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Abstract 

Background: Invasive alien species (IAS) cause significant economic losses in all parts of the world. Although IAS are 
widespread in Africa and cause serious negative impacts on livelihoods as a result of yield losses and increased labour 
costs associated with IAS management, few data on the impacts are available in the literature and the magnitude and 
extent of the costs are largely unknown. We estimated the cost of IAS to agriculture, the most important economic 
sector in Africa.

Methods: Data on the monetary costs of IAS to mainland Africa as well as information about the presence and 
abundance of the most important IAS were collected through literature review and an online survey among a wide 
variety of stakeholders. Using this and additional data from publicly available sources we estimated yield losses and 
management costs due to IAS in agriculture for individual countries and the entire continent. Where the data allowed, 
the costs for selected IAS or crops were estimated separately. The estimates were extrapolated using production and 
distribution data and/or matching of agro-ecological zones.

Results: The total estimated annual cost of IAS to agriculture in Africa is USD 65.58 Bn. Management costs (com-
prising mainly labour costs associated with weeding), crop yield losses and reductions in livestock derived income 
constitute the majority of the estimated cost (55.42, 44.31 and 0.26 percent, respectively). The IAS causing the highest 
yield losses was Spodoptera frugiperda (USD 9.4 Bn).

Conclusions: This study reveals the extent and scale of the economic impacts of IAS in the agricultural sector in one 
of the least studied continents. Although the cost estimate presented here is significant, IAS also cause major costs to 
other sectors which could not be assessed due to data deficit. The results highlight the need for pre-emptive man-
agement options, such as prevention and early detection and rapid response to reduce huge potential future costs, 
as well as measures that contribute to large-scale control of widely established IAS at little cost to farmers and other 
affected land users, to reduce losses and improve livelihoods.
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loss

© The Author(s) 2021, corrected publication 2021. 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 licence, and indicate if changes 
were made. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence 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 licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver 
(http:// creat iveco mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a 
credit line to the data.

Introduction
Invasive alien species (IAS) are harmful species that have 
been introduced to a new region through human activi-
ties and that have become widespread, causing significant 
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economic, ecological and societal impacts. For example, 
the cassava mealybug (Phenacoccus manihoti Mat.-Ferr) 
caused yield losses of up to ca. 80% across Africa prior 
to the introduction and subsequent establishment of the 
biological control agent Apoanagyrus (Epidinocarsis) 
lopezi De Santis (Nwanze 1982; Zeddies et al. 2001). Sim-
ilarly, the recent invasions by tomato leaf miner (Phthori-
maea absoluta Meyrick) and fall armyworm (Spodoptera 
frugiperda J.E. Smith) significantly reduced tomato and 
maize yields, respectively (Day et al. 2017; Rwomushana 
et al. 2019). Invasive plants have contributed to increased 
weeding costs in arable and grazing land (Le Maitre et al. 
2002; Pratt et al. 2017), exacerbated water loss (Le Mai-
tre et al. 2002), increased human and animal health risks 
(Adkins et al. 2018), and have contributed to social con-
flicts (Little 2019). These numerous effects on both agri-
culture and the environment demonstrate the need to 
mitigate and manage these IAS impacts. However, with-
out information on the economic cost of these species, it 
is difficult to convince decision makers of the need to act 
to control IAS.

Assessments of the financial impacts of IAS in various 
countries have highlighted extensive economic costs. For 
example, Pimentel et al. (2001) estimated that the annual 
cost of IAS to the USA, United Kingdom, Australia, 
South Africa, India and Brazil was ca. USD 314 Bn. Simi-
larly, significant costs have been estimated for other parts 
of the world, including Canada (Colautti et  al. 2006), 
Europe (Kettunen et al. 2009), and China (Xu et al. 2006). 
Countries in sub-Saharan Africa are among the most 
vulnerable to the effects of invasions and the resulting 
impacts (Paini et  al. 2016). Yet, relatively few studies of 
economic impacts of IAS in Africa have been conducted 
(Diagne et al. 2021) and these have had either a regional 
(Bekele et al. 2018; Pratt et al. 2017), national (Bokonon-
Ganta et al. 2002; van Wilgen et al. 2020) or sub-national 
focus (Currie et  al. 2009; Hosking and Preez 1999; Ket-
tunen 2002; Ngorima and Shackleton 2019; Nkambule 
et al. 2017; Shackleton et al. 2017a, b; Shiferaw et al. 2019; 
Wise et  al. 2007). Moreover, studies of economic costs 
of IAS often focus on a particular species or sector and 
rarely on an entire country, region or continent. Only 
two estimates have been made for the whole of Africa: 
the impact of eleven invasive insect and mite species in 
agricultural food systems was estimated to in excess of 
USD 1 Bn per year (Sileshi et  al. 2019) and an estimate 
of yield loss based on published literature (Diagne et al. 
2021) that highlighted the lack of data. The study by 
Sileshi et al. (2019) also highlighted information gaps in 
the availability of crop loss estimates and management 
costs in most countries, and noted that loss estimates are 
not made for all host species affected by invasive insects 
and mites. The small number of studies, limited scope of 

each and the geographic bias in data from Africa (Diagne 
et  al. 2021) indicate that the data in the literature are 
insufficient for making a comprehensive estimate at the 
continental scale and costing the negative impacts of IAS 
therefore remains a challenge (Jeschke et al. 2014).

Previous studies estimating the economic impacts of 
IAS have used a variety of different approaches. In some 
studies, the costs of a few species have been estimated 
in detail, sometimes followed by an interpolation of the 
costs for other species (Aukema et  al. 2011). Williams 
et al. (2010) calculated the costs of IAS management as 
a fraction of the total pest management in greenhouses. 
In addition, Pimentel et al. (2001) based their estimate of 
yield losses on the proportion of IAS in different sectors 
of the economy. The number of IAS and the total num-
ber of damaging species in an area were counted and the 
percentage IAS calculated. This percentage was applied 
to estimates of monetary losses in different sectors, such 
as agriculture and forestry. As an alternative approach, 
Kettunen et  al. (2009) based their analysis of monetary 
IAS costs in Europe on information for 61 species and 14 
species groups, which were broken down into the cost of 
damage and cost of control. The authors applied a con-
servative extrapolation to give a more comprehensive 
representation of the costs incurred in Europe, using data 
from areas affected by IAS to extrapolate to areas that 
could be affected by the same species. The authors also 
converted country level estimates to estimates per unit 
area, which were applied to regions for which no data 
were available. Williams et al. (2010) used a combination 
of species focused and crop level approaches for their 
estimation of IAS costs to Great Britain.

For one of the most recent IAS in Africa, S. frugiperda, 
estimations of potential impact were made based on data 
from household surveys in Ghana and Zambia that were 
extrapolated across ten other maize-producing coun-
tries based on agroecological zones (Day et al. 2017). The 
authors highlighted the potential for this method and the 
impact this species may have as it spreads throughout 
Africa. Such extrapolations may be applied more broadly 
to better estimate the costs of IAS to Africa. Similarly, 
Pratt et  al. (2017) estimated the costs of a selection of 
IAS to smallholder farmers in mixed maize systems and 
expressed this as a proportion of national crop produc-
tion affected by IAS, the proportion of yield lost to an 
IAS and the gross production weight multiplied by the 
average value of the crop. Given the uneven distribution 
of data among African countries and across habitats and 
IAS, it is clear that a combination of methods needs to be 
adopted to develop an estimate of IAS costs for the entire 
continent.

There is currently no estimate of IAS costs for all of 
Africa that includes both management and yield loss 
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across a broad range of species, yet such estimate would 
help to inform policy and prioritisation of resources. 
Therefore, this study aimed to estimate the current annual 
direct economic cost of IAS to mainland Africa, specifi-
cally for the most economically important sector, agri-
culture. We used a combination of methods employed by 
others, including a focus on the IAS that are likely to have 
the largest economic impact, indicated by the geographic 
distribution, number of records in databases of IAS and 
the number of crops or habitats affected, an assessment 
of the cost of weeding IAS as a fraction of total weeding 
costs and extrapolation of data to data-deficient coun-
tries based on habitat and climate matching. We collated 
data from the literature and gathered new data through 
a questionnaire survey of stakeholders across Africa to 
estimate yield losses and management costs.

Methods
Data collection
Prioritisation of damaging invasive alien species in Africa
A list of the IAS occurring in agricultural systems in 
Africa was compiled using GRIIS (Global Register of 
Introduced and Invasive Species; http:// www. griis. org, 
accessed on 11 March 2020), the Global Invasive Spe-
cies Database (http:// www. iucng isd. org/ gisd, accessed 
on 3 December 2019) and the CABI Invasive Species 
Compendium (ISC; http:// www. cabi. org/ isc, accessed on 
30 March 2020) and amended based on feedback from 
IAS experts, which resulted in addition of a few recent, 
impactful pests. Only species which were introduced 
from outside of mainland Africa were considered and we 
excluded marine species. These IAS were ranked accord-
ing to the number of main crops or habitat types (e.g. 
forestry or grasslands) listed in the ISC, multiplied by 
the mean of the number of countries where specified as 
invasive on GRIIS list and number of countries recorded 
in the ISC. The top species for each main crop or habitat 
type were retained for assessment of their impacts and 
the final species were determined by the availability of 
data.

Literature search
As part of the literature review, data collection within 
different categories of impact was undertaken using two 
methods. First, an analysis of the literature for impacts 
related to invasive species of importance was conducted. 
Searches were undertaken in CABDirect (https:// www. 
cabdi rect. org/) and Google Scholar using “species name”; 
the geographic location of records was refined to only 
those from Africa. Then, searches using keywords relat-
ing to management costs (labour, eradication, economic 
costs, pesticide, insecticide, herbicide, biological control), 
yield loss (yield, carrying capacity, ha, USD, percentage 

loss) were undertaken to identify relevant sources of 
information. Data concerning the economic and other 
impacts were extracted from the shortlisted papers, sepa-
rated into monetary costs related to yield, management 
and the cost of research, environmental and socio-eco-
nomic impacts, along with percentage yield losses related 
to species affecting agriculture.

