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Abstract

Parthenium hysterophorus L. (Asteraceae) is an invasive alien weed with detrimental effects on agricultural production,
biodiversity, human and animal health, threating rural livelihoods in Asia and Africa. The problem emerged recently in the
Kenyan Rift Valley, where it began to affect the landholdings of both agro-pastoralists and crop farmers. These vulnerable
smallholders depend heavily on natural resources for their livelihoods. In this study, we assessed the severity of parthenium
invasion and farmers’ management responses using a sample of 530 agro-pastoralists in Baringo County, Kenya, in 2019.
We hypothesise that the implementation of existing management strategies depends on the state of parthenium invasion and
household socio-economic characteristics. The prevalence and severity of parthenium invasion differed greatly among field
plots. To control weeds, farmers resort to either hand weeding, the use of synthetic herbicides, or intensive tillage, sometimes
in combination with mulching. A multivariate probit regression model shows that households’ characteristics determine the
type of control strategies used as well as their complementarity and substitutability. Hand weeding is the most common
option, adopted by almost 40% of farmers. The use of agrochemicals or soil-based control strategies appears to be related to
knowledge and information characteristics such as access to extension services, membership in organisations and the
educational level of household heads. While hand weeding and the use of synthetic herbicides depict significant
substitutability, the latter strategy is limited to a few larger farms with market-oriented production. As parthenium invasion
continues, policies need to improve farmer awareness and access to knowledge to enable pro-poor and environmentally
sustainable control of parthenium on smallholder farms.

Keywords Herbicides * Invasive alien species * Land-use change * Probit model - Weed control

Introduction

Invasive alien plant species continue to wreak havoc on
many smallholder farms in developing countries, threaten-
ing food security and livelihoods. They have detrimental
effects on crop yields, pasture productivity and tree plan-
tations, but can also negatively impact the biodiversity of
the natural environment (Mack et al. 2000; Duguma et al.
2019). Also, invasive plants can have negative impacts on
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human and animal health (Pratt et al. 2017; Witt et al. 2018;
Rai and Singh 2020). With progressive land-use change and
agricultural intensification, coupled with physical infra-
structure development, biological invasions have increased
over the past decade (PySek et al. 2020), and are predicted
to continue to increase by at least one-third over the next
two decades (Seebens et al. 2020). In general, anthro-
pogenic disturbances and land degradation are the main
causes of invasive dispersal dynamics (Witt et al. 2018).
Parthenium hysterophorus L., native to South America,
belongs to the family Asteraceae and is considered a nox-
ious weed and one of the most invasive species in the world
(Shabani et al. 2020). P. hysterophorus (further referred to
as parthenium) was accidentally introduced into Kenya and
Ethiopia in the early 1970s (Tamado and Milberg 2000),
possibly with contaminated wheat seeds from Australia
(Pratt et al. 2017). Through allelopathic effects, parthenium
inhibits seed germination and growth of a variety of crops
and pasture species. Depending on water availability, it may
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flower throughout the year, increasing its dispersal pressure
(unpublished data). In addition, the plant provides shelter
and fodder (nectar) for mosquitoes that transmit viral dis-
eases (Agha et al. 2020). Given its bioclimatic preferences,
large areas of East Africa are suitable for parthenium
spread, and many of these overlap with areas suitable for
maize production (McConnachie et al. 2011). Losses in
maize production due to parthenium invasion in Africa have
been estimated at 3.8—7.7 million USD per year (Pratt et al.
2017), while parthenium-related yield losses in sorghum in
Ethiopia range from 40 to 97% (Tamado et al. 2002).

While various chemical, physical and cropping system,
management practices have been recommended to control
or reduce the incidence of parthenium in croplands (Shabbir
2014; Duguma et al. 2019), few attempts have been made to
(1) define under which social-ecological conditions farmers
can effectively use these recommended practices, and (2)
understand the inherent constraints to their use (Adkins and
Shabbir 2014). While much attention has been paid to the
drivers of parthenium spread and the economic losses it
inflicts on production, little is known about the decision-
making process for adopting different management strate-
gies in farming systems in rural Africa. This is particularly
important in parts of the Kenyan Rift Valley, where the
spread of parthenium is a very recent phenomenon
(Wabuyele et al. 2014) and where smallholder farmers are
highly vulnerable because their livelihoods depend heavily
on the quality of natural resources (Greiner et al. 2013). We
hypothesise that the implementation of control strategies
depends on the perceived and actual state of parthenium
invasion and the socio-economic characteristics of house-
holds. This paper, therefore, examines the relevance of
parthenium infestation in Baringo County in Kenya to
smallholder decision making based on their socio-economic
context and exposure to parthenium invasion.

Materials and Methods
Description of the Study Site

This study was conducted in Baringo County, which is
located in the Rift Valley of Kenya. It is characterised by
both lowlands and highlands with varying altitude, pre-
cipitation and vegetation formations. The highlands, repre-
sented in our study by the Tugen hills, are formed on
volcanic rocks at altitudes of 800-2000 m above the sea
level. They are mainly used as rangelands. The lowlands are
located 700 m above the sea level with loamy sedimentary
soils and alluvial clay deposits from the lakes. The undu-
lating landscape is used for both crop- and rangelands.
The area, also known as the Marigat plains, is bordered on
the west by the Tugen hills, on the east by the Laikipia
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Escarpment, and on the north by the Elgeyo Escarpment
and the Lake Baringo catchment. Administratively, the
Baringo county is made up of six sub-counties (Baringo
South, Mogotio, Eldama Ravine, Baringo Central, Baringo
North and Tiaty). These sub-counties are further divided
into smaller administrative sub-units like wards, locations
and villages.

