098/rspb.2013.3148
https://doi.org/10.1098/rspb.2013.3148
http://www.ncbi.nlm.nih.gov/pubmed/24500173
https://doi.org/10.1111/ele.12173
https://doi.org/10.1111/ele.12173
http://www.ncbi.nlm.nih.gov/pubmed/23981013
https://doi.org/10.1002/eap.2115
http://www.ncbi.nlm.nih.gov/pubmed/32145709
https://doi.org/10.1371/journal.pone.0255638

PLOS ONE

Birds provide pest control in farmlands

17.

18.
19.

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Zakari S, Ying L, Song B. Factors influencing household food security in West Africa: The case of
Southern Niger. Sustainability. 2014; 6(3):1191-202.

Oerke E-C. Crop losses to pests. The Journal of Agricultural Science. 2006; 144(1):31—43.

Oliveira C, Auad A, Mendes S, Frizzas M. Crop losses and the economic impact of insect pests on Bra-
zilian agriculture. Crop Protection. 2014; 56:50-4.

van Lenteren JC, Bolckmans K, Kéhl J, Ravensberg WJ, Urbaneja A. Biological control using inverte-
brates and microorganisms: plenty of new opportunities. BioControl. 2018; 63(1):39-59.

Wilson C, Tisdell C. Why farmers continue to use pesticides despite environmental, health and sus-
tainability costs. Ecological Economics. 2001; 39(3):449-62.

De Groote H. Maize yield losses from stemborers in Kenya. International Journal of Tropical Insect
Science. 2002; 22(2):89-96.

Kfir R, Overholt W, Khan Z, Polaszek A. Biology and management of economically important lepidop-
teran cereal stem borers in Africa. Annual Review of Entomology. 2002; 47(1):701-31. https://doi.org/
10.1146/annurev.ento.47.091201.145254 PMID: 11729089

Kipkoech AK, Schulthess F, Yabann WK, Maritim HK, Mithéfer D, editors. Biological control of cereal
stem borers in Kenya: A cost benefit approach. Annales de la Société Entomologique de France;
2006: Taylor & Francis.

Moolman J, Van den Berg J, Conlong D, Cugala D, Siebert S, Le Ru B. Species diversity and distribu-
tion of lepidopteran stem borers in South Africa and Mozambique. Journal of Applied Entomology.
2014; 138(1-2):52—66.

Mutamiswa R, Moeng E, Le Ru BP, Conlong DE, Assefa Y, Goftishu M, et al. Diversity and abundance
of lepidopteran stem borer natural enemies in natural and cultivated habitats in Botswana. Biological
Control. 2017; 115:1-11.

Anikwe JC, Okelana F, Omoloye A. The population dynamics of the brown cocoa mirid, Sahlbergella
singularis Haglund in Ibadan, Nigeria. African Journal of Food, Agriculture, Nutrition and Development.
2010; 10(7).

Grzywacz D, Stevenson P, Mushobozi WL, Belmain S, Wilson K. The use of indigenous ecological
resources for pest control in Africa. Food Security. 2014; 6(1):71-86.

Pimentel D, Burgess M. Environmental and economic costs of the application of pesticides primarily in
the United States. Integrated Pest Management: Springer; 2014. p. 47-71.

Williamson S, Ball A, Pretty J. Trends in pesticide use and drivers for safer pest management in four
African countries. Crop Protection. 2008; 27(10):1327-34.

Whelan CJ, Sekercioglu CH, Wenny DG. Why birds matter: from economic ornithology to ecosystem
services. Journal of Ornithology. 2015; 156(1):227-38.