Questionnaire survey
There were large gaps and geographic biases in the data 
gathered from the literature. Therefore, a survey was 
designed to gather expert stakeholder knowledge of IAS 
impacts in Africa. The survey comprised of four sec-
tions (see Additional file 1). The first section focused on 
background data on the sector in which the respondent 
is active in, and associated data needed to analyse the 
responses, such as currency and area sizes. The second 
section aimed to quantify, in monetary terms (and per-
centages where applicable), the losses incurred as a result 
of a group of IAS, or specific species, including yield 
losses, management costs, lost income, etc. The final sec-
tion aimed to capture the costs of research related to IAS 
impacts or management. In addition to economic infor-
mation, the respondents were asked to select two IAS 
and assess their non-monetary environmental and soci-
etal impacts based on the Environmental Impact Clas-
sification of Alien Taxa (EICAT) and Socio‐Economic 
Impact Classification of Alien Taxa (SEICAT) schemes 
(Bacher et al. 2018; Blackburn et al. 2014; Hawkins et al. 
2015).  The introductory text of the survey explained to 
participants that the data collected through the survey 
would be used for research purposes only and that the 
data would be aggregated, anonymised and analysed and 
published in a peer reviewed journal. Participants con-
sented by continuing and completing the survey.

The survey was encoded in onlinesurveys.ac.uk and the 
link was sent to over 1000 stakeholders. The stakeholder 
list consisted of national contact points of the African 
National Plant Protection Organisations (NPPOs), pro-
tected area managers and rangers, and people who had 
attended CABI-led workshops about IAS in Africa pre-
viously. The survey was also sent to scientists who had 
published a peer-reviewed paper relating to one or more 
of the shortlisted invasive species since 2010. The sur-
vey link was further distributed via the following groups 
and mailing lists: The Forestry Research Network for 
Sub-Saharan Africa (FORNESSA), Forest Invasive Spe-
cies Network for Africa (FISNA), Aliens-L, the “forpath” 
and “forent” lists of the International Union of Forest 
Research Organisations (IUFRO) and African Asso-
ciation of Insect Scientists (AAIS). The survey was also 
shared with additional respondents recommended by 
survey participants. Respondents were given four weeks 

http://www.griis.org
http://www.iucngisd.org/gisd
http://www.cabi.org/isc
https://www.cabdirect.org/
https://www.cabdirect.org/
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to complete the survey. Two reminders were sent during 
this period and the deadline extended by 1 week.

In total 110 survey responses were received, from 30 
countries, including six countries from which no data on 
impact of IAS were found in the literature. The major-
ity of responses were received from those working in 
government (48) or university/research (58). Fifty-five 
respondents specified they had several years of expe-
rience working with/managing the species they were 
reporting on, 50 specified that although they were not a 
species expert, they were confident separating IAS from 
non-invasive species, four specified that they were not 
confident in separating IAS from native species; one per-
son didn’t respond to this question.

Confidence in the data
The level of confidence was assessed for data obtained 
through literature searches and survey responses using 
a similar methodology developed by (Kumschick et  al. 
2012). Levels corresponded to the following: (1) Low: 
mentioned in paper without evidence, no reference, 
speculation or expert judgement; (2) Medium: evidence 
in literature, observational; (3) High: demonstrated evi-
dence in peer-reviewed literature, experimental. In addi-
tion to questions about their confidence in the evidence 
they provided, survey respondents were asked to rank 
their knowledge of IAS as follows: (1) I have several years 
of experience working with/managing and  identifying 
the species I am reporting on; (2) Although not a species 
expert, I am confident separating IAS from non-invasive 
species; (3) I am not confident in separating IAS from 
native species for the sector I am reporting on. The aver-
age rating by respondents was 1.53 (± 0.05 (SE)), indicat-
ing a high level of self-assessed expertise. For maize and 
tomato, expert loss estimates with a confidence score of 
< 1 were not used in the analysis. Due to a paucity of data, 
all expert loss estimates were considered for other crops.

Data analysis
The methods employed needed to match the data avail-
able, therefore a simple model was used for which data 
was most available. The calculations of impact in this 
paper were based on the equations of Parker et al. (1999)

where impact is defined as I, and R = range, A = aver-
age abundance per unit area within the stated range, and 
E = the effect of the species.

We estimated the annual cost of IAS in 2019 USD using 
a conversion rates obtained from https:// www. excha 
ngera tes. org. uk/, and where necessary values found in lit-
erature were adjusted for inflation to 2019 USD using the 

I = R× A× E

online tool at www. infla tiont ool. com (Inflationtool.com 
2020).

Yield loss
Representative IAS were selected for at least one crop 
of the main crop types in African agriculture (Table 1). 
The ISC, GRIIS and GISD provided information about 
the presence of each species at the country level. In the 
ISC, information on distribution within the country is 
sometimes added to a record and only those listed as 
“present”, i.e. occurring in a particular country or area 
(without details on range), or “present widespread”, i.e. 
occurring practically throughout the country or area 
where conditions are suitable, were considered.

Production data from 2012–2018 for the relevant 
crops (value and quantity) were downloaded for every 
African country from FAOSTAT (Food and Agricul-
ture Organization of the United Nations 2017). For each 
focal IAS, we extracted production value and quantity 
data for countries where the species was present. For 
each country with available production value data, we 
inflation-adjusted the annual production values and cal-
culated the average annual production for this period. 
For countries where only production quantity data was 
available, we estimated the value of the annual produc-
tion based on the median price per tonne for the rele-
vant crop across all other countries where the IAS was 
present. For each year, the median was calculated and 
applied to the annual production values. The result-
ing value was inflation adjusted and an average taken 
for each country over all years. To estimate annual 
production values for countries for which no produc-
tion value or quantity data for the relevant crops were 
available, we used data on the production quantity of 
relevant crops in the year 2000, obtained from EARTH-
STAT (Monfreda et  al. 2008) and looked for countries 
which had similar production quantity to our countries 
of interest. We then used the annual FAOSTAT pro-
duction values of those countries as a proxy. When the 

Table 1 Selected main crops in African agriculture and 
representative IAS for which yield loss estimates were made

Crop type Crop Representative IAS

Cereals Maize Spodoptera frugiperda J. E. Smith
Chilo partellus C. Swinhoe

Stored products Maize Prostephanus truncatus Horn

Root crops Cassava Phenacoccus manihoti Matile-Ferrero

Fruit Mango, citrus Bactrocera dorsalis Hendel

Banana, includ-
ing plantains

Banana bunchy top virus

Vegetables Tomato Phthorimaea absoluta Meyrick

https://www.exchangerates.org.uk/
https://www.exchangerates.org.uk/
http://www.inflationtool.com
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production quantity data were similar to multiple coun-
tries, we used the average FAOSTAT production value 
of these countries as an estimate for our country of 
interest. These annual data were then inflation adjusted 
and averaged across years for each country. If an IAS 
arrived during the 2012–2018 period, production val-
ues were used from the years after the species was first 
recorded as present within that country. This was done 
specifically for P. absoluta and S. frugiperda, which have 
recently spread across Africa. Although it may take 
years before a species establishes everywhere in a coun-
try, we assumed that species established throughout the 
growing area of that crop when it was first recorded. 
While this is a strong assumption, it is the best possi-
ble given the available data. We aimed to overcome this 
serious shortcoming in the data by excluding countries 
where the species occurrence was listed as localised 
in the ISC. It is likely that Spodoptera frugiperda and 
Phthorimaea absoluta, the two most costly species, are 
present where the hosts (tomato, maize) are grown.

Yield loss figures and abundance estimates associ-
ated with a particular IAS or crop were collated from 
literature sources and survey results. Although unreal-
istic due to differences in climate suitability, data avail-
ability forced us to assume that crop losses are the same 
throughout all crop growing areas. High, mean and low 
loss figures were derived from literature or survey data: 
the upper and lower limits were taken as the high and 
low estimates, and the mid-point as the mean estimate. 
If data for a country from the literature and from surveys 
were available, only the loss values from the literature 
were used because data from peer-reviewed literature 
was considered more reliable than survey data. For both, 
a certainty estimate was calculated. If multiple high cer-
tainty data points were available from the survey, we used 
a mean of the yield loss estimates. If the yield loss was 
only reported in the literature data, then this value was 
used. The yield loss for each country was calculated as:

where V is the average crop production values (2012–
2018) in USD,  FL is the fraction yield loss due to the IAS, 
and  FA is the fraction of crop affected by the IAS. These 
calculations were carried out using the lower, mean and 
upper estimate of yield loss.

If there was data available on pest abundance for coun-
tries from literature or survey information, these were 
used. However, estimates were extrapolated to countries 
where no yield loss IAS or abundance data was available, 
based on similarity of the agroecological zones (AEZ). 
The spatial dataset Agro-ecological Zones of Africa 
(Sebastian 2009) was used to calculate the percentage 

Yield loss(USD) =
V

1− (FL × FA)
− V

area of each AEZ type per country. European Space 
Agency Climate Change Initiative (ESA CCI) Landcover 
(European Space Agency 2017) crop data (classes 10, 20 
and 30) were used to refine the percentage areas so that 
country matches were based on the similarity of agricul-
tural areas only. A matrix of AEZ similarities (1-dissimi-
larity, based on Bray–Curtis dissimilarity) of all country 
combinations was built using the vegdist() function in the 
vegan package (Oksanen et al. 2020) in R (R Core Team 
2019). This was performed for agricultural areas and all 
land areas. The matrix was used each time loss estimate 
information needed to be extrapolated to fill gaps where 
no data was available. In each case, data was extrapo-
lated from the highest matching country with data, first 
by agricultural land AEZ similarity, and if no suitable 
matches were found then by total land AEZ similarity.

In addition to the species-based yield losses, we cal-
culated yield losses for selected crops, based on survey 
responses where respondents indicated the percentage 
of total yield losses caused by IAS. The calculations were 
similar to the species-level calculation, whereby the 
entire country was affected  (FA = 1) and were based on 
the percentage yield losses and gross production statistics 
for each crop or corresponding crop type in FAOSTAT 
and extrapolation was based on the similarity of AEZ as 
described above. As it was unclear which IAS caused the 
yield loss at crop level and what contribution that species 
had made to the estimated loss, the crop-level estimates 
were not included in our total loss estimates to avoid 
double counting.

