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Abstract Palm oil is a very important commodity es-
pecially to Malaysia and Indonesia. However, Latin
American countries have significant industries, particu-
larly Colombia. Climate change (CC) is a highly prob-
able phenomenon which will affect diseases of oil palm
(OP) with Phytophthora palmivora causing devastating
outbreaks in Latin America and especially Colombia.
Furthermore, the oomycete is an endemic pathogen to
other crops inMalaysia such as durian, and is capable of
causing disease of OP in vitro. A similar disease has
been recorded in Thailand. It is crucial that P. palmivora
is controlled in Malaysia and Indonesia because the
organism is highly virulent, although there are acute
and chronic forms. This current paper investigates the
effect of CC onP. palmivora disease and onOP survival
via a CLIMEX model for future suitable growth of OP.
Postulated schemes are provided for Malaysia and In-
donesia for acute and chronic forms of the disease which
indicate an extremely high and increasing threat, likely
to reduce the sustainability of the OP industry by 2050
and further by 2070 and/or 2100. Brazil appears less
threatened by the disease under these scenarios, but their
OP is likely to have 100% mortality. The chronic and
acute forms of the malady present reduced and high

threats respectively to Malaysia and Indonesia. The data
herein will be useful for, inter alia, plantation managers
who will be able to assess the accuracy of these scenar-
ios in the future. Amelioration methods are required
urgently and quarantine procedures need strengthening.

Keywords Lethal bud rot . Elaeis guineensis .

CLIMEX . Agriculture 4.0

Introduction

The importance of palm oil to the economies of Indo-
nesia and Malaysia is high and there are thriving palm
oil industries in Latin America and Africa (Paterson
et al. 2017). The oil is included in swathes of foods,
cosmetics, pharmaceuticals, biodiesel and is employed
in domestic cooking. Expansion of oil palm (OP) plan-
tations has well-known detrimental environmental con-
sequences (Paterson and Lima 2018) and the oil has
been associated with considerable human health prob-
lems (Kadandale and Smith 2019) adding to its
significance.

Palm oil manufacturing began commercially in Ma-
laysia in 1917 (Basiron 2007) and 85% of palm oil is
now produced by Malaysia and Indonesia (Ommelna
et al. 2012), which export very high quantities. Low
costs, high efficiency, large production potential and
straight forward planting make the crop highly remu-
nerative (Dislich et al. 2017). OP cultivation produces
3–8 times more oil than any other oil crops per hectare
and is a huge global industry (Barcelos et al. 2015),
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worth over USD 50 billion annually (Murphy 2014).
Cultivation of ca. 15 million ha throughout the world
have been reported and expansion of 43% in area is
predicted (Koh and Wilcove 2008), although the effect
of climate change (CC) on OP was not considered in
Koh and Wilcove (2008).

Awareness of the effects of CC on crop production
and disease has increased (Lobell et al. 2006), although
the effects on tropical crops are less well known (Ghini
et al. 2011). Climate change threatens the sustainability
of crop production. Experiments, analogies and models
were used when estimating future climate-related risks,
vulnerabilities and impacts in the 2014 Intergovernmen-
tal Panel on Climate Change (IPCC) report (IPCC
2014). Models can be predominantly descriptive narra-
tives of possible futures, such as those used in scenario
construction. Also, they can be numerical simulations of
real-world systems, calibrated and validated from exper-
iments or analogies, and then run using data
representing future climate. The quantitative and de-
scriptive models are often used together in a comple-
mentary manner. Impacts are modelled, inter alia, for
ecosystem services and agricultural productivity includ-
ing diseases of crops.

The highly detrimental impact and significance of
CC is confirmed extensively in the scientific
community and increasingly acknowledge by the
general public, as is well known. All living species
and ecosystems on which they depend are threatened
and there is a great deal of evidence on the impact on
global species distributions. Paterson et al. (2017) deter-
mined the detrimental affect on the suitability of future
climate on OP growth in a global setting. Ramirez-
cabral et al. (2017) indicated that large areas that are
suitable for global maize cultivation will suffer from
heat and dry stresses that may constrain production.
Shabani et al. (2014) determined the future distribution
of plant pathogenic Fusarium oxysporum and indicated
that the climate would become more suitable for the
fungus in the future in some countries, threatening more
infection of crops. However, there are few modelling
projections of OP disease apart from (Paterson 2019a),
(Paterson 2019b) and (Sarkar 2020).