Whelan CJ, Wenny DG, Marquis RJ. Ecosystem services provided by birds. Annals of the New York
Academy of Sciences. 2008; 1134(1):25-60. https://doi.org/10.1196/annals.1439.003 PMID:
18566089

Maas B, Clough Y, Tscharntke T. Bats and birds increase crop yield in tropical agroforestry land-
scapes. Ecology Letters. 2013; 16(12):1480—7. https://doi.org/10.1111/ele.12194 PMID: 24131776

Sekercioglu CH. Increasing awareness of avian ecological function. Trends in Ecology & Evolution.
2006; 21(8):464—71. https://doi.org/10.1016/j.tree.2006.05.007 PMID: 16762448

Berger JR, Wirth R. Predation-mediated mortality of early life stages: a field experiment with nymphs
of an herbivorous stick insect (Metriophasma diocles). Biotropica. 2004; 36(3):424-8.

Kellermann JL, Johnson MD, Stercho AM, Hackett SC. Ecological and economic services provided by
birds on Jamaican Blue Mountain coffee farms. Conservation Biology. 2008; 22(5):1177-85. https://
doi.org/10.1111/j.1523-1739.2008.00968.x PMID: 18616745

Howe A, Lovei GL, Nachman G. Dummy caterpillars as a simple method to assess predation rates on
invertebrates in a tropical agroecosystem. Entomologia Experimentalis et Applicata. 2009; 131
(3):325-9.

Bael SAV, Philpott SM, Greenberg R, Bichier P, Barber NA, Mooney KA, et al. Birds as predators in
tropical agroforestry systems. Ecology. 2008; 89(4):928—34. hitps://doi.org/10.1890/06-1976.1 PMID:
18481517

Koh LP. Birds defend oil palms from herbivorous insects. Ecological Applications. 2008; 18(4):821-5.
https://doi.org/10.1890/07-1650.1 PMID: 18536244

Van Bael SA, Brawn JD, Robinson SK. Birds defend trees from herbivores in a Neotropical forest can-
opy. Proceedings of the National Academy of Sciences. 2003; 100(14):8304—7.

Clough Y, Putra DD, Pitopang R, Tscharntke T. Local and landscape factors determine functional bird
diversity in Indonesian cacao agroforestry. Biological Conservation. 2009; 142(5):1032—41.

PLOS ONE | https://doi.org/10.1371/journal.pone.0255638  August 9, 2021 14/17


https://doi.org/10.1146/annurev.ento.47.091201.145254
https://doi.org/10.1146/annurev.ento.47.091201.145254
http://www.ncbi.nlm.nih.gov/pubmed/11729089
https://doi.org/10.1196/annals.1439.003
http://www.ncbi.nlm.nih.gov/pubmed/18566089
https://doi.org/10.1111/ele.12194
http://www.ncbi.nlm.nih.gov/pubmed/24131776
https://doi.org/10.1016/j.tree.2006.05.007
http://www.ncbi.nlm.nih.gov/pubmed/16762448
https://doi.org/10.1111/j.1523-1739.2008.00968.x
https://doi.org/10.1111/j.1523-1739.2008.00968.x
http://www.ncbi.nlm.nih.gov/pubmed/18616745
https://doi.org/10.1890/06-1976.1
http://www.ncbi.nlm.nih.gov/pubmed/18481517
https://doi.org/10.1890/07-1650.1
http://www.ncbi.nlm.nih.gov/pubmed/18536244
https://doi.org/10.1371/journal.pone.0255638

PLOS ONE

Birds provide pest control in farmlands

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Philpott SM, Soong O, Lowenstein JH, Pulido AL, Lopez DT, Flynn DF, et al. Functional richness and
ecosystem services: bird predation on arthropods in tropical agroecosystems. Ecological Applications.
2009; 19(7):1858-67. https://doi.org/10.1890/08-1928.1 PMID: 19831075

Lemessa D, Samnegard U, Hamback PA, Hylander K. Tree cover mediates the effect on rapeseed
leaf damage of excluding predatory arthropods, but in an unexpected way. Agriculture, Ecosystems &
Environment. 2015; 211:57-64.

Fuller R, Chamberlain DE, Burton N, Gough S. Distributions of birds in lowland agricultural landscapes
of England and Wales: how distinctive are bird communities of hedgerows and woodland? Agriculture,
Ecosystems & Environment. 2001; 84(1):79-92.