Loss of livestock derived income
To shortlist the main invasive alien weeds associated 
with pasture and livestock systems in Africa, IAS listed 
in the ISC as affecting “Managed grasslands (grazing sys-
tems)” were shortlisted. This list was further restricted to 
those that had a very high impact on livestock on grazing 
land (Van Wilgen et  al. 2008), and that were present in 
more than 10 countries according to the merged ISC and 
GRIIS lists. The reduction in livestock derived income 
caused by these species was then calculated as:

where H is the area of grazing land within a country (ha), 
A is the affected area (fraction of the surface) and I is the 
estimated financial impact per unit area.

The total grazing area was calculated for each coun-
try using the Global Agricultural Lands: Pastures, 2000, 
dataset (Ramankutty et  al. 2010). The area affected was 
based on CLIMEX models of environmental suitability 
for selected invasive weeds: Chromolaena odorata (L.) 
R.M.King & H.Rob. (Kriticos et  al., 2005), Lantana 
camara L. (Taylor et  al., 2012), Prosopis juliflora (Sw.) 

Reduced livestock derived income (USD) = H× A× I
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DC. (D.J. Kriticos unpublished data), Parthenium hyster-
ophorus L. ( Kriticos et  al. 2015a, b), Tithonia diversifo-
lia (Hemsl.) A.Gray (D.J. Kriticos unpublished data) and 
Opuntia stricta (Haw.) Haw. (Witt et al. 2020).

The financial impact on carrying capacity per unit area 
was estimated using literature on the impacts of weeds, 
livestock densities and livestock market values. Van 
Wilgen et  al. (2008) ranked the impact of invasive alien 
plants on carrying capacities in South Africa based on 
expert opinion. The same method was used in this study 
where it was assumed that all species included in the cal-
culations had a ‘very high’ impact on carrying capacity 
and, in-line with Van Wilgen et al. (2008), reduce carry-
ing capacity by 80% when very abundant, 20–50% when 
abundant and 5% when occasional. For example, P. hys-
terophorus impact was regarded as very high based on a 
study by McFadyen (1992) in Queensland Australia, who 
found that dense invasions reduced cattle stocking rates 
by up to 80%. For each weed, we applied impact estimates 
of Van Wilgen et  al. (2008) to the area with each level 
of abundance as in the CLIMEX models, assuming that 
the area indicated as suitable by the CLIMEX models is 
currently invaded: (1) the area environmentally unsuit-
able for a species was omitted from the analysis, (2) we 
assumed a 5% reduction in carrying capacities in areas 
where CLIMEX models indicated a suitability of between 
1–30 for the target species, and 3) a 35% reduction in 
carrying capacities in areas where CLIMEX models indi-
cated a suitability of between 30–100. This was done for 
countries where the species are recorded as present in 
the ISC, GRIIS lists and GISD. A final category where 
plants were invasive was defined based on data from pub-
lished surveys (Witt et  al. 2018). For this category the 
proportion of land estimated to be affected by the species 
was taken directly from literature sources and multiplied 
by the ‘abundant’ area, because invasive stands are more 
likely to be found within areas where CLIMEX models 
predict suitability to be > 30 (Kriticos et al. 2015a, b). The 
area of the third category was then reduced by subtract-
ing the area estimated to be affected by the invasive spe-
cies. We applied an 80% reduction in carrying capacity to 
the area where the species was invasive.

The effect of the reduction in grazing on the number 
of livestock per unit area was calculated by multiplying 
the reduction in carrying capacity for each abundance 
category by the pasture area of each category. The total 
reduction in grazing area was multiplied by the number 
of livestock units per ha (FAOSTAT, average of 2012–
2018 data for cattle and sheep for each country) to give 
the total reduction in livestock number. Calculating the 
effect of the change in carrying capacity on income from 
livestock was done by multiplying the average inflation 
adjusted value of each livestock head (value of meat, milk 

and wool divided by the number of livestock heads per 
country for 2012–2018; FAOSTAT), by the total reduc-
tion in livestock number. Where there was no value for 
livestock production in a country the median price per 
head of livestock per ha from all other countries was 
applied. To avoid double counting of IAS impacts, all 
impact on livestock derived income was attributed to the 
species which had the greatest impact in that country 
(Van Wilgen et al. 2008).

Weeding cost
Calculations were made for five crop types: maize, other 
cereals, root crops, vegetables and legumes. Calculations 
for other crop types were not possible due to the paucity 
of data concerning weeding efforts or weed community 
composition. The formula applied to each crop type per 
country was:

where H is the harvested area, A is the fraction of the 
area managed (in percentage; we assumed that the entire 
crop area is weeded), F is the fraction of weeds that are 
IAS and L is the labour cost per unit area (in USD).

The harvested area was obtained from the Spatial Pro-
duction Allocation Model (SPAM) datasets for the distri-
bution of twenty crop types in 2017 (https:// www. mapsp 
am. info/ data/), which accounts for multiple cropping 
seasons where applicable. Data was not available for 2017 
for countries north of the Sahara; for those 2010 data was 
used. For 2010, some crop categories were unavailable 
and these were excluded from the calculations. Western 
Sahara and Djibouti were omitted, as SPAM does not 
provide data. Equatorial Guinea was omitted because 
the data appear to be very deficient in SPAM, leading to 
many zero values.

The abundance of IAS as a fraction of all the weeds in 
arable fields in Africa was based on a literature review 
of weed species found in different cropping systems (in 
Google Scholar using search terms *crop name* + weed 
community composition). Few studies on weed commu-
nity composition were found, with relatively small dif-
ferences among the crop types in terms of the fraction 
of alien species. The studies reported three measures 
for abundance of a species (number of plants per spe-
cies, relative abundance as percentage of total vegetation 
cover and the Oosting scale). It is impossible to combine 
or convert these measures to make the values compara-
ble, but the abundance of alien species was higher than 
native species in all but one study. On average, the abun-
dance estimate values were 45% higher for alien than for 
native weeds and we assumed that on average 55% (± 5) 
of the species in each crop type is alien.

Weeding cost (USD) = H× A× F× L,

https://www.mapspam.info/data/
https://www.mapspam.info/data/
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The number of person days spent weeding in different 
crop types in African countries was obtained from a lit-
erature search. There is a lot of variation among estimates 
for each country and crop, with root and vegetable crops 
requiring more time than maize, cereals and legumes 
(Table  2). Upscaling each crop or country would seem 
unreliable because of the small number of studies per 
crop and country. Few studies were found that reported 
data that could be converted into person days per year 
per ha. Consequently, we only estimated the time spent 
weeding for crop types for which more than five studies 
had been undertaken in different African countries.

The agricultural labour cost was based on the mini-
mum wage for each country (https:// wagei ndica tor. org/ 
salary/ minim um- wage). Some countries have minimum 
wages per hour, week or month and in order to convert 
such indications to the cost per day, such values were 
corrected for the number of working days per month 
(assuming four weeks per month) or the number of hours 
per working day (assuming eight hours per day) and mul-
tiplied with the minimum wage in local currency.

Research costs
Participants in the survey were asked to estimate the 
direct cost their organization spends on invasive species 
research per annum (including project work, meetings, 
initiatives, answering queries and giving advice etc.) and 
the numbers of person days spent. The midpoints of the 
provided ranges were used for the calculations. Where 
more than one species was named, the costs were split 
evenly between the species listed. For each species, the 
direct costs were summed. Labour costs were monetised 
based on mid-level lecturer or research worker wages 
costs from (https:// www. paylab. com/).

Non‑monetary impacts
We used the EICAT and SEICAT frameworks (Bacher 
et al. 2018; Blackburn et al. 2014; Hawkins et al. 2015) to 
obtain an assessment of ecological and societal impacts 

of IAS in the questionnaire survey. Eighty-three respond-
ents provided EICAT and SEICAT impact scores for a 
total of 29 species, including three, four and nine aquatic, 
crop weed and woody plant species, respectively, and 
seven insect species, three fungi and two viruses. Scores 
for a single vertebrate species (Indian house crow, Cor-
vus splendens Vieillot) were excluded from the analysis. 
The scores were converted to numerical scores (one to six 
for least to maximum impact) and “data deficient” scores 
were excluded. Differences in the average scores given for 
the impact types (societal impacts: safety, assets, health, 
relations; ecological impacts: competition, predation, 
hybridisation, disease transmission, parasitism, toxic-
ity, herbivory, IAS interactions) and species groups were 
analysed with generalised linear mixed models using the 
glmmTMB() function [package glmmTMB, version 0.2.3; 
(Brooks et  al. 2017)] in R (R Core Team 2019), with an 
assumed truncated Poisson distribution. If a significant 
difference among the impact types or species groups was 
found, differences between factor levels were analysed 
using the lsmeans() function [package lsmeans, version 
2.30–0; (Lenth 2016)] with the Tukey method to adjust 
P values for multiple comparisons. Significance was 
assessed at the 0.05 level.

Results
Losses by sector
The total estimate of IAS costs to Africa is USD 65.58 Bn 
per year (Table 3). The labour cost of weeding constitutes 
the largest fraction of the estimated costs (55.42%), fol-
lowed by the value of yield loss. The value of the lost live-
stock derived income and research costs are a very small 
fraction of the total estimate. The combined weeding cost 
for the five crop types is USD 36.34 Bn per year (Table 3). 
Almost three quarters of that amount (72%) is attributed 
to weeding in cereals, other than maize, and legumes. 
Weeding in maize and root crops each roughly account 
for half of the remainder, and weeding vegetables repre-
sents a small fraction of the estimate (3.3%).

