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Abstract

The fall armyworm (FAW) Spodoptera frugiperda (J. E. Smith) has become a global devastating pest because of its broad
dispersal capacity and the high crop damages. At present, research on FAW infestations of crops in the DR Congo remains
undocumented. Here, FAW infestations in two agro-ecological zones (Kabare and Ruzizi Plain) were compared in South-Kivu
Province. Surveys were carried out during the early 2018 and late 2019 crop seasons to assess the impact of FAW on maize crops.
In each agro-ecological zone, 50 fields were selected for investigation. A total of hundred (100) fields were assessed in the 2018
crop season. During the 2019 crop season, the same fields were investigated. The two zones had very different bioclimatic
characteristics. FAW attacks were more pronounced under conditions of relatively high temperatures with high evapotranspira-
tion, which occurred in the Ruzizi Plain and late 2019 season. In comparison, Kabare territory and the early 2018 season were
characterized by heavy rainfall. The incidence, level of leaf damage, and density of FAW larvae varied significantly with season
and agro-ecological zone. The Ruzizi Plain had the highest incidence (60 + 30%), level of leaf damage and larval density (28.5 +
19.3). The late 2019 season had the highest incidence (70 +20%) as well as the larval density (27.8 + 19.2). Total annual number
of FAW generations was 5.64 and 3.36 in the Ruzizi Plain and Kabare territory, respectively. In conclusion, FAW infestation
represents a major problem for agricultural production due to the climatic conditions in the study region.
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Introduction

The fall armyworm (FAW) Spodoptera frugiperda (J. E.
Smith) is one of the most important pests in the world due to
its polyphagous behavior and high damages on major crops
(e.g., maize, rice, sorghum) (CABI 2020) and also to its ex-
treme potential of expansion (Early et al. 2018). A recent
study conducted by Montezano et al. (2018) reported 353
plant species attacked by FAW, which are distributed in 76
families whose the main plant families are Poaceae,
Asteraceae, and Fabaceae.

The FAW was first reported in the Americas as its place of
origin (Luginbill 1928; Ayala et al. 2013; Early et al. 2018).
At the present day, FAW has become one of the most impor-
tant pests at the global stage (Zacarias 2020) since it first
invaded Africa in 2016 (Goergen et al. 2016), and also
infested Asia in 2018 (Sharanabasappa et al. 2018; Shylesha
et al. 2018). FAW exists in two morphologically
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indistinguishable strains, the corn strain (CS) and the rice
strain (RS) (Pashley 1986; Vélez-Arango et al. 2008;
Nagoshi et al. 2015; Cano-Calle et al. 2015).

Maize is grown across diverse agro-ecological zones in
Sub-Saharan Africa, where over 208 million people depend
on this crop to meet their nutritional needs (Day et al. 2017).
While maize is the most important staple cereal crop grown by
smallholder farmers in Sub-Saharan Africa (Macauley 2015;
Ekpa et al. 2018), the susceptibility of this crop to FAW in-
festation is high due to physiological differences between
strains, which affect the ability of FAW to consume maize
efficiently (Veenstra et al. 1995). FAW often infests maize
at the whorl stage, causing leaf damage (Capinera 2000).
This direct foliar damage is alarming to many farmers, who
have never experienced this type of damage before (Hruska
2019). FAW also infests the ears, especially during large in-
festation causing the direct loss of grain (Buntin 2008).
Estimates provided by Day et al. (2017) indicate that FAW
impacts between 8.3 and 20.6 million tons maize yield per
year out of the total expected production of 39 million tons
per year in Africa. Yield losses of 15-73% were predicted by
Hruska and Gould (1997) when 55-100% of corn plants were
infested with FAW.

It is important to understand how pests, hosts, and the en-
vironment interact, with environment being primarily repre-
sented by weather conditions (Lopez et al. 2019). Climatic
conditions appear to be the most cited factor driving the pres-
ence of FAW, including temperature, length of exposure, and
precipitation during the warm/wet season (Du Plessis et al.
2018; Early et al. 2018). Recent studies (Nboyine et al.
2020; Koffi et al. 2020) reported that maize infestation of
FAW in Africa varied over time within seasons and agro-
ecological zones (AEZ). The degree day (DD) is also an im-
portant parameter for forecasting pest phenology and
voltinism (Tu etal. 2014), as well as identifying key biological
events for the FAW, such as egg hatching adult dispersal and
to determine when to respond by setting traps, assessing dam-
age, and collecting samples (Labatte 1994; Westbrook et al.
2016; Du Plessis et al. 2020).

Since its invasion of the African continent, several coun-
tries (e.g., Benin, Ghana, Togo, Cameroun, Kenya...) have
carried out infestation assessment studies (Goergen et al.
2016; Fotso Kuate et al. 2019; Baudron et al. 2019; Nboyine
et al. 2020; Koffi et al. 2020). However, studies and data on
FAW infestation in DR Congo remain limited and poorly
documented. This study aimed to evaluate FAW infestations
with regard to season and the agro-ecological zones (AEZ) of
selected maize-growing areas in the eastern DR Congo.
Within this framework, accumulated degree days (DD) by
FAW were evaluated from a starting date in each season and
agro-ecological zone. The results are expected to provide
baseline information to update FAW pest status and develop
effective strategies to manage it in the Eastern DR Congo.
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Materials and methods
Study area description

To assess FAW infestations, a survey was conducted in
South-Kivu Province, DR Congo. Investigations were set up
in two agro-ecological zones (Fig. 1): Kabare (2°2726.94"S,
28°49'12.75"E, 1563 m), and Ruzizi Plain (2°47'14.54"S,
28°59'54.1"E, 899 m). Kabare is located in the extreme East
of DR Congo (mid-altitude zone), on the western shores of
Lake Kivu. It has a humid tropical type climate. This territory
has two seasons: a dry season that lasts 3 months (June to
August) and a rainy season that lasts 9 months (September
to May). The rainy season is divided into two crop seasons:
September to January (season A) and February to June (sea-
son B). The Ruzizi Plain is divided between three countries;
namely DR Congo, Rwanda, and Burundi. The name Ruzizi
Plain derives from its relief, which is a large plain (lowland
area) located along the Ruzizi River. Ruzizi Plain has a semi-
arid climate with a bimodal rainfall regime: from October to
January and from February to May (Vancoppenolle et al.
1984).