The area has an annual precipitation of 1000-1500 mm
in the highlands and 300-700 mm in the lowlands (Mbaabu
et al. 2020), which follows a bimodal distribution pattern
with peaks in April and in November. Temperatures range
from 10 °C (283.15 K) in the highlands to 35 °C (308.15 K)
in the Marigat plains. Based on the Koppen—Geiger climate
classification, Baringo falls into the BSh zone, which is a
hot, semi-arid savannah climate (Peel et al. 2007). In terms
of vegetation, the Baringo county has a mix of croplands,
shrublands and forests. The shrubland and forests are home
to tree species such as Prosopis juliflora, Vachellia tortilis
and other woody perennials. There also are grasslands,
pastures and reeds where livestock graze. Given that
households are gradually shifting from livestock keeping to
crop farming, many different crops like maize, beans,
vegetables and fruits such as water melon are cultivated. In
these croplands, farmers generally use different cultivation
methods ranging from crop rotation, shifting cultivation to
mixed farming.

The area has historically been settled by the Ilchamus
and the Tugens, with some Pokots migrating seasonally
from the north. The Ilchamus are a maa-speaking group,
while the Tugens are Kalenjin-speaking. The main liveli-
hood strategy of all these groups is semi-nomadic livestock
keeping, which is increasingly being supplemented or
replaced by rainfed maize cultivation and by irrigated
agriculture near the shores of the lake (Greiner et al. 2013;
Tabe-Ojong et al. 2021). Fishing and apiculture are also
gaining importance as economic activities. Around the Lake
Bogoria National Reserve and in areas near Lake Baringo,
tourism and biodiversity conservancies are common. There,
charcoal production is gaining importance as another new
livelihood strategy and as part of management initiatives to
reduce the negative impacts of the spread of another inva-
sive alien species, Prosopis juliflora (Mwangi and Swallow
2008; Alvarez et al. 2019; Tabe-Ojong et al. 2021). Par-
thenium was first reported in Kenya in 1973 in coffee
plantations. Since then has spread to other parts of the
country including the Baringo country where it can be seen
along irrigation channels and ephemeral lands (Wabuyele
et al. 2014).

Farm Household Survey

This study relies on a farm household survey, which was
carried out between July and August 2019 using a two-stage
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sampling technique. In the first stage, 35 villages were
randomly selected from four wards in the Baringo County.
The wards were purposely selected due to the rapid spread
of the invasive parthenium coupled with the established
Prosopis juliflora invasion (Alvarez et al. 2019). Villages
were selected in collaboration with the Kenya National
Bureau of Statistics using the probability proportional to
size random sampling technique. Village-level household
lists were prepared with authorities in all 35 sampled vil-
lages. From these lists, 15-16 households were randomly
selected" in each village, resulting in a total sample size of
530 households.

Households were interviewed using a structured ques-
tionnaire developed based on initial visits to the study area.
The questionnaire was designed on the World Bank’s
Survey Solutions platform and tested before implementa-
tion. To ensure that respondents were able to understand the
questions, the questionnaire was translated into the local
languages, i.e., llchamus and Tugen. Interviews were con-
ducted with household heads in their local languages at a
time convenient to the households. Each interview lasted
45-75 min and questionnaires were administered by a team
of eight enumerators who had received prior training.

The survey collected information on (1) awareness of
parthenium as an invasive species, (2) management options
to control its spread, (3) socio-economic and demographic
characteristics of households and (4) access to information,
extension contacts and membership in social organisations.
To assess knowledge and awareness of parthenium, we
showed pictures of parthenium and asked farmers if they
could identify the plant. After they identified the plant, we
jointly visited field sites where farmers had reportedly seen
parthenium in both rangelands and crop fields. The presence
of and/or damage caused by parthenium was quantified
using a scale from O to 4, representing the percentage of
ground cover (0 =no parthenium; 4 =75-100% ground
cover) in their crop fields.

Statistical Analysis

A combination of descriptive and econometric methods was
used to analyse the collected data. Descriptive statistics
were used to assess farmer awareness and knowledge of
parthenium, as well as reported severity and extent of
damage. Descriptive statistics were also used to identify the
different control options used by farmers.

While most farmers use single parthenium control
options, some farmers apply multiple strategies that may be
interrelated. In this regard, modelling the use of single-

! After constructing the household lists and identifying them with
numbers, households were randomly selected using randomisation
applications that randomly selects numbers.

control options separately may mask potential com-
plementary or substitutive effects of the different options.
Failure to account for such interactions may result in biased
effects since both the number and type of options adopted
may be path-dependent (Cowan and Gunby 1996) and their
adoption may be influenced by the experience of prior use.
In view of assessing determinants for adopting control
strategies and to account for possible interactions and
intercorrelations in the error terms, we applied a multi-
variate probit model (MVP), implemented in the statistical
programme STATA, and using the ‘mvprobit’ command
for the conditional recursive mixed process (Roodman
2011). A positive correlation between two control options
implies that the two options are complementary, while a
negative correlation implies substitutive effects. The MVP
is represented as a set of binary dependent variables (Y;) as
shown below:

Y;n = Ximﬁm + Eim (1)

1 ifYy;, >0
Yim = . (2)
0 otherwise
m=1,2,3

where V represents the farmer, m denotes the management
choices available, Y7, is a latent variable representing utility
differences in using the different management options. It
captures the unobserved preferences associated with the use
of these options. Y;, denotes the various management
options used to control parthenium. Y;,, is assumed to be a
linear combination of observed characteristics X, repre-
senting a vector of household and farm characteristics
thought to influence the use of different management
options. f,, is the vector of parameters to be estimated,
while &;, is the stochastic error term.

If farmers’ adoption of a particular control option is
independent of the use of another one, the error terms may
be independent and identically distributed, implying we
could employ univariate probit models using Eqgs. (1) and
(2). However, as highlighted above, the errors terms may be
correlated and follow a multivariate normal distribution
(MVN) with a conditional mean of zero and a normalised
variance of 1, whose covariance matrix is represented as
(€ jm~MVN(0, ¥)) with

L po Pz - Pim
P2 1 pn o P

Z Pi3 P L o pa (3)

Pim Pom  P3m 1
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Off-diagonal elements in the covariance matrix, p;,,
capture unobserved correlations between the various par-
thenium control strategies. The error terms are reflective of
the unobserved factors driving the choice of the manage-
ment option.