Table 2 Average annual person days spent on weeding one 
ha of five crop types in African countries, as reported in peer-
reviewed journal articles

Indicated are the mean, standard error of the mean and the number of studies 
on which the values are based

Average SE No. studies

Cereals (excl. maize) 50.0 11.3 10

Legumes 54.2 8.1 18

Maize 54.6 8.3 24

Root crops 92.0 18.9 5

Vegetables 82.7 12.1 20

Table 3 The absolute and relative contribution of labour, yield 
loss, lost livestock derived income and research to the annual 
cost of IAS to African agriculture in billions USD

USD Percentage

Yield loss 29.06 44.31

Weeding cost 36.34 55.42

Lost livestock derived income 0.17 0.26

Research costs 0.00 0.00

Total 65.58

https://wageindicator.org/salary/minimum-wage
https://wageindicator.org/salary/minimum-wage
https://www.paylab.com/
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The average annual cost of IAS (excluding research 
costs) per country was USD 1.366 Bn, but there were large 
differences among countries: the estimates for Botswana, 
Djibouti, Equatorial Guinea, Gambia, Guinea-Bissau, 
Liberia, Mauritania and Somalia were less than USD 50 
Mn, whereas Nigeria stands out with an estimate of over 
USD 15 Bn (Table 4). Nigeria also has the highest nomi-
nal GDP and the largest population of the African coun-
tries. The research costs were excluded from the country 
averages, because the data are incomplete and are very 
unevenly distributed across the continent. Some of the 
differences in the estimates were due to the size of the ara-
ble land and grazing land, the production value of differ-
ent crops and the presence of specific pests, which were 
the basis of our calculations. Significant positive rela-
tionships were found between the country estimates and 
nominal GDP (2018), agricultural GDP (2017), population 
size and land area, even when Nigeria was excluded from 
the analyses (Spearman rank correlations: P < 0.001).

IAS were estimated to cause losses in livestock derived 
income worth USD 172.6 Mn annually. Prosopis juliflora 
and Chromolaena odorata were the most common spe-
cies causing the highest costs (in 28 and 10 countries, 
respectively), whereas Lantana camara was estimated 
to cause the highest cost in five and Parthenium hystero-
phorus and Opuntia stricta in single countries. Conse-
quently, P. juliflora and C. odorata accounted for a large 
fraction of the total loss (90.1 and 2.9%, respectively).

Losses caused by individual IAS
When considering literature sources only, the cost of 
yield loss was highest due to S.  frugiperda in maize, fol-
lowed by P. absoluta in tomato, B. dorsalis in mangoes 
and Chilo partellus in maize. Banana bunchy top virus 
(BBTV) and the storage pest Prostephanus truncatus 
were estimated to cause comparatively little yield loss 
(Table  5). No estimate could be made for P. manihoti 
based on literature. For all species, except S. frugiperda 
and BBTV, low and high estimates were calculated and 
these were on average 32.3% and 80.2% smaller and 
larger, respectively, than the middle estimates for the 

same species. This indicates that there were some stud-
ies with really high comparative losses, but the middle 
estimates were closer to the lower loss value. There was 
substantial variation in the range of the estimates, which 
appears largely due to differences between the high, 
medium and low loss estimates for B. dorsalis.

The survey responses complemented the data in the 
published literature. The number of data points increased 
for certain species (Table 6), but not the geographic cov-
erage: data in literature concerned 32 countries and our 
survey yielded responses from 33 countries. On aver-
age, the survey results provided extra yield loss data for 
an extra 3.86 countries. The survey responses especially 
added more recent information about the distribution 
and impact of selected IAS.

When survey results were considered, the medium 
total estimate was in most cases larger than when only 
literature sources were used. This was as a result of the 
roughly double estimates for most species and the esti-
mates for P. manihoti that were now included. The esti-
mates for P. absoluta were smaller when the survey 
responses were included than when the estimate was 
only based on literature, whereas the opposite trend was 
found for the other IAS.

Table 5 Yield loss value caused by individual IAS in billions USD. Numbers in brackets indicate high and low estimates

Host IAS Literature only Literature + survey

Maize Spodoptera frugiperda 6.9 (–) 9.4 (7.7–12.1)

Prostephanus truncatus 0.2 (0.1–0.3) 0.3 (0.2–0.5)

Chilo partellus 2.6 (2.1–3.1) 2.6 (2.1–3.1)

Cassava Phenacoccus manihoti 0.0 (0.0–0.0) 6.3 (5.5–7.3)

Tomato Phthorimaea absoluta 4.8 (3.6–6.7) 4.1 (3.2–5.6)

Banana BBTV 0.2 (–) 0.6 (0.5–0.6)

Mangoes (and citrus in survey) Bactrocera dorsalis 3.5 (1.7–10.6) 5.8 (4.4–10.0)

Total 18.2 29.1

Table 6 Summary of the data sources used for the species 
calculations and the number of countries for which the estimates 
were based on extrapolation

Numbers in brackets indicate the mean agro-ecological match score (out of 
10). The score is an indication of the similarity of agro-ecological zones in the 
countries for which extrapolations were made and in the closest matching 
country, on which the extrapolation was based

Species/Crop Literature Survey Extrapolated 
countries

Spodoptera frugiperda 3 11 27 (7.97)

Prostephanus truncatus 6 4 4 (8.90)

Chilo partellus 5 0 12 (7.18)

Phthorimaea absoluta 3 4 15 (6.77)

Phenacoccus manihoti 2 3 22 (6.6)

BBTV 1 5 9 (7.70)

Bactrocera dorsalis 1 3 33 (6.1)
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Respondents to the survey also indicated the percent-
age yield loss due to IAS for individual crops, without 
identifying the IAS. The crop-level costs calculated based 
on these responses (Table 7) were similar to the estimates 
based on the individual pests (Table 5), especially when 
the range of the latter estimates is considered. However, 
especially the estimates for bananas and cassava were 
clearly larger when based on the percentage loss due to 
all IAS combined compared to the mean species-based 
estimates.

Research costs
Seventy-nine of the 110 respondents reported the annual 
number of staff days spent on individual IAS and 63 
respondents provided estimates of direct costs associ-
ated with research. Together, the responses indicated 
that USD 1.9 Mn was spent on research in 2019, with 
40% of that amount being direct costs and the remain-
der staff costs. Most funding was related to Spodoptera 
frugiperda, Eichhornia crassipes, Lantana camara and 
Phthorimaea absoluta, which accounted for 51.6% of the 
estimated research cost (Fig. 1).

Non‑monetary impact
Societal impact scores for all organism groups were pro-
vided by survey respondents. On average, the impact on 
assets (2.5: between Minor and Moderate; Fig.  2) was 
higher than the impact on health and relationships (both 
1.6: between Minimal concern and Minor), with the aver-
age impact on safety in between (2.1: Minor; P < 0.05). 

There were no differences in the average impact score for 
the different species groups and there was no difference 
in the impact of species groups on the impact types (both 
P > 0.05).

Ecological impact scores were also given for all organ-
ism groups. Ecological impact scores for bio-fouling, 
trampling, digging and flammability were excluded 
from the analysis. Across all species groups, the impact 
through competition received the highest score (3.6: in 
between Moderate and Major; Fig. 2) and herbivory and 
hybridisation the lowest (2.0 and 1.9: Minor), with all 
other impact types in between. There were no differences 
in the average impact scores for the species groups.

Discussion
The total estimated economic cost of IAS to agriculture 
in Africa is USD 65.58 Bn per year, which represents on 
average 13.0% of the national agricultural GDP of indi-
vidual countries, but there are large differences: the cost 
to Algeria, Djibouti, Somalia and Mauritania represents 
less than 1%, and the cost to Zambia, Niger, Malawi and 
Mozambique more than 25% of their respective agri-
cultural GDP. The cost to the Democratic Republic of 
the Congo, which is dominated by weeding costs, cor-
responds to an estimated 148% of the agricultural GDP. 
This comparison indicates the scale of invasive species 
impacts on African economies, despite the fact that this 
cost estimate only focuses on agriculture, when IAS also 
affect the environment, water resources trade, infrastruc-
ture, aquaculture, human and animal health, transport 
and tourism (Kettunen et al. 2008; Williams et al. 2010). 
The current available data enabled an estimate of the 
costs of IAS on agriculture, but a paucity of data for other 
key sectors such as plantation forestry and aquaculture, 
means that the estimate could be improved further. This 
aligns with findings in Diagne et  al. (2021) whose esti-
mate was dominated by agricultural costs.

This estimate of the total cost of IAS is based on avail-
able literature and survey results and it provides an 
improved estimate for a data-deficient continent (Diagne 
et al. 2021). We have added to the knowledge base of the 
costs of IAS by: including survey data from across the 
continent, including from countries where no data were 
found in the literature, by extrapolating species costs 
from one AEZ to similar AEZs across the continent, by 
the inclusion of the cost of reduced livestock derived 
income; and by the inclusion of research and labour 
costs, which are generally not included in estimates of the 
costs of IAS. Lost livestock derived income is of particu-
lar importance within the African context, where capital 
is often held as livestock (Ouma et al. 2003). In addition, 
labour costs are critical within African agriculture, as 

Table 7 Summary of the costs per crop in billions USD, based on 
expert knowledge as gathered through the survey

Respondents indicated the fraction of yield loss caused by IAS; n indicates the 
number of estimates obtained from the survey responses that were used in 
the calculation. For maize and tomato, expert loss estimates with a confidence 
score of < 1 were filtered out of the analysis. Due to a lack of data, all expert loss 
estimates were considered for other crops. Terms in brackets in the first column 
indicate the categories in FAOstat that were used as basis for the crop yield 
estimates

Crop Yield loss

Maize 9.8 (30)

Rice 3.8 (9)

Sorghum 1.7 (11)

Vegetables (fresh nes) 3.7 (15)

Cassava 21.8 (14)

Tomato 10.1 (13)

Fruit (oranges, lemon, limes, grapefruit, citrus nes) 14.6 (4)

Mango 3.7 (1)

Banana 7.1 (13)

Plantains 5.9 (4)

Total 82.2
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land preparation, weeding and pest control are gener-
ally undertaken manually, but labour is often not seen as 
a cost. Therefore, inclusion of weeding costs of IAS pro-
vides a closer estimation of the actual costs of IAS to the 
agricultural sector.

Taken together, our results indicate that IAS have 
major impacts on people’s livelihoods, because women 
and children spend a lot of time weeding IAS, because 
crop yields are significantly reduced and because deg-
radation of grassland habitats by IAS reduces livestock 
carrying capacity, which affects people’s income and 
capital. The results of the survey further illustrate the 
extent of non-monetary ecological and societal impacts 

caused by IAS across the continent. Hence, there is an 
urgent need for measures to mitigate current and pre-
vent future IAS impacts.