Evaluation of the seasonal infestation of FAW

Incidence surveys of damaged plants by FAW were con-
ducted at Kabare in November 2018 and at Ruzizi Plain in
December 2018, when maize was at the 8-leaf stage. The
same surveys were conducted at Kabare in March 2019
and Ruzizi Plain in April 2019, when all maize crops
were at the 8-leaf stage. The assessment consisted of an-
alyzing the incidence and severity of infestation on maize
leaves. A transect method was used on maize farms in
each agro-ecological zone. Fifty (50) fields were selected
for the investigation in each agro-ecological zone. A total
of hundred (100) fields were assessed in the 2018 crop
season. During the 2019 crop season, the same fields were
investigated using a tracking system. The tracking system,
GPSMAP (GARMIN GPS devices) allowed the same
geographical coordinates to be evaluated in 2019 as in
2018. This approach allowed us to determine seasonal
variability in FAW infestation. Seven quadrats, each
20 m? in size, were randomly formed in each field using
the W sampling method proposed by McGrath et al.
(2018). Maize plants were considered infested when lar-
vae, fresh sawdust-like frass, or fresh larval feeding plant
injury were found (Koffi et al. 2020).

To assess incidence, several parameters were considered in
each quadrat. These parameters included the number of
infested plants (NIP), total number of plants (TNP), number
of larvae per plant (NLP), and number of larvae per defined
area (20 m?) (NLDA). The number of damaged leaves per
plant (NIL) and the number of lesions per leaf (NLL) were
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Fig. 1 Map of the study area.
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determined by considering the whorled and furled leaves.
These variables were determined on 10 plants randomly se-
lected from the quadrat. In each quadrat, the number of larvae
per plant (NLP) was assessed by counting the larvae on each
infested plant. The detection of larvae was carried out by
opening the whorled leaves on each infested plant (Koffi
et al. 2020). Next, the number of larvae per quadrat (NLDA)
was assessed by summing the NLP for all plants infested in
the quadrat. To ascertain that the damages observed were in-
deed those of FAW, samples of FAW larvae in each agro-
ecological zone were taken for subsequent morphological
identification in the laboratory. Severity was determined
based on the number and size of lesions for each leaf based
on the scale of the evaluation proposed by Davis et al. (1992).
The percentage of infested plants per field was also
determined.

T
29°0'0"E

Climatic data collection and calculation of FAW
degree days

The climatic data including environmental and bioclimatic
parameters were measured during the 2018 and 2019 seasons.
Particularly, the information on the bioclimatic characteristics
of the study areas was obtained from images of bioclimatic
variables that were downloaded from the Africlim site (https:/
www.york.ac.uk/environment/research/kite/resources/) over
long periods of time (1950-2000) using the geographical
coordinates of the investigated maize fields. The bioclimatic
variables of the study areas are presented in Table 1. These
variables were then used as additional variables in the princi-
pal component analysis that provided a better understanding
of the variation in FAW infestation and the factors that are
likely to influence them.
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Table 1 Environmental and
bioclimatic parameters.

Environmental and bioclimatic parameters Code Units
Mean annual temperature (* 10) BIO1 °C
Mean daytime temperature range (monthly average) (* 10) BIO2 °C
Isothermality (biol/bio7) * 100 BIO3 -
Temperature seasonality (Standard deviation * 100) BIO4 °C
Maximum temperature of the hottest month (* 10) BIOS °C
Minimum temperature of the coolest month (* 10) BIO6 °C
Annual temperature range (bio5-bio6) (* 10) BIO7 °C
Mean temperature of the warmest quarter (* 10) BIO10 °C
Mean temperature of the coldest quarter (* 10) BIOI11 °C
Annual rainfall BIO12 mm
Rainfall during the wettest month BIO13 mm
Rainfall during the driest month BIO14 mm
Rainfall seasonality BIO15 mm
Rainfall in the wettest quarter BIO16 mm
Rainfall in the driest quarter BIO17 mm
Longest dry season duration LLDS -
Annual moisture index MI -
Moisture index of the dry quarter MIAQ -
Moisture index of the wet quarter MIMQ -
Potential evapotranspiration PET mm
Elevation DEM m

To determine the number of FAW generations (NOG)
in each season and agro-ecological zone, degree days
(DD) were estimated. This measure was used because
each species requires a defined number of DD to com-
plete its development (Zalom et al. 1983). According to
Day and Karayiannis (1998), DD may be calculated
using four main methods. In our case, mean daily tem-
perature (from daily maxima and minima) was used. DD
was calculated using the following formula (Snyder
1985; Michaud and Moreau 2011):

DD = [(Tmin + Tmax)/z]_THR

where T,,;, and T,,,, represent the minimum and maxi-
mum air temperatures reached per day and Tyg is the
minimum threshold temperature. For estimated Tyr, we
accounted for the variation reported in published litera-
ture (Hogg et al. 1982; Ali et al. 1990; Valdez-Torres
et al. 2012; Early et al. 2018; Lopez et al. 2019). We
considered a Tyr of 12°C based on Du Plessis et al.
(2018), which reflected the tropical distribution of
FAW. The number of FAW generations (NOG) was
calculated as follow:

210D

N =
06 PDD

where NOG is the number of FAW generations, PDD is
the minimum degree day sum needed to complete a
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generation (600 degree days) according to Du Plessis
et al. (2018), and DD is the mean daily degree day.

Data analysis

R version 3.5.1 was used for statistical analysis (R
development Core Team 2018). Wilcoxon rank test
was applied at the 5% significance level (P <0.05) to
compare FAW infestation parameters (incidence, NIP,
TNP, NIL, NLL, NLP, and NLDA) from season and
AEZ. The multivariate statistical analyses allow to sum-
marize principal data structure or to reveal particular
correlations between original variables. We used princi-
pal component analysis (PCA) to describe our dataset
using package FactoMineR (L& et al. 2008). Eight var-
iables were used to characterize FAW infestation: NIP,
TNP, NIL, NLP, NLL, NLDA, Severity, and incidence.
Bioclimatic variables, season and AEZ, were considered
additional variables in the PCA. The PCA produced
eight main axes, of which four were used to interpret
the relationships between the variables characterizing
FAW infestation. The Kaiser criterion was used to se-
lect the main components for factor analysis, the eigen-
values of which were above unity, since they generated
components with relevant amounts of the original
information.
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Results

Bioclimatic characterization of maize fields in Kabare
territory and Ruzizi Plain

The fields investigated here were located at different altitudes,
and so had very different bioclimatic characteristics (Table 2).
For instance, in Kabare, the environment was characterized by
low values for almost all characteristic variables related to
temperature, but exhibited high values for all rainfall vari-
ables. The opposite trend in bioclimatic characteristics was
obtained for Ruzizi Plain. The Ruzizi Plain was characterized
by high temperatures and low rainfall, whereas Kabare was
characterized by high rainfall and low temperatures.