As the evaluation of the maximum likelihood function of
an MVN requires multi-dimensional integration, we used
the Geweke—Hajivassiliou—Keane simulator for recursive
conditioning, thus viewing and evaluating the MVN as
sequentially conditioned univariate normal distributions
(Cappellari and Jenkins 2003).

Results

Knowledge of Invasion and Management Strategies
Applied

In terms of knowledge and awareness of parthenium, about
67% of the surveyed farmers correctly identified parthe-
nium, with about 40% reporting invasions in their fields

Table 1 List of variables collected from a household survey on
parthenium control strategies in Baringo County, Kenya

Data type Mean SD

Dependent variables (parthenium control strategies)

Manual weed removal in field crops Binary 0.38 0.49
Spray application of herbicides Binary 0.15 036
Intensive soil tillage Binary 0.03 0.17
Explanatory variables

Age of household head (years) Continuous 45.15 15.62
Gender (male = 1, female = 0) Binary 0.74 043

Continuous  7.90  4.90
Continuous  0.53  0.73
Continuous 5.9 2.8
Categorical  0.65  0.99
Continuous 134 13.0

Education level (years of schooling)
Cultivated area (ha)

Household size (number of members)
Level of parthenium invasion (%)

Farming experience (years)

Membership in producer organisation  Binary 0.33 047
(Yes=1,No=0)

Access to credit (Yes =1, No=0) Binary 043 0.50
Off-farm activities (Yes =1, No=0) Binary 0.27 0.45
Extension contacts (Yes=1, No=0) Binary 0.26 044
Use of M-pesa (Yes =1, No=0) Binary 0.83 0.38
Livestock ownership (TLU?) Continuous 3.2 5.1
Awareness of parthenium (Yes =1, Binary 0.67 047
No =0)

Infestation by parthenium (Yes =1, Binary 040 049
No=0)

M-pesa is a mobile money service

*TLU: tropical livestock units are units used to represent the different
live weights of livestock in a bid to enable comparison of livestock
ownership across households
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(Table 1). About 40% of the households had parthenium in
both their pasture and croplands. Of these households, the
ground cover of parthenium reported was about 65%.
Knowledge of weeds and their harmful effects on crops or
forage productivity is an important step in managing them.
In most cases, knowledge of parthenium did not imply a
direct infestation in individual farmers’ fields but could also
concern invasion in neighbours’ fields. Figure 1 shows the
spatial occurrence and reported extent of parthenium inva-
sion in the study area.

Farmers in the study area used three main strategies to
control parthenium, namely manual weeding, application of
synthetic herbicides and intensive tillage, sometimes in
combination with mulching. Hand weeding was the most
popular management strategy. Nearly 60% of the surveyed
households did not experience invasion of their plots with
parthenium and hence did not apply any specific weed
control strategy against parthenium. Among farmers affec-
ted by parthenium invasion, the largest share (90%), or 38%
of all surveyed households manually removed parthenium
from crop fields.

The second most popular option, used by 15% of all
farmers (about 40% of those affected by parthenium inva-
sion), was the application of synthetic herbicides. Only
about 3% of households used intensive soil tillage such as
ploughing, harrowing and mulching to control parthenium.
While hand weeding is very labour-intensive, the use of
synthetic herbicides requires financial investment to pur-
chase agrochemicals, and the use of intensive tillage
requires access to machinery or draft animals. These latter
options were considered more desirable than hand weeding
because they limit farmers’ physical contact with parthe-
nium, which can cause allergic reactions in humans
(Duguma et al. 2019). On the other hand, capital require-
ments limit the use of agrochemical and machinery-based
options to better-off households with generally high wealth,
with only about 3% of farmers in the sample meeting these
conditions. Not a single farmer knew or used biological
control measures, as recommended for example in South
Asia (Adkins and Shabbir 2014).

Socio-economic and Demographic Characteristics of
Farmers

Farmers in the study area were on average 45 years old
(Table 1), with slightly above a quarter of households being
headed by women. The household heads had a moderate
level of education of about 8 years of schooling, which is
equivalent to primary plus post-primary school education.
The households can be characterised as smallholders based
on their farm size of about 0.53 hectares.

About one-third of the farmers in the sample belonged
to associations such as cooperatives and saving groups.
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Fig. 1 Study area showing reported intensity of the parthenium
infestation and the share of ground cover in Baringo County in the
northern region of Kenya. Marigat and Kabarnet (in bold) are the
administrative headquarters of Baringo South and Baringo Central
sub-counties, respectively. All other units represent some of the wards
in the two sub-counties. Characterisation of parthenium intensity is

Off-farm income was quite low, with only about one-fourth
of the households obtaining revenues from off-farm enter-
prises. Access to credit was available to just under half of
the 530 households. Access to extension services was even
lower, with only about 26% of farmers reporting contact
with extension agents during the previous 12 months. In
contrast, access to and use of a mobile money account was
widespread, with about 83% of farmers reporting using
M-pesa” for financial transactions. Ownership of an M-pesa
account requires ownership of a mobile phone, through
which some farmers also reported to have received impor-
tant extension information. Livestock ownership is repre-
sented by the Food and Agriculture Organization tropical
livestock unit (TLU) index, where each livestock represents
a specific unit, depending on its live weight. Since the study
area is a pastoralist community, livestock ownership sig-
nificantly represents rural wealth. Households reported
owning an average 3.2 TLUs.