Weeding costs
A significant part of our estimate is the labour cost for 
weeding of IAS in cropping systems, which corresponds 
to the finding in McFadyen (1998) who stated that 
manual weeding makes up 60% of all pre-harvest costs 
in the developing world. These costs are generally not 
monetised in many calculations of the cost of manag-
ing crop pests, including IAS, and so it is difficult to put 
our estimate in relation to other studies. However, the 

0 100000 200000 300000 400000

Spodoptera frugiperda
Eichhornia crassipes

Lantana camara
Phthorimaea absoluta

Prosopis juliflora
Opuntia stricta

Banana bunchy top virus
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Plutella xylostella
Chromolaena odorata
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Ipomoea aquatica
Paracoccus marginatus

Acanthospermum hispidum
Mimosa pigra

Globodera rostochiensis
Frankliniella occidentalis

Salvinia molesta
Ferrisia virgata

Harpophora maydis
Mimosa diplotricha

Cost (USD)

Direct costs Staff costs

Fig. 1 Research costs related to different IAS in 2019. Data are based on survey responses and are separated into direct and staff costs
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cost of the time spent weeding represents a lost oppor-
tunity to spend time on some other activity or job i.e. it 
is an opportunity cost. Hence, the cost can realistically be 
as high as our estimate, but it should not be concluded 
that people are being paid that amount as salaries, so it 
is not money spent as part of the formal economy. There 
are also additional hidden costs to weeding, as weeding 
is primarily undertaken by women and children (SOFA 
Team and Doss 2011). When the weeding burden is 
reduced for women, they spend more time on child-care, 

income-generating and community activities (Grassi 
et al. 2015). In addition, 69% of children in sub-Saharan 
farming households are removed from school during the 
peak weeding season, with consequential effects on their 
education (Gianessi 2009). While the costs included in 
this estimate therefore represent a true, or even under-
valued, cost of weeding to an economy, it should be rec-
ognised that in some situations, if a farmer is unable to 
weed their fields, they may not hire labour for that pur-
pose, but rather leave the field un-weeded. In those cases, 

Fig. 2 Non-monetary impacts of IAS in Africa. Bars indicate means across responses for each impact type x species group combination. Error bars 
indicate one standard error measure
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the economic cost of weeding would be reduced, though 
it is likely that the yield loss due to the presence of the 
weeds would increase. A further consideration is whether 
it is correct to assume a proportion of weeding costs can 
be attributed to the presence of IAS. Based on studies 
that reported the weed community composition in Afri-
can cropping systems, we assumed that IAS represent on 
average 55% of the weeds in agricultural fields. It can be 
argued that the cost of weeding is the same, whether or 
not the weed is an IAS, and that if an invasive weed was 
not present, a native weed is likely to be present instead, 
which will require weeding. Despite the challenges in 
establishing the actual cost of weeding IAS to the Afri-
can economy in terms of money paid, the economic cost 
remains the value of the time taken to weed the IAS, and 
therefore this value is included in our estimate.

Yield loss and costs by species
A further key part of our estimate is that of crop yield loss 
due to IAS. This formed the foundation of the estimate of 
losses caused by specific IAS for the key crops, and is the 
most robust section of the total cost estimate, as most of 
the available data quantified the direct effects of IAS on 
crops i.e. the yield loss. As double counting of costs caused 
to individual crop species was a risk in calculating this cost 
estimate, we followed a similar approach to that taken by 
Aukema et al. (2011) and focused on key species affecting 
specific crops or crop groups. For example, for tomato we 
calculated the costs caused by P. absoluta and did not cap-
ture costs potentially caused by other tomato pests. This 
eliminated the risk that yield losses incurred were attrib-
uted to more than one IAS, which would have caused an 
overestimate of the total costs. This approach is justified 
by a comparison of the costs described in Tables 5 and 7, 
where it can be seen that while the costs calculated for P. 
absoluta at USD 4.1 Bn are lower than those calculated 
for tomato as crop, regardless of IAS, at USD 10.1 Bn, the 
costs attributed to S. frugiperda (USD 9.4 Bn) are compa-
rable to those calculated for maize (USD 9.8 Bn). This indi-
cates that through the focus on key pests per crop species 
we have estimated the main costs caused by IAS for key 
crops, while eliminating the risk of double counting our 
estimates.

A further comparison of our species estimates is ena-
bled by data from Diagne et al. (2021). Their cost estimates 
for S. frugiperda and P. absoluta are USD 2.9 Bn and USD 
1.15 Bn respectively, as compared to our estimates of USD 
6.9 Bn and USD 4.8 Bn from literature only (Table 5). This 
difference is explained by the exclusion of costs based on 
extrapolation of data from the Diagne et  al. (2021) esti-
mate, whereas extrapolation of costs across the continent 

to provide a more comprehensive assessment of costs 
forms an important part of this current estimate.

The decisions about which species to use as the key spe-
cies was based on the literature as well as feedback from 
country IAS experts as to which species were currently 
having the greatest impact. This may have led to a focus 
on only the highest priority IAS affecting agriculture 
and meant that some IAS causing environmental dam-
age have been missed in this cost estimate. Despite the 
robustness of the yield loss estimates, it is worth noting 
that costs related to chemical pesticide use have not been 
included and would increase our estimate significantly. 
Costs include the pesticides themselves, the labour asso-
ciated with pesticide application and the required equip-
ment. However, data on these costs were not available for 
inclusion.

Reductions in livestock‑based income
Livestock keeping is central to the culture and economy 
of large parts of Africa, a continent where grasslands are 
widespread, and assessing the impact of IAS on these 
grasslands is important when creating an overview of the 
costs to agriculture. Although capital is held as livestock, 
we only estimated income based on livestock; our esti-
mate was based on the number of livestock held and this 
IAS impact is comparable to crop yield losses for farm-
ing. Although in our study the impact of IAS on livestock 
derived income is small compared to the other estimates, 
the impacts of IAS on livestock numbers and thus on capi-
tal on the household or community level can be significant 
(Linders et al. 2020). Estimating the impacts of weeds on 
grasslands, and how this reduced the carrying capacity, 
was limited by the availability of distribution and impact 
data for the IAS, which restricted the number of species 
for which we were able to estimate impacts across the con-
tinent, and was further complicated by the frequent co-
occurrence of species that makes it impossible to attribute 
impacts to a single species and introduces the risk of 
double counting of costs. In order to avoid the latter, we 
decided to only consider the value for the costliest species 
for each country and our estimate is to be considered as 
conservative. This is even more so, since other weed spe-
cies impact on the quality of grazing land, but our results 
appear to confirm the important impact of L. camara on 
grazing land [Swarbrick et  al. 1995, in CABI (2015)] and 
fodder availability (Shackleton et al. 2017a, b) and of P. juli-
flora on income from livestock (Linders et al. 2020).

Survey results
Estimating IAS losses using survey responses doubled 
the cost estimate based on literature alone. This was due 
to a combination of responses from countries that are 
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underrepresented in the literature and additional estimates 
for almost all pests, and highlights the need for more 
information on IAS impacts in Africa. For species that 
have been present in Africa for less than 10 years (Spodop-
tera frugiperda, Phthorimaea absoluta), it is possible that 
current research, that was reported through the survey, 
has not yet been published, and therefore the costs found 
in the literature do not present the current economic cost 
of these species. Research into species that are newly inva-
sive in an area commonly focuses on the biology, potential 
yield loss and possible control methods for that species, 
rather than the economic impact. For example, only one 
of the top ten studies on S. frugiperda in Africa quantified 
the potential economic loss caused by the species (Abra-
hams et  al. 2017). Furthermore, the longer a species has 
been present the better or more cost-effective the manage-
ment interventions become. However, if a resurgence of 
damage caused by a species occurs, e.g. P. manihoti dam-
age has increased over the past five years in certain areas 
(Bisimwa et al. 2019; Fening et al. 2014), this may not be 
widely reported in the literature yet, and only reported 
through the survey results. In addition, the value of the 
crop affected by the IAS will have an effect on the eco-
nomic losses reported. For example, P. absoluta is a seri-
ous pest of tomato, a key cash crop for much of Africa, so 
any yield loss caused by the species has serious economic 
and financial consequences for the farmers involved (Aig-
bedion-Atalor et  al. 2019). These costs are likely to have 
been reported by survey respondents, as the broad-scale 
impact being experienced by farmers were widely reported 
in the media and through agricultural websites, but there 
is limited reporting of these costs in the literature so far 
(Rwomushana et al. 2019).

There is a possibility that survey respondents gave 
information on the species they work on and uninten-
tionally overestimated the loss in the absence of rigorous 
data. Perception data is unlikely to be as accurate as field 
measurements, but we have no reason to believe that 
higher estimates following inclusion of survey results as 
basis for the calculations were due to systematic overes-
timation. We assessed this by comparing loss and abun-
dance data obtained from literature and the survey for P. 
absoluta and S. frugiperda. While it is true that the loss 
estimates were higher in the survey results for S. fru-
giperda (0.54 ± 0.10 vs. 0.27 ± 0.05; mean ± SE per coun-
try), there was also more variation that allowed us to 
generate low, mid and high estimates, which was in most 
cases absent from the literature. Moreover, the estimates 
for abundance of the pest were much lower and more 
differentiated than what could be deducted from the lit-
erature (0.63 ± 0.10 vs. 1.00 ± 0.00). A similar pattern 
was found for P. absoluta: the loss estimates were higher 
in the survey results (0.66 ± 0.09 vs. 0.49 ± 0.05), and the 

estimates for abundance of the pest were much lower and 
more differentiated than in the literature (0.54 ± 0.10 vs. 
1.00 ± 0.00). However, when loss was calculated based on 
these values (loss caused * abundance), we found no such 
obvious difference between literature and survey results 
(for example: in S. frugiperda 0.27 ± 0.05 vs. 0.32 ± 0.08; 
in P. absoluta: 0.49 ± 0.05 vs. 0.41 ± 0.10). Thus, the dif-
ference in the estimates (Table 5) came from the extrapo-
lation, where values for loss for data deficient countries 
were adopted from countries with the most similar agro-
ecological zones. When survey results were included, 
the extrapolation was based on more countries than the 
small sample for which only literature data were available 
(for S. frugiperda: four vs 12 countries, for P. absoluta: 
three vs. seven countries). Hence, the higher estimated 
costs when survey data were used appear to be the result 
of the more robust data obtained by conducting the sur-
vey, which clearly increased the number of countries for 
which data are available and increased detail, and not due 
to a difference in survey and literature data.