Richard T. T. Indigenous Farming methods in the Mambilla Plateau of Nigeria: The Need for a Sustain-
able Maintenance Culture Policy. Science Journal of Sociology and Anthropology, 2014.

Ndjeunga J, Ntare B, Schilling R, editors. Global and regional perspectives of the groundnut market:
Competitiveness of African producers. Conservation, Evaluation and Dissemination of Groundnut
Germplasm and Foundation Seed Production and Distribution for the West African Region: Proceed-
ings of the Final Workshop of the Groundnut Germplasm Project, 22—24 April 2002, Bamako, Mali
(Eng) Patancheru 502 324, Andhra Pradesh, India: International Crops Research Institute for the
Semi-Arid Tropics 158 pp; 2003.

Olatunya AM, Olatunya OS, Akintayo ET. Potential health and economic benefits of three locally
grown nuts in Nigeria: implications for developing countries. Heliyon. 2017; 3(10):e00414. https://doi.
org/10.1016/j.heliyon.2017.e00414 PMID: 29057335

Rao G, Rameshwar Rao V, Ghaffar M. Handbook on Chickpea and Pigeonpea Insect Pests Identifica-
tion and Management. Information Bulletin No. 57. 2013.

Ajeigbe H, Waliyar F, Echekwu C, Ayuba K, Motagi B, Eniayeju D, et al. A Farmer’s guide to groundnut
production in Nigeria. Patancheru. 2014; 502(324):36.

Ebregt E, Struik P, Odongo B, Abidin P. Pest damage in sweet potato, groundnut and maize in north-
eastern Uganda with special reference to damage by millipedes (Diplopoda). NJAS-Wageningen Jour-
nal of Life Sciences. 2005; 53(1):49-69.

Wightman J, Wightman A. An insect, agronomic and sociological survey of groundnut fields in south-
ern Africa. Agriculture, Ecosystems & Environment. 1994; 51(3):311-31.

Bovo AA, Ferraz KM, Magioli M, Alexandrino ER, Hasui E, Ribeiro MC, et al. Habitat fragmentation
narrows the distribution of avian functional traits associated with seed dispersal in tropical forest. Per-
spectives in Ecology and Conservation. 2018; 16(2):90-6.

Low PA, Sam K, McArthur C, Posa MRC, Hochuli DF. Determining predator identity from attack marks
left in model caterpillars: guidelines for best practice. Entomologia Experimentalis et Applicata. 2014;
152(2):120-6.

Lévei GL, Ferrante M. A review of the sentinel prey method as a way of quantifying invertebrate preda-
tion under field conditions. Insect Science. 2017; 24(4):528—42. https://doi.org/10.1111/1744-7917.
12405 PMID: 27686246

Tvardikova K, Novotny V. Predation on exposed and leaf-rolling artificial caterpillars in tropical forests
of Papua New Guinea. Journal of Tropical Ecology. 2012:331—41.

Koh LP, Menge DN. Rapid assessment of lepidoptera predation rates in neotropical forest fragments
1. Biotropica: The Journal of Biology and Conservation. 2006; 38(1):132—4.

Posa MRC, Sodhi NS, Koh LP. Predation on artificial nests and caterpillar models across a distur-
bance gradient in Subic Bay, Philippines. Journal of Tropical Ecology. 2007:27-33.

Roels SM, Porter JL, Lindell CA. Predation pressure by birds and arthropods on herbivorous insects
affected by tropical forest restoration strategy. Restoration Ecology. 2018; 26(6):1203-11.

Roslin T, Hardwick B, Novotny V, Petry WK, Andrew NR, Asmus A, et al. Higher predation risk for
insect prey at low latitudes and elevations. Science. 2017; 356(6339):742—4. https://doi.org/10.1126/
science.aaj1631 PMID: 28522532

Seifert CL, Lehner L, Adams M-O, Fiedler K. Predation on artificial caterpillars is higher in countryside
than near-natural forest habitat in lowland south-western Costa Rica. Journal of Tropical Ecology.
2015; 31(3):2814.