Characterization of FAW seasonal infestation in the
maize fields of Kabare and Ruzizi Plain

Table 3 shows the differences in FAW infestation in Kabare
and the Ruzizi Plain. FAW infestation appeared to be more
severe in Ruzizi Plain compared to Kabare. Ruzizi Plain had
the highest values for NIP, TNP, NLP, NLL, NLDA, Severity,
and incidence. However, the range of variation in the observed
infestation parameters noticeably differed. Data from Ruzizi
Plain showed high statistically differences, highlighting some

Table 2 Description (mean £ SD) of bioclimatic characteristics of
sampled field locations in Kabare and Ruzizi Plain.

Variables Kabare Ruzizi Plain Total

BIO1 186.2 £ 5.3 2313 +3.8 209 + 23.1
BIO2 106.7 £ 2 1228 £ 1.3 1148 £82
BIO3 839.9 £9.1 800.1 = 4.6 819.8 +21.2
BI04 3+£0 35+0.5 33+£04
BIOS 250.4 + 5.7 3102 +£3.7 280.6 +30.4
BIO6 123.5+5.8 156.8 + 4.4 1403 +£17.5
BIO7 126.9 £2.8 1533 +£2 140.2 £ 13.5
BIO10 189.5+ 55 236.6 = 3.7 2133 +24
BIO11 183 +59 2277 +39 205.6 + 23
BIO12 1579.4 £41.3 1063.7 + 30.4 1318.9 + 261
BIO13 184.6 £5 142.8 £49 163.5 +£21.5
BIO14 222+14 7.7 +0.6 149 £ 7.4
BIO15 544 +£2.1 46 + 1 502 + 4.5
BIO16 508 + 14.6 389.4 + 8.4 448.1 + 60.6
BIO17 118.7 £ 4.8 50+ 4.1 84 +34.8
DEM 1609.2 + 87.5 917.3 £45.1 1259.6 + 353.7
LLDS 3+0 44 +0.5 37+0.8
MI 107.1 £3.9 59.8 £2 832 +23.9
MIAQ 334 +£18 12+ 0.9 225 +£10.8
MIMQ 138.6 £4.9 91.1 £24 114.6 £ 24.1
PET 1474 + 16.9 1775.6 + 14.5 1626.4 + 152

Table 3  Effect of season and agro-ecological zone (AEZ) on the
parameters of fall armyworm infestations.

Variables Agro-ecological zones (AEZ) Season

Kabare Ruzizi Plain ~ A2018 B2019
NIP 13.1+8a 20.6+10.1b 142+79a 195+10.8b
TNP 314+11.1a 354+93b 387+104b 282+73a
NIL 51+19a 54+18a 46+1.6a 59+18b
NLP 1.5+05a 1.7+£0.6 b 1.5+0.6a 1.6+0.6a
NLL 133£62a 166+78b 141+64a 158+79a
NLDA 16.1+£119a 285+193b 169+129a 27.8+192b
Severity S54+12a 62+15b 58+13a 58+15a
Incidence 0.4+0.2a 0.6+03b 04+02a 0.7£02Db

Means + SD followed by the same lowercase letter within rows are not
significantly different according Wilcoxon rank test at 5% significance
level (P <0.05). NIP, number of infested plants; TNP, total number of
plants; NIL, number of infested leaves per plant; NLP, number of larvae
per plant; NLL, number of lesions per leaf; NLDA, number of larvae per
defined area (20 m?).

variability in FAW infestation. In comparison, in Kabare, the
ranges of variation seemed to be smaller, reflecting lower
heterogeneity in infestation compared to Ruzizi Plain. Thus,
FAW infestation was more pronounced in the warmer envi-
ronment with lower rainfall, and was less pronounced in en-
vironments with higher rainfall and cooler temperatures.
Seasonal infestations of FAW (Table 3) were more pro-
nounced in the B2019 season compared to the A2018 season.
Season B2019 had the highest NIP, NIL, NLDA, and inci-
dence. The severity of infestation was similar for both
seasons.

Principal component analysis of FAW infestations in
Kabare and Ruzizi Plain

The principal component analysis of the two study areas is
presented in Table 4 and Fig. 2. Four (4) principal components
with eigenvalues greater than 1 were retained for interpreta-
tion. All bioclimatic variables, Season, and Area of study were
used as supplementary variables, and did not contribute to the
principal components. The four principal components repre-
sented more than 78% of total variance of the entire data set,
with the first two components representing more than 52% of
total inertia.

The first axis (Dim.1) captured more than 35% of total
variance. It was highly correlated with NLDA, Severity, and
incidence. This axis made it possible to characterize FAW
infestation better. It provided information on the relationship
between the incidence and severity of FAW infestation at the
two study areas as a function of season and bioclimatic fac-
tors. FAW infestation was more pronounced under relatively
higher temperatures (BIO1, BIO2, BIOS, BIO6, BIO7,
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Table 4  Principal component analysis of fall armyworm infestation.

Configuration Dim.1 Dim.2 Dim.3 Dim.4
Eigen value 2.8495 1.3440 1.0748 1.0120
Percentage of variance 35.6187 16.8000 13.4348 12.6497
Cumulative percentage of variance 35.6187 52.4188 65.8536 78.5033
NIP Active variable 0.4586 (7.3812) 0.3297 (8.0870) 0.7498 (52.3029) 0.0484 (0.2319)
TNP Active variable —0.0443 (0.0688) —0.6481 (31.2526) 0.3865 (13.8967) 0.5177 (26.4793)
NIL Active variable 0.0527 (0.0976) 0.8131 (49.1864) —0.0445 (0.1841)  0.3478 (11.9499)
NLP Active variable 0.5434 (10.3618)  —0.0150 (0.0166)  —0.5913 (32.5277) 0.4236 (17.7288)
NLL Active variable 0.3246 (3.6971) 0.1117 (0.9280) 0.0762 (0.5399) 0.5503 (29.9241)
NLDA Active variable 0.8989 (28.3541)  —0.1184 (1.0430)  —0.0529 (0.2606)  —0.0533 (0.2804)
SEVERITY Active variable 0.8512 (25.4278) —0.3219(7.7075)  —0.0255 (0.0604)  —0.0944 (0.8813)
INCIDENCE Active variable 0.8374 (24.6115)  0.1546 (1.7789) 0.0495 (0.2276) —0.3560 (12.5243)
A2018 Supplementary category —(0.5628 —0.6568 0.0429 0.2126
B2019 Supplementary category  0.5510 0.6432 —0.0420 -0.2082
KABARE Supplementary category —0.7012 0.0131 -0.2227 -0.2128
RUZIZI PLAIN Supplementary category  0.6865 -0.0129 0.2180 0.2084
BIO1 Supplementary variable — 0.4204 —0.0261 0.2207 0.2051
BIO2 Supplementary variable  0.4115 —0.0053 0.2219 0.1990
BIO3 Supplementary variable — 0.4114 0.0149 —0.2394 - 0.1705
BIO4 Supplementary variable  0.3178 0.0223 0.1539 0.0439
BIOS Supplementary variable — 0.4215 —0.0225 0.2269 0.2056
BIO6 Supplementary variable ~ 0.4087 —0.0347 0.2150 0.2081
BIO7 Supplementary variable  0.4181 —0.0060 0.2287 0.1926
BIO10 Supplementary variable  0.4191 —0.0242 0.2243 0.2055
BIO11 Supplementary variable  0.4154 —0.0278 0.2221 0.2081
BIO12 Supplementary variable — — 0.4140 0.0210 - 02225 - 0.2147
BIO13 Supplementary variable —— 0.4052 0.0262 - 02191 - 0.2189
BIO14 Supplementary variable — 0.4091 0.0247 - 0.2198 = 0.2130
BIOI15 Supplementary variable  — 0.3769 0.0157 - 02138 -02192
BIO16 Supplementary variable — 0.4079 0.0207 -0.2223 - 02189
BIO17 Supplementary variable — 0.4151 0.0208 -0.2151 -02132
DEM Supplementary variable — 0.4177 0.0163 - 0.2209 - 02014
LLDS Supplementary variable  0.3965 —0.0200 0.1912 0.1985
MI Supplementary variable — 0.4156 0.0206 —0.2251 —-02126
MIAQ Supplementary variable — 0.4126 0.0224 - 0.2223 —02116
MIMQ Supplementary variable — 0.4116 0.0216 - 0.2276 - 02128
PET Supplementary variable — 0.4221 -0.0171 0.2257 0.2030