Extrapolation to agro‑ecological zones
There were considerable gaps in the data to enable estima-
tions of costs for all countries on the continent, which were 
addressed by extrapolating data based on AEZ, climate 
modelling and land use. Climate and environmental suit-
ability modelling and crop cover were used by Day et  al. 
(2017) and Early et al. (2018) following the arrival of S. fru-
giperda in Africa to predict areas of suitability and potential 
distribution of the moth. These models were further used to 
estimate potential economic costs of S. frugiperda to maize 
farmers. The approach was also used by Rwomushana et al. 
(2019) to extrapolate the calculated costs of P. absoluta from 
Zambia and Kenya to 10 other African countries with simi-
lar AEZs. The estimation of reduction in livestock derived 
income, was also guided by climatic modelling. Adoption of 
a modelling approach enabled prediction of economic costs 
rather than leaving gaps in the data that would lead to an 
underestimation of the costs of IAS.

Ecosystem services and other non‑monetary costs
The impacts of IAS on ecosystem services and biodiver-
sity are significant with varying estimates, although the 
total costs can be in of tens of billions of USD according 
to Pimentel et al. (2005). Despite the seeming importance 
of IAS, few studies have sought to estimate the impact 
of invasive species on the delivery of holistic ecosystem 
services in Africa. The few studies that have been done 
have either focused on a single ecosystem service such as 
surface water supplies (Le Maitre et al. 2000), or a single 
species like black wattle (Acacia mearnsii De Wild.) (De 
Wit et al. 2001) or P. juliflora (Shiferaw et al. 2019). Other 
studies have identified the effect of IAS on ecosystem 
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services (Sutton et al. 2016; Van Wilgen et al. 2008), but 
have not monetized the costs of these reductions in eco-
system services, though it is apparent there are costs due 
to, for example, a reduction in livestock carrying capac-
ity. Kashe et al. (2020) analysed the effects of P. juliflora 
and Salvinia molesta on ecosystem services in Botswana, 
noting the negative welfare effects on those providing 
tourism services, and riparian communities. They stated 
the need to monetize these negative effects. However, it 
is notoriously hard to monetize ecosystem service effects, 
and therefore we used the SEICAT and EICAT (Bacher 
et  al. 2018; Hawkins et  al. 2015) methods to provide an 
indication of the effects of IAS on ecosystem services. 
The overall lower average scores for the societal impact 
as compared to the ecological impact of IAS suggest that, 
even with the use of methods that focus on changes in 
people’s activities, there is still a lack of realisation of the 
long-term societal consequences caused by IAS, and a 
disconnection between the direct effects of IAS and their 
wider ecosystem effects on people’s livelihoods. Unfortu-
nately, it is impossible to make inferences about the con-
ditions or causes that affect the non-monetary impacts of 
IAS based on the survey results. Hence, the perceptions 
about non-monetary costs that we report provide valu-
able data on the level of societal or ecological impacts 
that are experienced and should be included in any future 
studies of the economic costs of IAS.

Research costs
Research costs are a negligible part of the total cost 
estimate. This is a consequence of the small number of 
survey respondents who provided information about 
research expenditure, and the small figure likely reflects 
the generally low level of research into IAS across the 
continent, apart from in South Africa, as evidenced by 
the low level of articles in peer-reviewed journals and 
grey literature (Diagne et al. 2021). The estimated USD1.9 
Mn is a small amount compared to the €132 Mn spent 
on IAS research by the European Union between 1995 
and 2010 (USD 10.7 Mn per annum) (Scalera 2010). The 
reasons for this difference include the limited research 
capacity and the lack of financial resources. Another rea-
son could be a lack of awareness of the effects and costs 
that IAS have, and therefore there is little pressure to 
allocate scarce resources to this field of research. This is 
in line with the findings of García-Llorente et al. (2011) 
who stated that willingness to pay for management of 
IAS was influenced by knowledge and perception of IAS, 
as well as an individual’s interest in nature and socio-
demographic characteristics. The estimates of country 
costs presented here may help to change perceptions 
and increase the focus on IAS and the need to provide 

additional funding for research to reduce the costs of 
these species to each country’s GDP.

Conclusions
The substantial cost of IAS revealed by our study, even 
if incomplete, highlights the need to develop and imple-
ment management that is effective against the tar-
geted species, safe for the environment and people, and 
adapted to the local circumstances. The results reveal 
comparatively small investments in research on IAS. 
Yet, measures are needed that prevent new species from 
arriving and established species from spreading, and that 
reduce management costs for widely present and impact-
ful species through methods such as biocontrol. The 
knowledge of how much IAS cost African countries pro-
vides policy makers with the evidence needed to enable 
prioritisation of management measures for IAS, thereby 
reducing costs in the long term. We recommend that 
benefit:cost analyses are undertaken to guide the limited 
available resources to research into and implementation 
of management options that most effectively mitigate the 
impacts of IAS. In addition, our study provides evidence 
of the need for country and regional quarantine and phy-
tosanitary measures to prevent the entry and spread of 
new IAS, preventing additional, potentially huge costs as 
new IAS spread across the continent.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s43170- 021- 00038-7.

Additional file 1. The questionnaire survey used to collect information 
about monetary and non-monetary costs of invasive alien species in 
Africa.

Acknowledgements
We thank all people who took time to respond to the survey – their knowl-
edge has significantly contributed to the result. Darren Kriticos provided 
unpublished environmental suitability data based on CLIMEX models for three 
of the weed species.

Authors’ contributions
The authors designed the study together and all contributed to data collec-
tion. RE, BT and FW led the writing of the manuscript with critical input of all 
authors.

Funding
The research was financially supported by the Department for International 
Development (DFID), UK, and the Directorate‐General for International Coop-
eration (DGIS), Netherlands, through CABI’s Action on Invasives programme. 
CABI is an international intergovernmental organisation, and we gratefully 
acknowledge the core financial support from our member countries (and 
lead agencies) including the United Kingdom (Foreign, Commonwealth & 
Development Office), China (Chinese Ministry of Agriculture and Rural Affairs), 
Australia (Australian Centre for International Agricultural Research), Canada 
(Agriculture and Agri-Food Canada), Netherlands (Directorate General for 
International Cooperation), and Switzerland (Swiss Agency for Development 
and Cooperation). See https:// www. cabi. org/ about- cabi/ who- we- work- with/ 
key- donors/ for full details.

https://doi.org/10.1186/s43170-021-00038-7
https://doi.org/10.1186/s43170-021-00038-7
https://www.cabi.org/about-cabi/who-we-work-with/key-donors/
https://www.cabi.org/about-cabi/who-we-work-with/key-donors/


Page 17 of 18Eschen et al. CABI Agric Biosci            (2021) 2:18  

 Availability of data and materials
The datasets supporting the conclusions of this article are available 
from https:// doi. org/ 10. 34857/ 00696 74.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 CABI, Delémont, Switzerland. 2 CABI, Wallingford, UK. 3 CABI, Egham, UK. 4 CABI, 
Accra, Ghana. 5 CABI, Nairobi, Kenya. 

Received: 17 February 2021   Accepted: 23 April 2021

References
Abrahams P, Bateman M, Beale T, Clottey V, Cock M, Colmenarez Y, Corniani N, 

Day R, Early R, Godwin J, Gonzalez-Moreno P, Murphy ST, Oppong-Men-
sah B, Phiri N, Pratt C, Silvestri S, Witt ABR. Fall armyworm: impacts and 
implications for Africa. Evidence note (2). Wallingford: CABI; 2017.

Adkins SW, Shabbir A, Dhileepan K, editors. Parthenium weed: biology, ecol-
ogy and management, CABI invasives series. Boston: CABI; 2018.

Aigbedion-Atalor PO, Hill MP, Zalucki MP, Obala F, Idriss GE, Midingoyi S-K, 
Chidege M, Ekesi S, Mohamed SA. The South America Tomato Leafminer, 
Tuta absoluta (Lepidoptera: Gelechiidae), spreads its wings in East-
ern Africa: distribution and socioeconomic impacts. J Econ Entomol. 
2019;112:2797–807. https:// doi. org/ 10. 1093/ jee/ toz220.

Aukema JE, Leung B, Kovacs K, Chivers C, Britton KO, Englin J, Frankel SJ, Haight 
RG, Holmes TP, Liebhold AM, McCullough DG, Von Holle B. Economic 
Impacts of non-native forest insects in the continental United States. 
PLoS ONE. 2011;6:e24587. https:// doi. org/ 10. 1371/ journ al. pone. 00245 87.

Bacher S, Blackburn TM, Essl F, Genovesi P, Heikkilä J, Jeschke JM, Jones G, 
Keller R, Kenis M, Kueffer C, Martinou AF, Nentwig W, Pergl J, Pyšek P, 
Rabitsch W, Richardson DM, Roy HE, Saul W, Scalera R, Vilà M, Wilson JRU, 
Kumschick S. Socio-economic impact classification of alien taxa (SEICAT). 
Methods Ecol Evol. 2018;9:159–68. https:// doi. org/ 10. 1111/ 2041- 210X. 
12844.

Bekele K, Haji J, Legesse B, Schaffner U. Economic impacts of Prosopis spp. 
invasions on dryland ecosystem services in Ethiopia and Kenya: evidence 
from choice experimental data. J Arid Environ. 2018;158:9–18. https:// doi. 
org/ 10. 1016/j. jarid env. 2018. 07. 001.

Bisimwa EB, Birindwa DR, Yomeni MO, Rudahaba N, Byamungu K, Winter S, 
Bragard C. Multiple cassava viruses’ co-infections and resurgence of 
pests are leading to severe symptoms and yield losses on Cassava in 
the South-Kivu Region, Democratic Republic of Congo. Am J Plant Sci. 
2019;10:1969–88. https:// doi. org/ 10. 4236/ ajps. 2019. 10111 38.

Blackburn TM, Essl F, Evans T, Hulme PE, Jeschke JM, Kühn I, Kumschick S, 
Marková Z, Mrugała A, Nentwig W, Pergl J, Pyšek P, Rabitsch W, Ricciardi 
A, Richardson DM, Sendek A, Vilà M, Wilson JRU, Winter M, Genovesi P, 
Bacher S. A unified classification of alien species based on the magnitude 
of their environmental impacts. PLoS Biol. 2014;12:e1001850. https:// doi. 
org/ 10. 1371/ journ al. pbio. 10018 50.