2 M-pesa is a mobile phone-based money transfer service, payments
and micro-financing service.

MUKUTANI

- locations of low intensity

Locations of high intensity

Ward Boundary

[:I Baringo County

based on farmer-reported levels of invasion, ranging from low (<25%
infestation—blue colour), average (25-50% infestation—red colour),
high (50-75% infestation—orange colour) to very high (>75% infes-
tation—yellow colour). The percentages are the proportion of present/
absent values in a range of fields. The map was created using ArcGIS
mapping and analysis software

Differential of Household Attributes based on Weed
Management Strategies

We compared group means and standard deviations of key
household attributes to understand socio-economic differ-
ences and drivers of adoption of different parthenium con-
trol strategies (Table 2). Younger household heads differed
significantly from older ones in that the former used more
herbicides, while the latter preferred manual weed control.
Furthermore, male-headed households applied more herbi-
cides than female-headed ones, suggesting gender-
differentiated access to and use of external, capital- and
knowledge-intensive inputs. Male-headed households are
better connected with extension agents as a source of
information and have more social capital (belonging to
organisations), which may improve their access to knowl-
edge and herbicides.

Farmers with larger landholdings differed significantly
from those owning little land, regarding the adoption of
manual and chemical parthenium control strategies, while
no apparent differences are observed regarding tillage-based
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Table 2 Mean differences among households in Baringo, Kenya, based on the management strategies used to control Parthenium hysterophorus

Variables Weeding Herbicide application Intensive cultivation

Yes (1) No (0) Yes (1) No (0) Yes (1) No (0)

Age of household head (years) 40.740%** (0.954) 47.824 (0.892) 41.987** (1.389) 45.721 (0.758)  47.687 (3.431) 45.071 (0.691)
Household head is male (1 = Yes) 0.780 (0.029)  0.718 (0.024)  0.827** (0.042)  0.726 (0.021) 0.875 (0.085)  0.737 (0.019)

Educational level of 8.400* (0.327)  7.593 (0.274) 8.098 (0.541) 7.861 (0.229) 9.062 (1.062) 7.861 (0.215)
household head

Area of cultivation (ha) 0.694*** (0.060) 0.422 (0.033) 0.886*** (0.135) 0.459 (0.027) 0.896* (0.216)  0.514 (0.031)
6.515%** (0.188)  5.587 (0.150) 6.703*** (0.297)  5.799 (0.133) 5.812 (0.541)  5.941 (0.125)
Damage level (%) 1.655%** (0.065) 0.048 (0.015) 1.666*** (0.096) 0.472 (0.042) 1.312%** (0.150) 0.634 (0.043)

Experience in crop production 11.335%#% (0.712) 14.651 (0.792)  13.395 (1.132) 13.400 (0.636)  16.750 (3.939) 13.295 (0.570)
(years)

Household size (number)

Farmer group (1 = Yes) 0.370 (0.034)  0.303 (0.025) 0.456*** (0.055) 0.305 (0.021)  0.500 (0.129)  0.322 (0.020)
Access to credit (1 = Yes) 0.565%%*% (0.035)  0.348 (0.026) 0.567*+* (0.055) 0.405 (0.023) 0.322%%* (0.020)  0.420 (0.021)
Off-farm participation (1 = Yes) 0.295 (0.032)  0.257 (0.024)  0.234 (0.047) 0278 (0.021)  0.312 (0.119)  0.270 (0.019)

Access to extension services
(I =Yes)

Use of M-pesa (1 = Yes) 0.920%** (0.019)  0.769 (0.023)  0.901** (0.033) 0.812 (0.018) 0.875 (0.085) 0.824 (0.016)
Livestock ownership (TLU) 3.895%%% (0.368) 2.747 (0.271) 5.235%** (0.746) 2.810 (0.218) 4.429 (1.562) 3.142 (0.221)
Number of observations 200 330 81 449 16 514

11.335%+% (0.712) 14.651 (0.792)  13.395 (1.132) 13.400 (0.636)  16.750 (3.939) 13.295 (0.570)

Standard errors are shown in parentheses. The ‘1’ and ‘0’ in parenthesis signity dummies representing households’ use of particular strategies or
not, respectively

wxxp < 0.01, #4p < 0.05; *p <0.1

Table 3 Covariate relationships on farmer’s choice of parthenium management options in Baringo County, Kenya

Weeding Synthetic herbicides Intensive cultivation

Age of household head (years)
Household head is male (1 = Yes)

Educational level of household head
(years)

Area of cultivation (hectares)
Household size (number)

Damage level (%)

Experience in crop production (years)
Farmer group (1 = Yes)

Access to credit (1 = Yes)

Off-farm participation (1 = Yes)
Access to extension services (%)

Use of M-pesa (1 = Yes)

Livestock ownership (TLU)

—0.016%* (0.009)
0.092 (0.186)
—0.006 (0.029)

—0.006 (0.075)
0.046%* (0.023)
2.750%+% (0.461)
—0.004 (0.006)
0.099 (0.125)
0.195 (0.178)
—0.022 (0.140)
—0.014 (0.218)
0.076 (0.197)
—0.023 (0.034)

—0.009 (0.006)
0.244 (0.214)
—0.034** (0.016)

0.076%** (0.028)
0.018 (0.020)
0.577%** (0.088)
0.006 (0.007)
0.396%** (0.137)
—0.011 (0.190)
—0.088 (0.158)
0.426%* (0.189)
—0.133 (0.278)
0.024%* (0.012)

0.012 (0.016)
0.225 (0.294)
0.023 (0.028)

0.031 (0.035)
~0.039 (0.037)
0.254%+% (0.078)
0.005 (0.013)
0.163 (0.201)
0.479% (0.274)
0.077 (0.240)
0.068 (0.199)
—0.136 (0.357)
—0.004 (0.015)

Constant —1.508** (0.742) —1.635%** (0.384) —3.210%** (1.202)
Ward dummies Yes Yes Yes
Number of observations 530 530 530
Numbers in parenthesis present standard errors of the mean

w##kp < 0.01, *4p <0.05; *p<0.1

weed control. Similar differences were also observed con-  trend that is expected as manual weeding is usually labour-
cerning household size (number of members in a house-  intensive and time-consuming. The trend appears less

hold). There is a positive relationship between a large  plausible for the observed correlation between household
family and the availability of labour for manual weeding, a  size and herbicide use. On the other hand, herbicide
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Table 4 Complementarity and substitutability of strategies to control
the alien invasive weed Parthenium hysterophorus in Baringo
County, Kenya

Strategies Correlation coefficient

—0.299*%* (0.130)
—0.115 (0.096)
0.047 (0.139)

Synthetic herbicides versus weeding
Intensive cultivation versus weeding

Intensive cultivation versus synthetic
herbicides

Numbers in parenthesis represent standard errors of the mean
**p<0.05

application is not scale neutral and may depend on a large
family labour force for high levels of invasion, particularly
in relation to large landholdings.