Values in italic are significantly different from 0 at o« = 0.05 (p value < 0.05). NIP, number of infested plants; 7NP, total number of plants; NIL, number
of infested leaves per plant; NLP, number of larvae per plant; NLL, number of lesions per leaf; NLDA, number of larvae per defined area (20 m? ).

BIO10, and BIO11) with high evapotranspiration (PET) over
relatively long periods (LLDS). These conditions were char-
acteristic of the Ruzizi Plain and/or B2019 season. In compar-
ison, FAW infestation was less pronounced in conditions with
heavy rainfall (BIO12, BIO13, BIO14, BIO15, BIO16, and
BIO17). These characteristics were encountered at Kabare
and/or A2018 season.

The second axis (Dim.2) described the relationships be-
tween the number of infested leaves (NIL), total number of
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plants (TNP), and seasonal FAW infestation. It described the
distribution of FAW in fields with respect to field character-
istics. Fields with high numbers of plants (TNP) tended to
have low numbers of infested leaves per plant (NIL). During
the A2018 season, NIL was lower in maize. FAW infestation
was less pronounced during the A2018 season, and was most-
ly characterized by heavy rains and low temperatures. These
conditions represent unfavorable periods (low temperatures)
for FAW, which, while present, caused less damage, with
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Fig. 2 Output of the principal component analysis: characterization of fall armyworm infestation in the study areas (A—C) and seasons (D-F) in the

planes Dim.1-Dim.2, Dim.1-Dim.3, and Dim.1-Dim.4.

almost no incidence. In other words, larvae were present, but
were not yet at the stage where they would cause damage to
plants, with almost nil incidence in the A2018 season.

The third axis (Dim.3) provided information on the rela-
tionships between the number of infested plants (NIP), num-
ber of larvae per plant (NLP), and total number of plants in the

field (TNP). FAW tended to infest all plants in a field, with the
highest numbers of infested plants being observed in fields
with the highest numbers of maize plants. However, when
infestation was spread across a larger number of maize plants,
larval numbers per plant were low. Unexpectedly, the fourth
axis (Dim.4) showed that cases existed where the incidence
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was low, because maize fields contain large numbers of plants
(TNP). Consequently, plants containing large numbers of lar-
vae (NLP) infected a large number of leaves (NIL), causing a
large number of lesions on leaves (NLL); however, the degree
of damage was very low.

Variation of degree day, precipitation, and number of
FAW generations across seasons and agro-ecological
zones

Table 5 shows the difference in terms of infestation between
the two seasons and the two agro-ecological zones. The Ruzizi
Plain was more favorable to FAW based on the sum of accu-
mulated degree days. Mean NOG was 1.68 (~2) and 2.82 (~
3) in Kabare territory and Ruzizi Plain, respectively. Across
the two seasons, about two and three generations were ob-
served in Kabare territory and the Ruzizi Plain, respectively.
The total annual number of generations was 5.64 (~6) and
3.36 (~3) in the Ruzizi Plain and Kabare territory, respective-
ly. Precipitations were higher in the A2018 season in Kabare
territory compared to Ruzizi Plain (Table 5). Of note, higher
rainfall was recorded during the B2019 season compared to
the A2018 season in the Ruzizi Plain compared to Kabare
territory.

Discussion

FAW infestations on maize have been observed since 2016 in
South-Kivu Province (personal observations), the year it was
first introduced to the African continent. However, prelimi-
nary research has been limited, due to the negligible extent of
damage observed during this time. Over the last 3 years, this
pest has started to devastate maize crops in the region. Koffi
et al. (2020) reported that infestation levels of FAW vary from

one agro-ecological zone to another. Lopez et al. (2019) and
Koffi et al. (2020) reported that damage to crops (such as corn)
by FAW varies across years. The incidence, level of leaf dam-
age, and larval density of FAW varied significantly depending
on the season and agro-ecological zone. The incidence of
FAW was higher in the Ruzizi Plain and B2019 season
(Table 3). Baudron et al. (2019) showed that the incidence
of plants with FAW damage symptoms varied depending on
the estimate used for determining the parameter. Around
48.3% of plants were estimated to have leaf damage, while
31.6% of plants had frass in the whorl (Baudron et al. 2019).
FAW infestation varied considerably among farms in three
countries surveyed by Sisay et al. (2019), with mean percent
FAW infestation ranging from 5.3 to 100%. When 100% of
the irrigated maize plants were infested by FAW under exper-
imental conditions, yield declines by 45% (Hruska and
Gladstone 1988). Under natural rainfall, where 100% of infes-
tation occurs, yield declines by 15-30% (Van Huis 1981) and
up to 73% (Hruska and Gould 1997). The Davis damage score
was intermediate for each season and each agro-ecological
zone of the current study, dominated by score 5 (Table 3). In
comparison, low to moderate leaf damage scores were report-
ed by Sisay et al. (2019). A lower Davis damage score of 3.78
was recorded by Baudron et al. (2019). Baudron et al. (2019)
suggested that FAW damage does not necessarily significant-
ly impact crop yield.