Chapman J, Chapman H. The forests of Taraba and Adamawa States, Nigeria. An ecological account
and plant species checklist University of Canterbury, Christchurch, New Zealand. 2001.

Ezealor AU. Critical sites for biodiversity conservation in Nigeria: Nigerian Conservation Foundation;
2002.

Berchie J, Opoku M, Adu-Dapaah H, Agyemang A, Sarkodie-Addo J. Evaluation of five bambara
groundnut (Vigna subterranea (L.) Verdc.) landraces to heat and drought stress at Tono-Navrongo,
Upper East Region of Ghana. African Journal of Agricultural Research. 2012; 7(2):250-6.

PLOS ONE | https://doi.org/10.1371/journal.pone.0255638  August 9, 2021 15/17


https://doi.org/10.1890/08-1928.1
http://www.ncbi.nlm.nih.gov/pubmed/19831075
https://doi.org/10.1016/j.heliyon.2017.e00414
https://doi.org/10.1016/j.heliyon.2017.e00414
http://www.ncbi.nlm.nih.gov/pubmed/29057335
https://doi.org/10.1111/1744-7917.12405
https://doi.org/10.1111/1744-7917.12405
http://www.ncbi.nlm.nih.gov/pubmed/27686246
https://doi.org/10.1126/science.aaj1631
https://doi.org/10.1126/science.aaj1631
http://www.ncbi.nlm.nih.gov/pubmed/28522532
https://doi.org/10.1371/journal.pone.0255638

PLOS ONE

Birds provide pest control in farmlands

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Ferrante M, Barone G, Kiss M, Bozéné-Borbath E, Lévei G. Ground-level predation on artificial cater-
pillars indicates no enemy-free time for lepidopteran larvae. Community Ecology. 2017; 18(3):280-6.

Muiruri EW, Rainio K, Koricheva J. Do birds see the forest for the trees? Scale-dependent effects of
tree diversity on avian predation of artificial larvae. Oecologia. 2016; 180(3):619-30. https://doi.org/10.
1007/s00442-015-3391-6 PMID: 26201260

Gunnarsson B, Wallin J, Klingberg J. Predation by avian insectivores on caterpillars is linked to leaf
damage on oak (Quercus robur). Oecologia. 2018; 188(3):733—41. https://doi.org/10.1007/s00442-
018-4234-z PMID: 30116876

Garfinkel M, Johnson M. Pest-removal services provided by birds on small organic farms in northern
California. Agriculture, Ecosystems & Environment. 2015; 211:24-31.

Wattel J. Handbook of Birds of the world.[Review of: 0 onbekend (1993) Handbook of Birds of the
World.]. Unknown. 1993.

R Core Team. R: A language and environment for statistical computing. R foundation for statistical
computing, Vienna, Austria. URL https://www.R-project.org/. 2018.

Sekercioglu CH. Bird functional diversity and ecosystem services in tropical forests, agroforests and
agricultural areas. Journal of Ornithology. 2012; 153(1):153-61.

Banjo A, Lawal O, Fapojuwo O, Songonuga E. Farmer’s knowledge and perception of horticultural
insect pest problems in southwestern Nigeria. African Journal of Biotechnology. 2003; 2(11):434—7.

Ndang’ang’a PK, Njoroge JB, Vickery J. Quantifying the contribution of birds to the control of arthropod
pests on kale, Brassica oleracea acephala, a key crop in East African highland farmland. International
Journal of Pest Management. 2013; 59(3):211-6.

Lindell C, Eaton RA, Howard PH, Roels SM, Shave M. Enhancing agricultural landscapes to increase
crop pest reduction by vertebrates. Agriculture, Ecosystems & Environment. 2018; 257:1—-11.

Mols CM, Visser ME. Great tits can reduce caterpillar damage in apple orchards. Journal of Applied
Ecology. 2002; 39(6):888—99.