We also observed significant differences between
households applying parthenium control strategies based on
the extent of damage caused by parthenium. Farmers that
never controlled parthenium had less crop damage. In
addition, farmers who practised weed control were more
experienced in growing crops and also had experienced
parthenium infestations for longer times than farmers who
did not weed. Their experience in managing other crop
weeds probably increased their willingness (and the need) to
manage parthenium. Farmers applying herbicides were
usually members of village organisations, had larger land-
holding and more capital resources (owning portable
phones and having larger numbers of livestock), and they
had easier access to credit and extension support than their
counterparts who are not members of such social groups.

Covariate Relationship to Management Options

Because some of the covariates in the MVP model (Table 3)
are potentially endogenous, we are not able to imply causal
relationships and rather refer to these relationships as
associations or correlations of farmers’ management
options. Younger farmers are more likely to perform man-
ual weeding than older ones. We also observed a positive
correlation between the gender of the household head
(male) and the use of manual weeding, though the varia-
bility in the sample of households was very large.

While the educational level of the household head was
not associated with the weed control strategies applied, the
number of years in formal education has a negative rela-
tionship with the use of synthetic herbicides. Thus, each
additional year spent in formal education reduced herbicide
use by 3.4%. Finally, households cultivating larger areas of
land are more likely to apply herbicides as a labour-saving
strategy for parthenium control.

The perceived amount of damage caused by parthenium in
farmers’ crop fields strongly enhanced the adoption of all
three parthenium control strategies, and farmers who reported

strong crop damage resulting from parthenium were more
likely to apply any of the management strategies. Households
belonging to village groups were more likely to use herbi-
cides than households not belonging to such groups.

Complementarities and Substitutability in the
Management Options

Table 4 shows a significant correlation between the error
terms of the use of weed control and the use of herbicides.
The correlation is negative, indicating substitutability in the
use of weed control and herbicide use. This means that
farmers using synthetic herbicides are less likely to practice
manual weeding. Since synthetic herbicide use is costly but
less labour-intensive, this strategy dominates in large farms
that have capital assets but have a shortage of labour. On the
other hand, manual weeding is labour-intensive and time-
consuming and hence dominates in smaller farms or in poor
households with large numbers of members. No correlations
were observed between the use of intensive tillage such as
ploughing, harrowing and mulching and the use of manual
weeding and/or the use of synthetic herbicides.

Discussion
Management Options used by Smallholder Farmers

From the results presented, it is apparent that farmers in the
Baringo County of Kenya apply different management
strategies for the control of parthenium, including physical
methods such as manual weeding, chemical control by
herbicide application and cultural methods such as intensive
soil tillage, sometimes in combination with mulching.
While weeding is often described as an activity mainly
carried out by women and children (Gianessi 2013;
McConnachie et al. 2011), our analysis finds no evidence to
support this claim. Weeding is also practised by male
farmers. It is the strategy of choice for resource-poor
households that rely mainly on family labour for all agri-
cultural activities as financial constraints prevent the hiring
of external labour or applying synthetic herbicides. The
latter additionally requires access to knowledge as con-
sistent dosing and timely applications are imperative to
achieve good weed control (Goodall et al. 2010).

Some households resort to intensive soil tillage operations
to control parthenium, both in the process of initial land
preparation before seeding, but also by inter-row harrowing
during early crop development stages. Such practices are time-
consuming, they require access to rented tractors or own draft
animals, and in the latter case as well as for manual weeding
impact children who perform much of these activities. Thus,
instead of going to school, children may spend considerable
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time during the early crop growth stages in weeding parthe-
nium (Gianessi 2013; Pratt et al. 2017). Intensive tillage is
costly, particularly when the renting of tractors is involved,
requiring financial liquidity, for example through access to
credit. Our analysis shows that households with access to
credit are more likely to adopt intensive tillage, such as
ploughing and mulching to control parthenium infestations.

One management option tested in mainly South Asia is
biological control by spray application of microbial patho-
gens, such as Puccinia abrupta var. partheniicola (Dhi-
leepan and Wilmot Senaratne 2009) or the release of insects
that preferably feed on parthenium such as the leaf-feeding
beetle Zygogramma bicolorata (Shrestha et al. 2015). While
such biological control strategies, particularly when com-
bining several control agents, have been successful and are
widely advocated for parthenium control in South Asia,
Australia and some parts of Africa, none of the farmers in
Baringo was aware or used such approaches. This may be
considered and possibly hinted at as a promising future
control strategy of parthenium in the Central Rift Valley but
would require support from both the public and possibly the
private sector for establishing mass-rearing facilities in
conjunction with the targeted release of these natural ene-
mies. That said, non-usage by smallholder farmers in Bar-
ingo is not surprising as it requires breeding and releasing
large number of control agents (insects mostly) that small-
holders cannot afford (technically and financially). In Tan-
zania, Zygogramma bicolorata beetles have been released
and found to be effective in managing parthenium both in
the wet and dry season (Kanagwa et al. 2020).