Beserra et al. (2002) showed that the distribution of FAW
larvae and eggs varied with the phenological stage of corn. At
the 8-leaf stage (V6), the larval density of FAW per plant
varied with respect to agro-ecological zone in our study, with
1.7 larvae per plant being recorded in the Ruzizi Plain and 1.5
in Kabare (Table 3). Only one larva was recovered per plant in
a study by Murua et al. (2006), and Fotso Kuate et al. (2019).
This decrease in NLP was due to cannibalism, dispersal, and
predation (Peireira and Hellman 1993, Chapman et al. 1999,

Table 5 Sum of degree day (DD)

and number of FAW generations Season Month DD P (mm) NOG
(NOGQ), and precipitations (P™")
during the seasons in the agro- Ruzizi Plain Kabare Ruzizi Plain Kabare Ruzizi Plain Kabare
ecological zones.
A2018 September 357 215.8 50 129.7 2.89 1.72
October 359.9 210.2 83.3 167.3
November 331.5 195.2 103 178.1
December 343 202.8 121.5 169.6
January 3449 209.8 120.2 148.2
> 1736.6 1034.1 478.2 793.1
B2019 February 3125 188.5 109.8 147.3 2.75 1.64
March 345.5 210.1 136.3 178.8
April 3333 200.7 141.6 180.2
May 343.6 206.3 96.8 124.7
June 3193 183.7 243 44.1
> 1654.4 989.3 509 675.4
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Capinera 2000), because larval density per plant is higher at
the start of infestation. Marenco et al. (1992) documented that
a mean density of 0.2 to 0.8 larvae per plant during the late
whorl stage could reduce yield by 5 to 20%.

Differences recorded in the parameters of FAW infesta-
tions during this study were directly related to climatic condi-
tions. Indeed, Hruska and Gladstone (1988) stated that dam-
age caused by FAW is strongly associated to environmental
conditions. The study areas had totally different bioclimatic
characteristics (Table 2). Nboyine et al. (2020) reported that
the abundance of FAW in maize is influenced by the growth
stage of the crop, rainfall, and relative humidity. Murua et al.
(2006) suggested that temperature and rainfall are the
climatologic factors that significantly impact FAW density.
FAW infestation was pronounced at relatively higher temper-
atures with high evapotranspiration, which were conditions
characteristic of the Ruzizi Plain and B2019 season. In com-
parison, Kabare territory and A2018 season were character-
ized by heavy rainfall conditions (Table 5). One factor that
might have contributed to the high severity and incidence of
FAW infestation during the B2019 season was a short period
of drought between the end of the A2018 season and the
beginning of the B2019 season. However, Fotso Kuate et al.
(2019) observed that areas with bimodal rainfall have a higher
accumulation of FAW populations during the first planting
season. Indeed, rainfall enhances larval mortality state of
FAW (Early et al. 2018; Cokola 2019) with the first season
(A2018) characterized by huge amounts of rain (Table 5).

Barfield and Ashley (1987) reported that the developmen-
tal times of FAW are temperature-dependent, being modified
by the stage of maize consumed. Hogg et al. (1982), Barfield
and Ashley (1987), and Busato et al. (2005) reported that the
development time of eggs, larvae, and pupae decreases with
temperature up to 35°C. Accumulated DD by FAW was im-
portant in the Ruzizi Plain compared to Kabare (Table 5),
because the Ruzizi Plain is dominated by a semi-arid climate.
Fatoretto et al. (2017) documented that FAW is highly repro-
ductively efficient in tropical areas. In warmer temperature
conditions (such as the Ruzizi Plain), there may be several
generations per year versus two or less generations in temper-
ate areas. The development of FAW and other insects is fa-
vored by warm temperatures, which increase the number of
generations in a given region (Westbrook and Sparks 1986).

Up to three generations of FAW were reported in this study
during the B2019 season in the Ruzizi Plain and Kabare
territory and two during A2018 in both areas. The total
annual number of generations is about six in the Ruzizi
Plain and three in Kabare territory. Busato et al. (2005) report-
ed up to eight generations per year in the maize fields of
tropical areas. Du Plessis et al. (2018) reported that the NOG
of FAW occurring in an area varies with the appearance of the
dispersing adults. However, outside the growing season,
FAW populations can be maintained by infesting other crops

(Montezano et al. 2018). During the dry season, the annual
NOG of FAW likely increases, because FAW infest crops
other than maize and sorghum in the study area (personal
communication). Vegetable crops, such as onion, have been
reported as alternate hosts during the dry season. Rapid gen-
eration turnover in FAW is facilitated by the presence of
intercropping, where different crops grow at the same time
and successively throughout the year, maintaining a high den-
sity of FAW (Fatoretto et al. 2017).

FAW is an important pest in the Eastern DR Congo, with
infestation varying with the cropping seasons and agro-
ecological zone. The late season (B2019) and the Ruzizi
Plain were the most favorable for FAW development.
Rainfall seemed to be a factor limiting FAW infestation in
the region, whereas warm temperatures accelerated develop-
ment and increased the number of generations per year.
Because of its polyphagous feeding behavior, FAW threaten
agriculture in Eastern DR Congo. In the context of monitoring
and developing effective control strategies against FAW, it is
necessary to be vigilant for dry season populations by identi-
fying alternative host plants.

Acknowledgments We acknowledged students from Université
Evangélique en Afrique (UEA/Bukavu), faculty of agricultural and envi-
ronmental sciences, especially Balagizi Kalungu Roland and Cirezi
Masumbuko Jaélle for assisting during the survey and data collection.
The authors gratefully appreciate the help of Byamungu Ndeko Adrien,
the Institut National d’études et de Recherche Agronomique (INERA/
Mulungu) and the Centre de Recherche en Sciences Naturelles
(CRSN/Lwiro) for facilitation in the acquisition of data.

Author Contribution Statement F Francis and EB Bisimwa planned and
supervised the project. MC Cokola, Y Mugumaarhahama, N Grégoire,
LK Muzee, JZ Mugisho, VM Aganze, and AK Lubobo performed the
experiments, analyzed the data, and contributed reagents/materials/anal-
ysis tools. All authors contributed to the writing and revision of the final
manuscript. All authors read and corrected the manuscripts.