Pagani-Nufiez E, Renom M, Mateos-Gonzalez F, Cotin J, Senar JC. The diet of great tit nestlings:
Comparing observation records and stable isotope analyses. Basic and Applied Ecology. 2017;
18:57—66.

Pravosudov VV, Pravosudova EV, Zimireva EY. The Diet of Nestling Eurasian Nuthatches (La Dieta
de Pichones de Sitta Europaea). Journal of Field Ornithology. 1996:114-8.

Kopij G. Diet of some insectivorous passerines in semi-arid regions of South Africa. Ostrich-Journal of
African Ornithology. 2005; 76(1-2):85-90.

Nwaogu CJ, Galema A, Cresswell W, Dietz MW, Tieleman BI. A fruit diet rather than invertebrate diet
maintains a robust innate immune function in an omnivorous tropical songbird. Avian life in a season-
ally arid tropical environment: adaptations and mechanisms in breeding, moult and immune function.
2019:161.

Okosodo E, Obasogie F, Orimaye J. Food and Feeding Ecology of Common Bulbul (Pycnonotus bar-
batus) in Leventis Foundation Agricultural School llesa South Western Nigeria. Greener Journal of
Agricultural Sciences. 2016; 6(1):010-6.

Barshep Y, Ottosson U, Waldenstrém J, Hulme M, Svensson S. Non-breeding ecology of the Whin-
chat Saxicola rubetra in Nigeria. Ornis Svecica. 2012; 22(1-2):25-32.

Poulin B, Lefebvre G, McNeil R. Tropical avian phenology in relation to abundance and exploitation of
food resources. Ecology. 1992; 73(6):2295-309.

Hulme MF, Cresswell W. Density and behaviour of W hinchats S axicola rubetra on A frican farmland
suggest that winter habitat conditions do not limit European breeding populations. Ibis. 2012; 154
(4):680-92.

Hockey P, Dean W, Ryan P, Maree S. Roberts’ Birds of Southern Africa—John Voelcker Bird Book
Fund. Cape Town. 2005.

Del Hoyo J, Elliott A, Sargatal J, Christie D, de Juana E. Handbook of the birds of the world alive. Lynx
Edicions, Barcelona, Spain. 2017.

dJirinec V, Campos BR, Johnson MD. Roosting behaviour of a migratory songbird on Jamaican coffee
farms: landscape composition may affect delivery of an ecosystem service. Bird Conservation Interna-
tional. 2011; 21(3):353-61.

Railsback SF, Johnson MD. Effects of land use on bird populations and pest control services on coffee
farms. Proceedings of the National Academy of Sciences. 2014; 111(16):6109—14. https://doi.org/10.
1073/pnas.1320957111 PMID: 24711377

Wenny DG, Devault TL, Johnson MD, Kelly D, Sekercioglu CH, Tomback DF, et al. The need to quan-
tify ecosystem services provided by birds. The Auk. 2011; 128(1):1-14.

PLOS ONE | https://doi.org/10.1371/journal.pone.0255638  August 9, 2021 16/17


https://doi.org/10.1007/s00442-015-3391-6
https://doi.org/10.1007/s00442-015-3391-6
http://www.ncbi.nlm.nih.gov/pubmed/26201260
https://doi.org/10.1007/s00442-018-4234-z
https://doi.org/10.1007/s00442-018-4234-z
http://www.ncbi.nlm.nih.gov/pubmed/30116876
https://www.R-project.org/
https://doi.org/10.1073/pnas.1320957111
https://doi.org/10.1073/pnas.1320957111
http://www.ncbi.nlm.nih.gov/pubmed/24711377
https://doi.org/10.1371/journal.pone.0255638

PLOS ONE

Birds provide pest control in farmlands

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Manu S, Peach W, Cresswell W. The effects of edge, fragment size and degree of isolation on avian
species richness in highly fragmented forest in West Africa. Ibis. 2007; 149(2):287-97.