Covariate Association to Management Options

Farmers’ adoption of parthenium control strategies appears
in the very first place to be driven by the intensity of invasion
and the perceived extent of damage caused by parthenium to
farmers’ fields. The MVP results showed that the choice of
parthenium control strategies is correlated with several socio-
economic factors that influence adoption. Among those
attributes, farmers’ knowledge and access to information
appear to be key to the adoption of options and effective
control of parthenium invasions in pasture and croplands of
Baringo. Farmers chose management options based on the
level of invasion and their resource endowments. For
example, resource-poor households with high labour avail-
ability, small landholdings and young household heads were
more likely to choose manual weeding, while wealthier
households with social ties and access to credit and extension
services, as well as households with low labour input, were
more likely to choose labour-saving mechanical (tillage-
based) or chemical control strategies. Such relationships
between farmers’ relative resource endowments and adop-
tion of land-, labour-, capital- or knowledge-intensive crop
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management strategies were recently conceptually sum-
marised by Becker and Angulo (2019) for systems in Asia.
Accordingly, with small land areas and large numbers of
members in the household, labour-intensive strategies such
as manual tillage and hand weeding are favoured options.
With access to machinery or draft animals, and particularly
in larger landholding and labour-strapped households,
intensive tillage appears to be the strategy of choice.
Households practising large-scale cultivation are less likely
to use weed control because it is more labour-intensive
(Harrison et al. 2019), although the relationship is not sta-
tistically significant. Similarly, households with more
household members are more likely to engage in manual
weeding. Due to the lack of a market for labour in most rural
areas, households rely largely on family labour for many
agricultural activities such as weeding, which is both labour-
intensive and time-consuming. Gitonga et al. (2010) and
Tambo et al. (2020) obtained similar results in controlling
Liriomyza spp. Leafminers and the fall armyworm in Kenya,
Zimbabwe and Rwanda, respectively.

Households belonging to village groups were more likely
to use herbicides than households not belonging to such
groups. This result could be due to the fact that groups
increase households’ access to farm inputs such as herbicides
due to being able to purchase in bulk, making farmers obtain
these herbicides at reduced and sometimes even subsidised
prices. In summary, better-off or wealthier households are
more likely to apply these agrochemicals. Thus, livestock
ownership positively influenced herbicide use as livestock
represents wealth in agro-pastoral societies.

Herbicide use is predominantly related to variables
related to knowledge and information access such as
household heads’ educational level, access to extension
services, as well as wealth characteristics such as land and
livestock ownership. This finding has implications for the
design and formulation of invasive management strategies.
Any intervention that improves the knowledge base and
access to information for households would go a long way
in strengthening farmers’ capacity to fight invasive species.
Institutional characteristics such as access to credit also play
arole in very costly management options such as the use of
intensive farming methods. From an institutional perspec-
tive, our results suggest that households are constrained in
accessing some services such as farmer groups and credit
services. However, services such as the use of M-pesa are
currently high. This also implies the prevalence of mobile
phones and the associated benefits they offer.

Substitutability between Hand Weeding and
Herbicide Application

We also observed significant substitutability between the
use of hand weeding and the use of herbicides, implying
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that any policy initiative that promotes the use of physical
control methods such as weeding would greatly reduce the
use of herbicides, which can be toxic to both humans and
the environment. Furthermore, since weeding is labour- and
energy-intensive (McConnachie et al. 2011; Gianessi 2013;
Pratt et al. 2017), households may not fully utilise it. Since
the substitution effect also works in the opposite direction,
the use of synthetic herbicides may reduce dependence on
weeding. Again, however, synthetic herbicides are costly
and their successful application is both capital- and
knowledge-intensive and will therefore be limited to weal-
thier households and farm types with market-oriented pro-
duction. Improving access to herbicides (e.g., through
subsidies) may reduce parthenium invasion and crop
damage, but should be accompanied with adequate infor-
mation on dosage and timing and on possible adverse health
and environmental effects. Biocontrol strategies using nat-
ural enemies may be another viable alternative for future
parthenium control in Baringo County and beyond. How-
ever, it should be noted that biocontrol agents may be more
suited for pastoral lands and less suited in highly disturbed
environments such as in crop production areas. In such
areas, the use of an integrated management approach may
be a win-win here (Adkins and Shabbir 2014; Lee and
Thierfelder 2017).

Conclusions and Outlook

Invasive alien species continue to cause detrimental effects
on smallholder farms. This is particularly true for the
invasive alien plant P. hysterophorus in Baringo County,
Kenya, where the weed is spreading rapidly. While several
management strategies have been proposed to control par-
thenium in pasture and croplands, it remains unclear whe-
ther farmers are adopting these options and if so, which
option is most appropriate for which farm type or household
category. This study addressed this knowledge gap through
an on-farm survey involving 530 households. We show that
depending on the intensity of parthenium invasion and the
perceived damage it causes, the resource endowment of
households, and particularly their access to knowledge are
shaping adoption patterns.

The study has two limitations that should be addressed in
future research. First, generalisations from Baringo County
to other areas in the Central Rift Valley, to wider Kenya or
rural Africa are limited due to the specific social-ecological
context of the study area with specific biophysical features
and the recent phenomenon of sedentarisation of former
pastoralists. Second, we do not infer causal relationships and
note that our analysis correlates potential determinants with
the different management options used by farmers. As this is
the first study of its kind on the emerging problem of

parthenium spread in Kenya, future research can build on
this work but needs to identify causal relationships in terms
of targeting control options and upscaling recommendations.

Acknowledgements We are grateful to Emmanuel Nshakira-Rukundo
and Adam Kurczewski for their support in data collection. We also
thank the team of enumerators and Julius Ngilip for their assistance
during pre-surveys, the household listing exercise and the entire data
collection process. The comments and constructive feedback of three
anonymous reviewers are acknowledged. The usual disclaimer applies.