References

Ali A, Luttrell RG, Schneider JC (1990) Effects of temperature and larval
diet on development of the fall armyworm (Lepidoptera:
Noctuidae). Ann Entomol Soc Am 83:725-733. https://doi.org/10.
1093/aesa/83.4.725

Ayala OR, Navarro F, Virla EG (2013) Evaluation of the attack rates and
level of damages by the fall armyworm, Spodoptera frugiperda
(Lepidoptera: Noctuidae), affecting corn-crops in the northeast of
Argentina. Rev Facult Cienc Agr 13

Barfield CS, Ashley TR (1987) Effects of corn phenology and tempera-
ture on the life cycle of the fall armyworm, Spodoptera frugiperda
(Lepidoptera: Noctuidae). Fla Entomol 70:110. https://doi.org/10.
2307/3495097

Baudron F, Zaman-Allah MA, Chaipa I, Chari N, Chinwada P (2019)
Understanding the factors influencing fall armyworm (Spodoptera
frugiperda J.E. Smith) damage in African smallholder maize fields
and quantifying its impact on yield. A case study in eastern
Zimbabwe. Crop Prot 120:141-150. https://doi.org/10.1016/].
cropro.2019.01.028

@ Springer


https://doi.org/10.1093/aesa/83.4.725
https://doi.org/10.1093/aesa/83.4.725
https://doi.org/10.2307/3495097
https://doi.org/10.2307/3495097
https://doi.org/10.1016/j.cropro.2019.01.028
https://doi.org/10.1016/j.cropro.2019.01.028

154

Cokola et al.

Beserra EB, Dias CTDS, Parra JRP (2002) Distribution and natural par-
asitism of Spodoptera frugiperda (Lepidoptera: Noctuidae) eggs at
different phenological stages of corn. Fla Entomol 85:588-593.
https://doi.org/10.1653/0015-4040(2002)085[0588:DANPOS]2.0.
CO;2

Buntin D (2008) Corn expressing CrylAb or CrylF endotoxin for fall
armyworm and corn earworm (Lepidoptera: Noctuidae) manage-
ment in field corn for grain production. Fla Entomol 91(4):523—
530. https://doi.org/10.1653/0015-4040-91.4.523

Busato GR, Griitzmacher AD, Garcia MS, Giolo FP, Zotti MJ, Bandeira
JM (2005) Exigéncias térmicas e estimativa do ntimero de geragdes
dos bidtipos “milho” e “arroz” de Spodoptera frugiperda. Pesq
Agropec Bras 40:329-335. https://doi.org/10.1590/S0100-
204X2005000400003

CABI (2020) Invasive species compendium datasheets-Spodoptera
frugiperda (fall armyworm). https://www.cabi.org/isc/datasheet/
29810. Accessed 21 Jan 2020

Cano-Calle D, Arango-Isaza RE, Saldamando-Benjumea CI (2015)
Molecular identification of Spodoptera frugiperda (Lepidoptera:
Noctuidae) corn and rice strains in Colombia by using a PCR-
RFLP of the mitochondrial gene cytochrome oxydase I (COI) and
a PCR of the gene FR (for rice). Ann Entomol Soc Am 108:172—
180. https://doi.org/10.1093/aesa/sav001

Capinera JL (2000) Fall armyworm, Spodoptera frugiperda (J.E. Smith)
(Insecta: Lepidoptera: Noctuidae). University of Florida IFAS
Extension

Chapman JW, Williams T, Escribano A, Caballero P, Cave RD, Goulson
D (1999) Fitness consequences of cannibalism in the fall army-
worm, Spodoptera frugiperda. Behav Ecol 10:298-303. https://
doi.org/10.1093/beheco/10.3.298

Cokola CM (2019) Monitoring, caractérisation moléculaire et lutte
biologique contre Spodoptera frugiperda (Lepidoptera :
Noctuidae). Travail de fin d’études, Gembloux Agro-Bio Tech,
Université de Liége, p 79. http://matheo.uliege.be/handle/2268.2/
8077. Accessed 21 Dec 2019

Davis FM, Ng SS, Williams WP (1992) Visual rating scales for screening
whorl-stage corn for resistance to fall armyworm. Mississippi Agric
For Expet Stn Techn Bull 186:9

Day AR, Karayiannis TG (1998) Degree days: comparison of calculation
methods. Build Serv Eng Res Technol 19:7-13. https://doi.org/10.
1177/014362449801900102

Day R, Abrahams P, Bateman M, Beale T, Clottey V, Cock M,
Colmenarez Y, Corniani N, Early N, Godwin J, Gomez J, Moreno
PG, Murphy ST, Oppong-Mensah B, Phiri N, Pratt C, Silvestri S,
Witt A (2017) Fall armyworm: impacts and implications for Africa.
Outlooks Pest Manag 28:196-201. https://doi.org/10.1564/v28
oct 02

Du Plessis H, Van den Berg J, Ota N, Kriticos DJ (2018) Spodoptera
frugiperda. CSIRO - InSTePP Pest Geography Canberra 1-7

Du Plessis H, Schlemmer M-L, Van den Berg J (2020) The effect of
temperature on the development of Spodoptera frugiperda
(Lepidoptera: Noctuidae). Insects 11:228. https://doi.org/10.3390/
insects11040228

Early R, Gonzalez-Moreno P, Murphy ST, Day R (2018) Forecasting the
global extent of invasion of the cereal pest Spodoptera frugiperda,
the fall armyworm. NeoBiota 40:25-50. https://doi.org/10.3897/
neobiota.40.28165

Ekpa O, Palacios-Rojas N, Kruseman G, Fogliano V, Linnemann AR
(2018) Sub-saharan African maize-based foods: technological per-
spectives to increase the food and nutrition security impacts of maize
breeding programmes. Glob Food Sec 17:48-56. https://doi.org/10.
1016/).gf5.2018.03.007

Fatoretto JC, Michel AP, Silva Filho MC, Silva N (2017) Adaptive po-
tential of fall armyworm (Lepidoptera: Noctuidae) limits Bt trait
durability in Brazil. J Integ Pest Manag 8(1):1-10. https://doi.org/
10.1093/jipm/pmx011

@ Springer

Fotso Kuate A, Hanna R, Doumtsop Fotio ARP, Abang AF, Nanga SN,
Ngatat S, Tindo M, Masso C, Ndemah R, Suh C, Fiaboe KKM
(2019) Spodoptera frugiperda Smith (Lepidoptera: Noctuidae) in
Cameroon: case study on its distribution, damage, pesticide use,
genetic differentiation and host plants. PLoS One 14:¢0215749.
https://doi.org/10.1371/journal.pone.0215749

Goergen G, Kumar PL, Sankung SB, Togola A, Tamo M (2016) First
report of outbreaks of the fall armyworm Spodoptera frugiperda
(J.E Smith) (Lepidoptera, Noctuidae), a new alien invasive pest in
West and Central Africa. PLoS One 11:0165632. https:/doi.org/
10.1371/journal.pone.0165632

Hogg D, Pitre HN, Anderson RE (1982) Assessment of early-season
phenology of the fall armyworm (Lepidoptera: Noctuidae) in
Mississippi (Spodoptera frugiperda). Environ Entomol 11:705—
710. https://doi.org/10.1093/ee/11.3.705