Bokonon-Ganta AH, de Groote H, Neuenschwander P. Socio-economic impact 
of biological control of mango mealybug in Benin. Agric Ecosyst Environ. 
2002;93:367–78. https:// doi. org/ 10. 1016/ S0167- 8809(01) 00337-1.

Brooks ME, Kristensen K, van Benthem KJ, Magnusson A, Berg CW, Nielsen A, 
Skaug HJ, Mächler M, Bolker BM. glmmTMB balances speed and flexibility 
among packages for zero-inflated generalized linear mixed modeling. R 
J. 2017;9:378–400.

CABI. Datasheet Lantana camara (lantana) [WWW Document]; 2015. https:// 
www. cabi. org/ isc/ datas heet/ 29771. Accessed 30 Nov 2020.

Colautti RI, Bailey SA, van Overdijk CDA, Amundsen K, MacIsaac HJ. Charac-
terised and projected costs of nonindigenous species in Canada. Biol 
Invasions. 2006;8:45–59. https:// doi. org/ 10. 1007/ s10530- 005- 0236-y.

Currie B, Milton SJ, Steenkamp JC. Cost-benefit analysis of alien vegetation 
clearing for water yield and tourism in a mountain catchment in the 
Western Cape of South Africa. Ecol Econ. 2009;68:2574–9. https:// doi. org/ 
10. 1016/j. ecole con. 2009. 04. 007.

Day R, Abrahams P, Bateman M, Beale T, Clottey V, Cock MJW, Colmenarez Y, 
Corniani N, Early R, Godwin J, Gomez J, Gonzalez-Moreno P, Murphy ST, 
Oppong-Mensah B, Phiri N, Pratt C, Silvestri S, Witt ABR. Fall armyworm: 
impacts and implications for Africa. Outlooks Pest Manag. 2017;28:196–
201. https:// doi. org/ 10. 1564/ v28_ oct_ 02.

De Wit MP, Crookes DJ, Van Wilgen BW. Conflicts of interest in environmental 
management: estimating the costs and benefits of a tree invasion. Biol 
Invasions. 2001;3:167–78. https:// doi. org/ 10. 1023/A: 10145 63702 261.

Diagne C, Turbelin A, Moodley D, Novoa A, Leroy B, Angulo E, Adamjy T, Dia 
CAKM, Taheri A, Tambo J, Dobigny G, Courchamp F. The economic costs 
of biological invasions in Africa: a growing but neglected threat? Neo-
Biota. 2021;67:11–51. https:// doi. org/ 10. 3897/ neobi ota. 67. 59132.

Early R, González-Moreno P, Murphy ST, Day R. Forecasting the global extent 
of invasion of the cereal pest Spodoptera frugiperda, the fall armyworm. 
NeoBiota. 2018;40:25–50. https:// doi. org/ 10. 3897/ neobi ota. 40. 28165.

European Space Agency. Land cover CCI product user guide version 2.0 (No. 
CCI-LC-PUGV2); 2017.

Fening KO, Lamptey JNL, Mochiah MB, Amoabeng BW, Adama I, Manu-Aduen-
ing JA, Adiyiah B. Assessing arthropod pests and disease occurrence in 
cassava (Manihot esculenta Crantz) and cowpea (Vigna unguiculata L. 
Walp) intercropping system in the Ashanti Region, Ghana 16; 2014.

Food and Agriculture Organization of the United Nations. Food and agricul-
ture organization corporate statistical database (FAOSTAT). Rome: Food 
and Agriculture Organization of the United Nations; 2017.

García-Llorente M, Martín-López B, Nunes PALD, González JA, Alcorlo P, 
Montes C. Analyzing the social factors that influence willingness to pay 
for invasive alien species management under two different strategies: 
eradication and prevention. Environ Manage. 2011;48:418–35. https:// doi. 
org/ 10. 1007/ s00267- 011- 9646-z.

Gianessi L. Solving Africa’s weed problem: increasing crop production and 
improving the lives of women. Crop Production Research Institute; 2009.

Grassi F, Landbergy J, Huyer S. Running out of time: the reduction of women’s 
work burden in agriculture production. Rome: FAO; 2015.

Hawkins CL, Bacher S, Essl F, Hulme PE, Jeschke JM, Kühn I, Kumschick S, 
Nentwig W, Pergl J, Pyšek P, Rabitsch W, Richardson DM, Vilà M, Wilson 
JRU, Genovesi P, Blackburn TM. Framework and guidelines for implement-
ing the proposed IUCN Environmental Impact Classification for Alien Taxa 
(EICAT). Divers Distrib. 2015;21:1360–3. https:// doi. org/ 10. 1111/ ddi. 12379.

Hosking SG, du Preez M. A cost-benefit analysis of removing alien trees in the 
Tsitsikamma mountain catchment. South Afr J Sci. 1999;95:442–8.

Inflationtool.com. USD Inflation Calculator—US Dollar (1956–2020); 2020.
Jeschke JM, Bacher S, Blackburn TM, Dick JTA, Essl F, Evans T, Gaertner M, 

Hulme PE, Kühn I, Mrugała A, Pergl J, Pyšek P, Rabitsch W, Ricciardi A, 
Richardson DM, Sendek A, Vilà M, Winter M, Kumschick S. Defining the 
impact of non-native species: impact of non-native species. Conserv Biol. 
2014;28:1188–94. https:// doi. org/ 10. 1111/ cobi. 12299.

Kashe K, Heath R, Heath A, Teketay D, Thupe BO. Potential impact of alien 
invasive plant species on ecosystem services in botswana: a review on 
Prosopis juliflora and Salvinia molesta. In: Sustainability in developing 
countries. Berlin: Springer; 2020. p. 11–31.

Kettunen M. Ecological and socio-economic impacts of the invasion of Sal-
vinia molesta in Senegal, West Africa; 2002. p. 161.

Kettunen M, Genovesi P, Gollasch S, Pagad S, Starfinger U, ten Brink P, Shine C. 
Technical support to EU strategy on invasive species (IAS)—assessment 
of the impacts of IAS in Europe and the EU (final module report for the 
European Commission). Brussels: Institute for European Environmental 
Policy; 2008.

Kettunen M, Genovesi P, Gollasch S, Pagad S, Starfinger U. Assessment of the 
impacts of IAS in Europe and the EU 131; 2009.

Kriticos DJ, Yonow T, McFadyen RE. The potential distribution of Chromolaena 
odorata (Siam weed) in relation to climate. Weed Res. 2005;45:246–54. 
https:// doi. org/ 10. 1111/j. 1365- 3180. 2005. 00458.x.

Kriticos DJ, Brunel S, Ota N, Fried G. Downscaling pest risk analyses: identify-
ing current and future potentially suitable habitats for Parthenium 

https://doi.org/10.34857/0069674
https://doi.org/10.1093/jee/toz220
https://doi.org/10.1371/journal.pone.0024587
https://doi.org/10.1111/2041-210X.12844
https://doi.org/10.1111/2041-210X.12844
https://doi.org/10.1016/j.jaridenv.2018.07.001
https://doi.org/10.1016/j.jaridenv.2018.07.001
https://doi.org/10.4236/ajps.2019.1011138
https://doi.org/10.1371/journal.pbio.1001850
https://doi.org/10.1371/journal.pbio.1001850
https://doi.org/10.1016/S0167-8809(01)00337-1
https://www.cabi.org/isc/datasheet/29771
https://www.cabi.org/isc/datasheet/29771
https://doi.org/10.1007/s10530-005-0236-y
https://doi.org/10.1016/j.ecolecon.2009.04.007
https://doi.org/10.1016/j.ecolecon.2009.04.007
https://doi.org/10.1564/v28_oct_02
https://doi.org/10.1023/A:1014563702261
https://doi.org/10.3897/neobiota.67.59132
https://doi.org/10.3897/neobiota.40.28165
https://doi.org/10.1007/s00267-011-9646-z
https://doi.org/10.1007/s00267-011-9646-z
https://doi.org/10.1111/ddi.12379
https://doi.org/10.1111/cobi.12299
https://doi.org/10.1111/j.1365-3180.2005.00458.x


Page 18 of 18Eschen et al. CABI Agric Biosci            (2021) 2:18 

hysterophorus with particular reference to Europe and North Africa. PLoS 
ONE. 2015a;25:e0132807.

Kriticos DJ, Maywald GF, Yonow T, Zurcher EJ, Herrmann NI, Sutherst RW. 
CLIMEX Version 4: exploring the effects of climate on plants, animals and 
diseases. Canberra: CSIRO; 2015b.

Kumschick S, Bacher S, Dawson W, Heikkilä J, Sendek A, Pluess T, Robinson T, 
Kühn I. A conceptual framework for prioritization of invasive alien species 
for management according to their impact. NeoBiota. 2012;15:69–100. 
https:// doi. org/ 10. 3897/ neobi ota. 15. 3323.

Le Maitre DC, Versfeld DB, Chapman RA. The impact of invading alien plants on 
surface water resources in South Africa: a preliminary assessment. 2000; 
Water SA 26: 397–408.

Le Maitre DC, Van Wilgen BW, Gelderblom CM, Bailey C, Chapman RA, Nel JA. 
Invasive alien trees and water resources in South Africa: case studies of 
the costs and benefits of management. For Ecol Manag. 2002;160:143–59.

Lenth RV. Least-squares means: the R package lsmeans. J Stat Softw. 2016. 
https:// doi. org/ 10. 18637/ jss. v069. i01.

Linders TEW, Bekele K, Schaffner U, Allan E, Alamirew T, Choge SK, Eckert S, 
Haji J, Muturi G, Mbaabu PR, Shiferaw H, Eschen R. The impact of invasive 
species on social-ecological systems: relating supply and use of selected 
provisioning ecosystem services. Ecosyst Serv. 2020;41:101055. https:// 
doi. org/ 10. 1016/j. ecoser. 2019. 101055.

Little PD. When “Green” equals thorny and mean: the politics and costs of an 
environmental experiment in East Africa. Afr Stud Rev. 2019;62:132–63. 
https:// doi. org/ 10. 1017/ asr. 2019. 41.

McFadyen RE. Biological control against parthenium weed in Australia. Crop 
Prot. 1992;11:400–7. https:// doi. org/ 10. 1016/ 0261- 2194(92) 90021-V.