Funding This research was supported by the German Research
Foundation (DFG) through funding for the project ‘Invasive futures’ as
part of the Collaborative Research Center ‘Future Rural Africa’
(Project-ID 328966760—TRR 228). Open Access funding enabled
and organized by Projekt DEAL.

Compliance with Ethical Standards
Conflict of Interest The authors declare no competing interests.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

Adkins S, Shabbir A (2014) Biology, ecology and management of the
invasive parthenium weed (Parthenium hysterophorus 1.). Pest
Manag Sci 70:1023-1029. https://doi.org/10.1002/ps.3708

Agha SB, Alvarez M, Becker M, Fevre EM, Junglen S, Borgemeister
C (2020) Invasive alien plants in Africa and the potential emer-
gence of mosquito-borne arboviral diseases: a review and
research outlook. Viruses 13:32. https://doi.org/10.3390/
v13010032

Alvarez M, Heller G, Malombe I, Matheka KW, Choge S, Becker M
(2019) Classification of Prosopis juliflora invasion in the Lake
Baringo basin and environmental correlations. Afr J Ecol 57
(3):296-303. https://doi.org/10.1111/aje.12601

Becker M, Angulo C (2019) The evolution of lowland rice-based
production systems: historic trends, determinants of change,
future perspective. Adv Agron 157:293-327

Cappellari L, Jenkins SP (2003) Multivariate Probit regression using
simulated maximum likelihood. Stata J Promoting Commun Stat
Stata 3(3):278-294. https://doi.org/10.1177/1536867x0300300305

Cowan R, Gunby P (1996) Sprayed to death: path dependence, lock-in
and pest control strategies. Economic J 106(436):521-542.
https://doi.org/10.2307/2235561

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/ps.3708
https://doi.org/10.3390/v13010032
https://doi.org/10.3390/v13010032
https://doi.org/10.1111/aje.12601
https://doi.org/10.1177/1536867x0300300305
https://doi.org/10.2307/2235561

870

Environmental Management (2022) 69:861-870

Dhileepan K, Wilmot Senaratne KAD (2009) How widespread is
Parthenium hysterophorus and its biological control agent
Zygogramma bicolorata in South Asia? Weed Res 49
(6):557-562. https://doi.org/10.1111/j.1365-3180.2009.00728.x

Duguma G, Fitamo D, Kebede F (2019) Socioeconomic and ecological
consequences of Parthenium weed (Parthenium hysterophorus L.)
in Boset Woreda, Ethiopia. Afr J Agric Res 14(34):1921-1942.
https://doi.org/10.5897/AJAR2019.14247

Gianessi LP (2013) The increasing importance of herbicides in
worldwide crop production. Pest Manag Sci 69(10):1099-1105.
https://doi.org/10.1002/ps.3598

Gitonga ZM, Chabi-Olaye A, Mithofer D, Okello JJ, Ritho CN (2010)
Control of invasive Liriomyza leafminer species and compliance
with food safety standards by small scale snow pea farmers in
Kenya. Crop Prot 29(12):1472-1477. https://doi.org/10.1016/j.
cropro.2010.08.007

Goodall J, Braack M, de Klerk J, Keen C (2010) Study on the early
effects of several weed-control methods on Parthenium hyster-
ophorus L. Afr J Range Forage Sci 27(2):95-99. https://doi.org/
10.2989/10220119.2010.502648

Greiner C, Alvarez M, Becker M (2013) From cattle to corn: attributes
of emerging farming systems of former pastoral nomads in East
Pokot, Kenya. Soc Nat Resour 26:1478-1490. https://doi.org/10.
1080/08941920.2013.791901

Harrison RD, Thierfelder C, Baudron F, Chinwada P, Midega C,
Schaffner U, van den Berg J (2019) Agro-ecological options for
fall armyworm (Spodoptera frugiperda JE Smith) management:
providing low-cost, smallholder friendly solutions to an invasive
pest. J Environ Manag 243(1):318-330. https://doi.org/10.1016/;.
jenvman.2019.05.011

Kanagwa W, Kilewa R, Treydte AC (2020) Effectiveness of Zygogramma
bicolorata as a biocontrol agent against Parthenium hysterophorus in
Arusha, Tanzania, Biocontrol Sci Technol 30(8):806-817

Lee N, Thierfelder C (2017) Weed control under conservation agri-
culture in dryland smallholder farming systems of southern
Africa. a review. Agron Sustain Dev 37(48). https://doi.org/10.
1007/s13593-017-0453-7

Mack RN, Simberloff D, Lonsdale WM, Evans H, Clout M, Bazzaz
FA (2000) Biotic invasions: causes, epidemiology, global con-
sequences, and control Ecol Appl 10(3):689-710. https://doi.org/
10.1890/10510761(2000)010[0689:BICEGC]2.0.CO;2

Mbaabu PR, Olago D, Gichaba M et al. (2020) Restoration of
degraded grasslands, but not invasion by Prosopis juliflora,
avoids trade-offs between climate change mitigation and other
ecosystem services. Sci Rep 10(20391). https://doi.org/10.1038/
s41598-020-77126-7

McConnachie AJ, Strathie LW, Mersie W, Gebrehiwot L, Zewdie K,
Abdurehim A, Abrha B, Araya T, Asaregew F, Assefa F, Gebre-
Tsadik R, Nigatu L, Tadesse B, Tana T (2011) Current and
potential geographical distribution of the invasive plant Parthe-
nium hysterophorus (Asteraceae) in eastern and southern Africa.
Weed Res 51(1):71-84. https://doi.org/10.1111/j.1365-3180.2010.
00820.x

@ Springer

Mwangi E, Swallow B (2008) Prosopis Juliflora invasion and rural
livelihoods in the Lake Baringo area of Kenya. Conserv Soc 6
(2):130-140

Peel MC, Finlayson BL, McMahon TA (2007) Updated world map of
the Koppen-Geiger climate classification. Hydrol Earth Syst Sci
11:1633-1644