Hruska A (2019) Fall armyworm (Spodoptera frugiperda) management
by smallholders. CAB Reviews: Perspectives in Agriculture,
Veterinary Science, Nutrition and Natural Resources 14:1-11.
https://doi.org/10.1079/PAVSNNR201914043

Hruska AJ, Gould F (1997) Fall armyworm (Lepidoptera: Noctuidae) and
Diatraea lineolata (Lepidoptera: Pyralidae): impact of larval popu-
lation level and temporal occurrence on maize yield in Nicaragua. J
Econ Entomol 90:611-622. https://doi.org/10.1093/jee/90.2.611

Hruska AJ, Gladstone SM (1988) Effect of period and level of infestation
of the fall armyworm, Spodoptera frugiperda, on irrigated maize
yield. Fla Entomol 71(3):249-254

Koffi D, Agboka K, Adenka DK, Osae M, Tounou AK, Anani Adjevi
MK, Fening KO, Meagher RL (2020) Maize infestation of fall ar-
myworm (Lepidoptera: Noctuidae) within agro-ecological zones of
Togo and Ghana in West Africa 3 Yr after its invasion. Environ
Entomol 49:645-650. https://doi.org/10.1093/ee/nvaa048

Labatte JM (1994) Modelling the larval development of Spodoptera
frugiperda (J. E. Smith), (Lep., Noctuidae) on corn. J Appl
Entomol 118:172—-178. https://doi.org/10.1111/j.1439-0418.1994.
tb00792.x

Lé S, Josse J, Husson F (2008) FactoMineR : an R package for multivar-
iate analysis. J Stat Soft 25. https://doi.org/10.18637/jss.v025.101

Lopez RY, Ortega AV, Centeno JHA, Ruiz JS, Carranza JAQ (2019)
Alert system against the fall armyworm Spodoptera frugiperda (J.
E. Smith) (Insecta: Lepidoptera: Noctuidae). Rev Mex Cienc Agr
10(2):405-416

Luginbill P (1928) The fall armyworm. USDA Tech Bull 34:1-92

Macauley H (2015) Cereal crops: rice, maize, millet, sorghum, wheat:
background paper. Conference on ‘Feeding Africa’ Dakar, Senegal,
pp 21-23

Marenco RJ, Foster RE, Sanchez CA (1992) Sweet corn response to fall
armyworm (Lepidoptera: Noctuidae) damage during vegetative
growth. J Econ Entomol 85:1285-1292

McGrath D, Huesing JE, Beiriger R, Nuessly G, Tepa-Yotto TG, Hodson
D, Kimathi E, Felege E, Abah Obaje J, Mulaa M, Mendes AP, Amer
Mabrouk AF, Belayneh Y (2018) Monitoring, surveillance and
scouting for fall armyworm. In: Prasanna BM, Huesing JE, Eddy
R, Peschke VM (eds) fall armyworm in Africa: a guide for integrated
pest management. CDMX, Mexico, pp 11-28

Michaud J-P, Moreau G (2011) A statistical approach based on accumu-
lated degree-days to predict decomposition-related processes in fo-
rensic studies: degree-days predict decomposition stages. J Forensic
Sci 56:229-232. https:/doi.org/10.1111/j.1556-4029.2010.01559.x

Montezano DG, Specht A, Sosa-Gomez DR, Roque-Specht VF, Sousa-
Silva JC, Paula-Moraes SV, Peterson JA, Hunt TE (2018) Host
plants of Spodoptera frugiperda (Lepidoptera: Noctuidae) in the
Americas. Afr Entomol 26:286-300. https://doi.org/10.4001/003.
026.0286

Murua G, Molina-Ochoa J, Coviella C (2006) Population dynamics of the
fall armyworm, Spodoptera frugiperda (Lepidoptera: Noctuidae)
and its parasitoids in northwestern Argentina. Fla Entomol 89:


https://doi.org/10.1653/0015-4040(2002)085<0588:DANPOS>2.0.CO;2
https://doi.org/10.1653/0015-4040(2002)085<0588:DANPOS>2.0.CO;2
https://doi.org/10.1653/0015-4040-91.4.523
https://doi.org/10.1590/S0100-204X2005000400003
https://doi.org/10.1590/S0100-204X2005000400003
https://www.cabi.org/isc/datasheet/29810
https://www.cabi.org/isc/datasheet/29810
https://doi.org/10.1093/aesa/sav001
https://doi.org/10.1093/beheco/10.3.298
https://doi.org/10.1093/beheco/10.3.298
http://matheo.uliege.be/handle/2268.2/8077
http://matheo.uliege.be/handle/2268.2/8077
https://doi.org/10.1177/014362449801900102
https://doi.org/10.1177/014362449801900102
https://doi.org/10.1564/v28_oct_02
https://doi.org/10.1564/v28_oct_02
https://doi.org/10.3390/insects11040228
https://doi.org/10.3390/insects11040228
https://doi.org/10.3897/neobiota.40.28165
https://doi.org/10.3897/neobiota.40.28165
https://doi.org/10.1016/j.gfs.2018.03.007
https://doi.org/10.1016/j.gfs.2018.03.007
https://doi.org/10.1093/jipm/pmx011
https://doi.org/10.1093/jipm/pmx011
https://doi.org/10.1371/journal.pone.0215749
https://doi.org/10.1371/journal.pone.0165632
https://doi.org/10.1371/journal.pone.0165632
https://doi.org/10.1093/ee/11.3.705
https://doi.org/10.1079/PAVSNNR201914043
https://doi.org/10.1093/jee/90.2.611
https://doi.org/10.1093/ee/nvaa048
https://doi.org/10.1111/j.1439-0418.1994.tb00792.x
https://doi.org/10.1111/j.1439-0418.1994.tb00792.x
https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.1111/j.1556-4029.2010.01559.x
https://doi.org/10.4001/003.026.0286
https://doi.org/10.4001/003.026.0286

Fall Armyworm Spodoptera frugiperda (Lepidoptera: Noctuidae) in South Kivu, DR Congo: Understanding How... 155

175-182. https://doi.org/10.1653/0015-4040(2006)89[175:
PDOTFA]2.0.CO;2

Nagoshi RN, Rosas-Garcia NM, Meagher RL, Fleischer SJ, Westbrook
JK, Sappington TW, Hay-Roe M, Thomas JMG, Murua GM (2015)
Haplotype profile comparisons between Spodoptera frugiperda
(Lepidoptera: Noctuidae) populations from Mexico with those from
Puerto Rico, South America, and the United States and their impli-
cations to migratory behavior. J Econ Entomol 108:135-144.
https://doi.org/10.1093/jee/tou044