McFadyen REC. Biological control of weeds. Annu Rev Entomol. 
1998;43:369–93.

Monfreda C, Ramankutty N, Foley JA. Farming the planet: 2. Geographic distri-
bution of crop areas, yields, physiological types, and net primary produc-
tion in the year 2000. Glob Biogeochem Cycles. 2008;22:1–19. https:// doi. 
org/ 10. 1029/ 2007G B0029 47.

Ngorima A, Shackleton CM. Livelihood benefits and costs from an invasive 
alien tree (Acacia dealbata) to rural communities in the Eastern Cape, 
South Africa. J Environ Manage. 2019;229:158–65. https:// doi. org/ 10. 
1016/j. jenvm an. 2018. 05. 077.

Nkambule NP, Blignaut JN, Vundla T, Morokong T, Mudavanhu S. The benefits 
and costs of clearing invasive alien plants in northern Zululand, South 
Africa. Ecosyst Serv. 2017;27:203–23. https:// doi. org/ 10. 1016/j. ecoser. 
2017. 04. 011.

Nwanze KF. Relationships between cassava root yields and crop infestations by 
the mealybug, Phenacoccus manihoti. Trop Pest Manag. 1982;28:27–32.

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D, Minchin 
PR, O’Hara RB, Simpson GL, Solymos P, Stevens MHH, Szoecs E, Wagner H. 
Community Ecology Package ‘vegan.’; 2020.

Ouma EA, Obare GA, Staal SJ. Cattle as assets: assessment of non-market 
benefits from cattle in smallholder Kenyan crop-livestock systems. In: Pro-
ceedings of the 25th international conference of agricultural economists 
(IAAE). Document Transformation Technologies, Durban, South Africa. p. 
328–34.

Paini DR, Sheppard AW, Cook DC, De Barro PJ, Worner SP, Thomas MB. 
Global threat to agriculture from invasive species. Proc Natl Acad Sci. 
2016;113:7575–9.

Parker IM, Simberloff D, Lonsdale WM, Goodell K, Wonham M, Kareiva PM, Wil-
liamson MH, Holle BV, Moyle PB, Byers JE, Goldwasser L. Impact: toward 
a framework for understanding the ecological effects of invaders. Biol 
Invasions. 1999;1:3–19.

Pimentel D, McNair S, Janecka J, Wightman J, Simmonds C, O’Connell C, Wong 
E, Russel L, Zern J, Aquino T, Tsomondo T. Economic and environmental 
threats of alien plant, animal, and microbe invasions. Agric Ecosyst Envi-
ron. 2001;84:1–20. https:// doi. org/ 10. 1016/ S0167- 8809(00) 00178-X.

Pimentel D, Zuniga R, Morrison D. Update on the environmental and economic 
costs associated with alien-invasive species in the United States. Ecol Econ. 
2005;52:273–88. https:// doi. org/ 10. 1016/j. ecole con. 2004. 10. 002.

Pratt CF, Constantine KL, Murphy ST. Economic impacts of invasive alien spe-
cies on African smallholder livelihoods. Glob Food Secur. 2017;14:31–7. 
https:// doi. org/ 10. 1016/j. gfs. 2017. 01. 011.

R Core Team. R: a language and environment for statistical computing. Vienna: 
R Foundation for Statistical Computing; 2019.

Ramankutty N, Evan AT, Monfreda C, Foley JA. Global agricultural lands: 
pastures, 2000. Palisades: NASA Socioeconomic Data and Applications 
Center (SEDAC); 2010.

Rwomushana I, Beale T, Chipabika G, Day R, Gonzalez-Moreno P, Lamontagne-
Godwin J, Makale F, Pratt C, Tambo J. Tomato leafminer (Tuta absoluta): 
impacts and coping strategies for Africa. Wallingford: CABI; 2019.

Scalera R. How much is Europe spending on invasive alien species? Biol. Inva-
sions. 2010;12:173–7. https:// doi. org/ 10. 1007/ s10530- 009- 9440-5.

Sebastian K. Agro-ecological Zones of Africa. Harvard Dataverse; 2009.
Shackleton RT, Witt AB, Aool W, Pratt CF. Distribution of the invasive alien 

weed, Lantana camara, and its ecological and livelihood impacts in 
eastern Africa. Afr J Range Forage Sci. 2017a;34:1–11. https:// doi. org/ 10. 
2989/ 10220 119. 2017. 13015 51.

Shackleton RT, Witt ABR, Piroris FM, van Wilgen BW. Distribution and socio-
ecological impacts of the invasive alien cactus Opuntia stricta in eastern 
Africa. Biol Invasions. 2017b;19:2427–41. https:// doi. org/ 10. 1007/ 
s10530- 017- 1453-x.

Shiferaw H, Bewket W, Alamirew T, Zeleke G, Teketay D, Bekele K, Schaffner 
U, Eckert S. Implications of land use/land cover dynamics and Prosopis 
invasion on ecosystem service values in Afar Region, Ethiopia. Sci Total 
Environ. 2019;675:354–66. https:// doi. org/ 10. 1016/j. scito tenv. 2019. 04. 220.

Sileshi GW, Gebeyehu S, Mafongoya PL. The threat of alien invasive insect 
and mite species to food security in Africa and the need for a continent-
wide response. Food Secur. 2019;11:763–75. https:// doi. org/ 10. 1007/ 
s12571- 019- 00930-1.

SOFA Team, Doss C. The role of women in agriculture (ESA working paper No. 
11-02). Agricultural Development Economics Division, The Food and Agri-
culture Organization of the United Nations, Rome, Italy; 2011.

Sutton PC, Anderson SJ, Costanza R, Kubiszewski I. The ecological economics 
of land degradation: Impacts on ecosystem service values. Ecol Econ. 
2016;129:182–92. https:// doi. org/ 10. 1016/j. ecole con. 2016. 06. 016.

Taylor S, Kumar L, Reid N, Kriticos DJ. Climate change and the potential distri-
bution of an invasive shrub Lantana camara L. PLoS ONE. 2012;7:e35565. 
https:// doi. org/ 10. 1371/ journ al. pone. 00355 65.

Van Wilgen BW, Reyers B, Le Maitre DC, Richardson DM, Schonegevel L. A 
biome-scale assessment of the impact of invasive alien plants on ecosys-
tem services in South Africa. J Environ Manage. 2008;89:336–49. https:// 
doi. org/ 10. 1016/j. jenvm an. 2007. 06. 015.

van Wilgen BW, Measey J, Richardson DM, Wilson JR, Zengeya TA. Biological 
invasions in South Africa: an overview. In: Measey J, editor. Biological inva-
sions in South Africa. Invading nature, Springer series in invasion ecology. 
Cham: Springer; 2020.

Williams F, Eschen R, Harris A, Djeddour D, Pratt C, Shaw RS, Varia S, Lamon-
tagne-Godwin J, Thomas SE, Murphy ST. The economic cost of invasive 
non-native species on Great Britain (Research Report No. CAB/001/09); 
2010.

Wise R, Van Wilgen BW, Hill MP, Schulthess F, Tweddle D, Chabi-Olay A, Zim-
mermann HG. The economic impact and appropriate management of 
selected invasive alien species on the African Continent (No. CSIR/NRE/
RBSD/ER/2007/0044/C). CSIR, Pretoria, South Africa; 2007.

Witt A, Beale T, Van Wilgen BW. An assessment of the distribution and potential 
ecological impacts of invasive alien plant species in eastern Africa. Trans 
R Soc South Afr. 2018;73:217–36. https:// doi. org/ 10. 1080/ 00359 19X. 2018. 
15290 03.

Witt ABR, Nunda W, Beale T, Kriticos DJ, Witt A. A preliminary assessment of 
the presence and distribution of invasive and potentially invasive alien 
plant species in Laikipia County, Kenya, a biodiversity hotspot. Koedoe. 
2020;62:a1605. https:// doi. org/ 10. 4102/ koedoe. v62i1. 1605.

Xu H, Ding H, Li M, Qiang S, Guo J, Han Z, Huang Z, Sun H, He S, Wu H, 
Wan F. The distribution and economic losses of alien species invasion 
to China. Biol Invasions. 2006;8:1495–500. https:// doi. org/ 10. 1007/ 
s10530- 005- 5841-2.

Zeddies J, Schaab RP, Neuenschwander P, Herren HR. Economics of biological 
control of cassava mealybug in Africa. Agric Econ. 2001;24:209–19. 

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.3897/neobiota.15.3323
https://doi.org/10.18637/jss.v069.i01
https://doi.org/10.1016/j.ecoser.2019.101055
https://doi.org/10.1016/j.ecoser.2019.101055
https://doi.org/10.1017/asr.2019.41
https://doi.org/10.1016/0261-2194(92)90021-V
https://doi.org/10.1029/2007GB002947
https://doi.org/10.1029/2007GB002947
https://doi.org/10.1016/j.jenvman.2018.05.077
https://doi.org/10.1016/j.jenvman.2018.05.077
https://doi.org/10.1016/j.ecoser.2017.04.011
https://doi.org/10.1016/j.ecoser.2017.04.011
https://doi.org/10.1016/S0167-8809(00)00178-X
https://doi.org/10.1016/j.ecolecon.2004.10.002
https://doi.org/10.1016/j.gfs.2017.01.011
https://doi.org/10.1007/s10530-009-9440-5
https://doi.org/10.2989/10220119.2017.1301551
https://doi.org/10.2989/10220119.2017.1301551
https://doi.org/10.1007/s10530-017-1453-x
https://doi.org/10.1007/s10530-017-1453-x
https://doi.org/10.1016/j.scitotenv.2019.04.220
https://doi.org/10.1007/s12571-019-00930-1
https://doi.org/10.1007/s12571-019-00930-1
https://doi.org/10.1016/j.ecolecon.2016.06.016
https://doi.org/10.1371/journal.pone.0035565
https://doi.org/10.1016/j.jenvman.2007.06.015
https://doi.org/10.1016/j.jenvman.2007.06.015
https://doi.org/10.1080/0035919X.2018.1529003
https://doi.org/10.1080/0035919X.2018.1529003
https://doi.org/10.4102/koedoe.v62i1.1605
https://doi.org/10.1007/s10530-005-5841-2
https://doi.org/10.1007/s10530-005-5841-2