Pratt CF, Constantine KL, Murphy ST (2017) Economic impacts of
invasive alien species on African smallholder livelihoods. Glob
Food Security 14:31-37. https://doi.org/10.1016/j.gfs.2017.01.011

Pysek P, Hulme PE, Simberloff D et al. (2020) Scientists warning on
invasive alien species. Biol Rev 95:1511-1534. https://doi.org/
10.1111/brv.12627

Rai PK, Singh JS (2020) Invasive alien plant species: Their impact on
environment, ecosystem services and human health. Ecol Indic
111:106020. https://doi.org/10.1016/j.ecolind.2019.106020

Roodman D (2011) Fitting fully observed recursive mixed-process
models with cmp. Stata J 11(2):159-206. https://doi.org/10.1177/
1536867x1101100202

Seebens H, Bacher S, Blackburn TM et al. (2020) Projecting the
continental accumulation of alien species through to 2050. Glob
Change Biol 26(10):1-13. https://doi.org/10.1111/gcb.15333

Shabani F, Ahmadi M, Kumar L, Solhjouy-fard S, Shafapour Tehrany
M, Shabani F, Kalantar B, Esmaeili A (2020) Invasive weed
species’ threats to global biodiversity: future scenarios of changes
in the number of invasive species in a changing climate. Ecol Indic
116(106436). https://doi.org/10.1016/j.ecolind.2020.106436

Shabbir A (2014) Chemical control of Parthenium hysterophorus L.
Pak J Weed Sci Res 20:1-10

Shrestha BB, Shabbir A, Adkins SW (2015) Parthenium hysterophorus
in Nepal: a review of its weed status and possibilities for manage-
ment. Weed Res 55(2):132-144. https://doi.org/10.1111/wre.12133

Tabe-Ojong MP, Heckelei T, Baylis K (2021) Aspiration formation and
ecological shocks in rural Kenya. Eur J Dev Res 33(4):833-860.
https://doi.org/10.1057/s41287-021-00411-2

Tamado T, Milberg P (2000) Weed flora in arable fields of eastern
Ethiopia with emphasis on the occurrence of Parthenium hys-
terophorus. Weed Res 40:507-521

Tamado T, Ohlander L, Milberg P (2002) Interference by the weed
Parthenium hysterophorus 1. with grain sorghum: influence of
weed density and duration of competition. Int J Pest Manag
48:183-188. http://www jstor.org/stable/3989596

Tambo JA, Kansiime MK, Mugambi I, Rwomushana I, Kenis M, Day
RK, Lamontagne-Godwin J (2020) Understanding smallholders’
responses to fall armyworm (Spodoptera frugiperda) invasion:
evidence from five African countries. Sci Total Environ 720
(140015). https://doi.org/10.1016/j.scitotenv.2020.140015

Wabuyele E, Lusweti A, Bisikwa J et al. (2014) A roadside survey of
the invasive weed Parthenium hysterophorus (Asteraceae) in East
Africa. J East Afr Nat Hist 103:49-57

Witt A, Beale T, van Wilgen BW (2018) An assessment of the dis-
tribution and potential ecological impacts of invasive alien plant
species in eastern Africa. Trans R Soc South Afr 73:217-236.
https://doi.org/10.1080/0035919X.2018.1529003


https://doi.org/10.1111/j.1365-3180.2009.00728.x
https://doi.org/10.5897/AJAR2019.14247
https://doi.org/10.1002/ps.3598
https://doi.org/10.1016/j.cropro.2010.08.007
https://doi.org/10.1016/j.cropro.2010.08.007
https://doi.org/10.2989/10220119.2010.502648
https://doi.org/10.2989/10220119.2010.502648
https://doi.org/10.1080/08941920.2013.791901
https://doi.org/10.1080/08941920.2013.791901
https://doi.org/10.1016/j.jenvman.2019.05.011
https://doi.org/10.1016/j.jenvman.2019.05.011
https://doi.org/10.1007/s13593-017-0453-7
https://doi.org/10.1007/s13593-017-0453-7
https://doi.org/10.1890/10510761(2000)010[0689:BICEGC]2.0.CO;2
https://doi.org/10.1890/10510761(2000)010[0689:BICEGC]2.0.CO;2
https://doi.org/10.1038/s41598-020-77126-7
https://doi.org/10.1038/s41598-020-77126-7
https://doi.org/10.1111/j.1365-3180.2010.00820.x
https://doi.org/10.1111/j.1365-3180.2010.00820.x
https://doi.org/10.1016/j.gfs.2017.01.011
https://doi.org/10.1111/brv.12627
https://doi.org/10.1111/brv.12627
https://doi.org/10.1016/j.ecolind.2019.106020
https://doi.org/10.1177/1536867x1101100202
https://doi.org/10.1177/1536867x1101100202
https://doi.org/10.1111/gcb.15333
https://doi.org/10.1016/j.ecolind.2020.106436
https://doi.org/10.1111/wre.12133
https://doi.org/10.1057/s41287-021-00411-2
http://www.jstor.org/stable/3989596
https://doi.org/10.1016/j.scitotenv.2020.140015
https://doi.org/10.1080/0035919X.2018.1529003

	Action on Invasive Species: Control Strategies of Parthenium hysterophorus L. on Smallholder Farms in Kenya
	Abstract
	Introduction
	Materials and Methods
	Description of the Study Site
	Farm Household Survey
	Statistical Analysis

	Results
	Knowledge of Invasion and Management Strategies Applied
	Socio-economic and Demographic Characteristics of Farmers
	Differential of Household Attributes based on Weed Management Strategies
	Covariate Relationship to Management Options
	Complementarities and Substitutability in the Management Options

	Discussion
	Management Options used by Smallholder Farmers
	Covariate Association to Management Options
	Substitutability between Hand Weeding and Herbicide Application

	Conclusions and Outlook
	Compliance with Ethical Standards

	ACKNOWLEDGMENTS
	References