Tscharntke T, Sekercioglu CH, Dietsch TV, Sodhi NS, Hoehn P, Tylianakis JM. Landscape constraints
on functional diversity of birds and insects in tropical agroecosystems. Ecology. 2008; 89(4):944-51.
https://doi.org/10.1890/07-0455.1 PMID: 18481519

Garcia K, Olimpi EM, Karp DS, Gonthier DJ. The Good, the Bad, and the Risky: Can Birds Be Incorpo-
rated as Biological Control Agents into Integrated Pest Management Programs? Journal of Integrated
Pest Management. 2020; 11(1):11.

Marcacci G, Gremion J, Mazenauer J, Sori T, Kebede F, Ewnetu M, et al. Large-scale versus small-
scale agriculture: Disentangling the relative effects of the farming system and semi-natural habitats on
birds’ habitat preferences in the Ethiopian highlands. Agriculture, Ecosystems & Environment. 2020;
289:106737.

Finlib.com. Groundnut Producing States In Nigeria And Ilts Commerical Uses. https://wwwfinelibcom/
about/nigeria-cash-crops/groundnut-producing-states-in-nigeria-and-its-commerical-uses/90. 2019;
Accessed 12 Febraury 2021.

Ani D, Umeh J, Weye E. Profitability and econimic efficientcy of groundnut production in Benue State,
Nigeria. African Journal of Food, Agriculture, Nutrition and Development. 2013; 13(4):8091—-105.

Yakubu M, Akanegbu B. Neglecting agriculture and its consequences to the Nigerian economy: An
analytical synthesis. European Journal of Research in Social Sciences Vol. 2015; 3(3).

Jedlicka JA, Greenberg R, Letourneau DK. Avian conservation practices strengthen ecosystem ser-
vices in California vineyards. PloS One. 2011; 6(11):e27347. https://doi.org/10.1371/journal.pone.
0027347 PMID: 22096555

Labuschagne L, Swanepoel LH, Taylor PJ, Belmain SR, Keith M. Are avian predators effective biologi-
cal control agents for rodent pest management in agricultural systems? Biological Control. 2016;
101:94-102. https://doi.org/10.1016/j.biocontrol.2016.07.003

Mols CM, Visser ME. Great tits (Parus major) reduce caterpillar damage in commercial apple
orchards. PLoS One. 2007; 2(2):e202. https://doi.org/10.1371/journal.pone.0000202 PMID:
17285148

Akaakar AA. Oil dependency and national food security: A case for Nigeria. 2019.

Bature YM, Sanni AA, Adebayo FO. Analysis of impact of National Fadama Development Projects on
beneficiaries income and wealth in FCT, Nigeria. Journal of Agricultural Economics and Sustainable
Development. 2013; 4(17):11-24.

Smith NJ, Williams JT, Plucknett DL, Talbot JP. Tropical forests and their crops: Cornell University
Press; 2018.

Neuschulz EL, Botzat A, Farwig N. Effects of forest modification on bird community composition and
seed removal in a heterogeneous landscape in South Africa. Oikos. 2011; 120(9):1371-9.

Guenat S. Assessing the effects of agroforestry practices on biological control potential in kale (Bras-
sica oleracea acephala) plantations in Western Kenya. 2014.

PLOS ONE | https://doi.org/10.1371/journal.pone.0255638  August 9, 2021 17/17


https://doi.org/10.1890/07-0455.1
http://www.ncbi.nlm.nih.gov/pubmed/18481519
https://wwwfinelibcom/about/nigeria-cash-crops/groundnut-producing-states-in-nigeria-and-its-commerical-uses/90
https://wwwfinelibcom/about/nigeria-cash-crops/groundnut-producing-states-in-nigeria-and-its-commerical-uses/90
https://doi.org/10.1371/journal.pone.0027347
https://doi.org/10.1371/journal.pone.0027347
http://www.ncbi.nlm.nih.gov/pubmed/22096555
https://doi.org/10.1016/j.biocontrol.2016.07.003
https://doi.org/10.1371/journal.pone.0000202
http://www.ncbi.nlm.nih.gov/pubmed/17285148
https://doi.org/10.1371/journal.pone.0255638