Nboyine JA, Kusi F, Abudulai M, Badii BK, Zakaria M, Adu GB,
Haruna A, Seidu A, Osei V, Alhassan S, Yahaya A (2020) A new
pest, Spodoptera frugiperda (J.E. Smith), in tropical Africa: its sea-
sonal dynamics and damage in maize fields in northern Ghana. Crop
Prot 127:104960. https://doi.org/10.1016/j.cropro.2019.104960

Pashley DP (1986) Host-associated genetic differentiation in fall army-
worm (Lepidoptera: Noctuidae): a sibling species complex? Ann
Entomol Soc Am 79:898-904. https://doi.org/10.1093/aesa/79.6.
898

Peireira CJ, Hellman LJ (1993) Economic injury levels for Spodoptera
frugiperda (Lepidoptera: Noctuidae) on silage corn in Maryland. J
Econ Entomol 86:1266—-1270. https://doi.org/10.1093/jee/86.4.
1266

R Development Core Team (2018) R statistical software. R Foundation
for statistical computing, Vienna

Sharanabasappa D, Kalleshwaraswamy CM, Asokan R, Mahadeva
Swamy HM, Maruthi MS, Pavithra HB, Hegde K, Navi S, Prabhu
ST, Goergen G (2018) First report of the fall armyworm,
Spodoptera frugiperda (J E Smith) (Lepidoptera: Noctuidae), an
alien invasive pest on maize in India. Pest Manag Hort Ecosyst
24(1):23-29

Shylesha AN, Jalali SK, Gupta A, Varshney R, Venkatesan T, Shetty P,
Ojha R, Ganiger PC, Navik O, Subaharan K, Bakthavatsalam N,
Ballal CR (2018) Studies on new invasive pest Spodoptera
frugiperda (J.E. Smith) (Lepidoptera: Noctuidae) and its natural
enemies. J Biolog Cont 32:145-151. https://doi.org/10.18311/jbc/
2018/21707

Sisay B, Simiyu J, Mendesil E, Likhayo P, Ayalew G, Mohamed S,
Subramanian S, Tefera T (2019) Fall armyworm, Spodoptera
frugiperda infestations in East Africa: assessment of damage and
parasitism. Insects 10:195. https://doi.org/10.3390/insects 10070195

Snyder R (1985) Hand calculating degree days. Agric Forest Meteorol
35:353-358. https://doi.org/10.1016/0168-1923(85)90095-4

TuX, LiZ, Wang J, Huang X, Yang J, Fan C, Wu H, Wang Q, Zhang Z
(2014) Improving the degree-day model for forecasting Locusta
migratoria manilensis (Meyen) (Orthoptera: Acridoidea). PLoS
One 9:¢89523. https://doi.org/10.1371/journal.pone.0089523

Valdez-Torres JB, Soto-Landeros F, Osuna-Enciso T, Baez-Safiudo MA
(2012) Modelos de prediccion fenologica para maiz blanco (Zea
mays L.) y gusano cogollero (Spodoptera frugiperda J. E. Smith).
Agrociencia 46:399-410

Van Huis A (1981) Integrated pest management in the small farmer’s
maize crop in Nicaragua. Mededelingen Landbouwhogeschool,
Wageningen, pp 81-86

Vancoppenolle R, Renard C, Sottiaux G, Nyole H (1984) Comportement
de Stylosanthes guianensis (Aubl.) Sw. dans la Ruzizi et le Mosso
(Burundi). Tropicultura 2(2):50-55

Veenstra KH, Pashley DP, Ottea JA (1995) Host-plant adaptation in fall
armyworm host strains: comparison of food consumption, utiliza-
tion, and detoxication enzyme activities. Ann Entomol Soc Am 88:
80-91. https://doi.org/10.1093/aesa/88.1.80

Vélez-Arango AM, Arango IRE, Villanueva MD, Guilera GE,
Saldamando BC (2008) Identificacion de biotipos de Spodoptera
frugiperda (Lepidoptera: Noctuidae) mediante marcadores
mitocondriales y nucleares. Rev Colomb Entomol 34(2):145-150

Westbrook JK, Sparks AN (1986) The role of atmospheric transport in the
economic fall armyworm (Lepidoptera: Noctuidae) infestations in
the Southeastern United States in 1977. Fla Entomol 69:492. https://
doi.org/10.2307/3495382

Westbrook JK, Nagoshi RN, Meagher RL, Fleischer SJ, Jairam S (2016)
Modeling seasonal migration of fall armyworm moths. Int J
Biometeorol 60:255-267. https://doi.org/10.1007/s00484-015-
1022-x

Zacarias DA (2020) Global bioclimatic suitability for the fall armyworm,
Spodoptera frugiperda (Lepidoptera: Noctuidae), and potential co-
occurrence with major host crops under climate change scenarios.
Clim Chang 161:555-566. https://doi.org/10.1007/s10584-020-
02722-5

Zalom FG, Goodell PB, Wilson LT, Barnett WW, Bentley WJ (1983)
Degree-days: the calculation and use of heat units in pest manage-
ment, 94720th edn. Division of agriculture and natural resources,
University of California, Berkeley, pp 1-10

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1653/0015-4040(2006)89<175:PDOTFA>2.0.CO;2
https://doi.org/10.1653/0015-4040(2006)89<175:PDOTFA>2.0.CO;2
https://doi.org/10.1093/jee/tou044
https://doi.org/10.1016/j.cropro.2019.104960
https://doi.org/10.1093/aesa/79.6.898
https://doi.org/10.1093/aesa/79.6.898
https://doi.org/10.1093/jee/86.4.1266
https://doi.org/10.1093/jee/86.4.1266
https://doi.org/10.18311/jbc/2018/21707
https://doi.org/10.18311/jbc/2018/21707
https://doi.org/10.3390/insects10070195
https://doi.org/10.1016/0168-1923(85)90095-4
https://doi.org/10.1371/journal.pone.0089523
https://doi.org/10.1093/aesa/88.1.80
https://doi.org/10.2307/3495382
https://doi.org/10.2307/3495382
https://doi.org/10.1007/s00484-015-1022-x
https://doi.org/10.1007/s00484-015-1022-x
https://doi.org/10.1007/s10584-020-02722-5
https://doi.org/10.1007/s10584-020-02722-5

	Fall...
	Abstract
	Introduction
	Materials and methods
	Study area description
	Evaluation of the seasonal infestation of FAW
	Climatic data collection and calculation of FAW degree days
	Data analysis

	Results
	Bioclimatic characterization of maize fields in Kabare territory and Ruzizi Plain
	Characterization of FAW seasonal infestation in the maize fields of Kabare and Ruzizi Plain
	Principal component analysis of FAW infestations in Kabare and Ruzizi Plain
	Variation of degree day, precipitation, and number of FAW generations across seasons and agro-ecological zones

	Discussion
	References