The effects of CC are manifested by phenology
(Thackeray et al. 2010), who suggested that future cli-
mate warming may further disrupting the functioning,
persistence and resilience of many ecosystems and have
a major impact on ecosystem services. Their
observations were extrapolated, employing expert

opinion, to a future based on current observations.
Walsh et al. (2016) reported morphological changes in
the chipmunk related to CC and concluded that
anthropogenic CC was having a significant impact on
physical and biological systems globally. Rosenzweig
et al. (2008) discussed demographic changes from
CC. Bellard et al. (2012) pointed out the weaknesses
of models in that all relevant parameters cannot be
considered, but also indicated that demographics can
change and that climate scenarios depend on a wide
range of socio-economic “storylines” for anticipated
greenhouse gas emissions in the future. Studies indicate
high levels of ecological changes by the use of scientific
inference (Parmesan 2006). Extinction rates (Sinervo
et al. 2010) will accelerate with the intensification of
CC, which was confirmed in a meta-analysis undertaken
by Urban (2015), who analysed numerous studies on
extinction and CC, which included computer modelling
and expert opinion. The majority of studies extrapolate
correlations between current climate and species distri-
butions to novel conditions and omit important biolog-
ical mechanisms, including species interactions, evolu-
tion, landscape dispersal barriers, habitat degradation,
and intraspecific trait variation. Conservation scientists,
managers and environmental policy makers need to
adapt their guidelines and policies accordingly
(Brooke 2008) to mitigate the impact of CC. Procedures
for amelioration have been discussed for OP (Paterson
and Lima 2018) which was partially based on CLIMEX
models in Paterson et al. (2015, 2017).

Furthermore, large scale conversion of tropical forest
to OP plantations has detrimental effects on biodiversi-
ty. Fitzherbert et al. (2008) determined that OP planta-
tions support many fewer species than forests and some
other tree crops. Habitat fragmentation and increased
pollution occur, including greenhouse gas emissions.
OP cultivation affects climate by increasing greenhouse
gas emission and consequently CC (Paterson and Lima
2018). Koh and Wilcove (2008) suggested that OP
expansion occurred at the expense of forests which
may result in biodiversity loss. Dislich et al. (2017)
determined 11 of 14 ecosystem functions decreased in
levels of function by the introduction of OP plantations.

Diseases of OP will be subjected to the effects of CC
and a general increase in disease was considered likely
using an expert-opinion approach (Paterson et al. 2013).
Also, a large decrease in suitable climate for growing
OP has been argued using CLIMEX modelling
(Paterson et al. 2015, 2017). The general decrease in
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suitability for growing OP may result in higher disease,
as determined for basal stem rot (BSR) of OP (Paterson
2019a, b, 2020b) which combine CLIMEX and narra-
tive modelling.

The fungus-like oomycete, Phytophthora palmivora,
is a notorious pathogen of OP which has caused severe
damage in Latin American countries, with Colombia
being affected severely (Corley and Tinker 2015). The
first plantations in Colombia were, of course, free of the
disease. The disease has destroyed several Colombian
plantations since 1964 and has recently decimated more
than (a) 30,000 ha in the South West Colombia and (b)
10,000 ha in the Central Zone. As a general hypothesis,
this rapid increase in the disease may be related to CC
(Paterson et al. 2013), which is considered further in the
present paper. The infection is endemic at all stages
from nursery to the end of the production cycle.
P. palmivora involved in lethal bud rot is also referred
to as fatal yellowing (FY) and it is associated with a bud
rot of variable symptoms depending on location, but
does not “usually” have the little leaf symptom of spear
rot. P. palmivora was isolated from diseased palms in
central and south western regions of Colombia and the
organism was proven involved in some cases (Corley
and Tinker 2015). However, Yonara et al. (2018) im-
plied that P. palmivora is not involved in the disease of
FY in Brazil, but their methods to identify the oomycete
were discredited by (Paterson 2020a) and their results
do not support the contention that P. palmivora is not
involved in FY.

Some plantations suffered serious losses with palms
remaining unproductive for long periods, whereas
others experienced complete devastation. Acute and
chronic forms are apparent and it may be that various
diseases have been described under one name. The acute
forms are present in Colombia and Ecuador and the
chromic form appears the cause in Brazil.

Importantly, the symptoms are affected by climate
and so CCwill also affect the disease: For example, high
humidity is conclusive in the spread of the disease
(Corley and Tinker 2015).

The fungal pathogen, Ganoderma boninense causes
BSR with the ability to infect OP at a rate of as much as
80% incidence at 50% of the economic life span of ca.
20 years (Corley and Tinker 2015). Paterson (2019a)
provided a scenario of 3% increase in the disease every
10 years simply from increased virulence of the fungus
from CC. However, the acute form of the P. palmivora
disease spreads much faster and the disease occurs in

weeks or months after the infection appears and conse-
quently is potentially more serious thanG. boninense. In
the space of a few years, devastating, acute outbreaks of
P. palmivora were experienced which may have been
related to CC and a chronic, ongoing level of the disease
was also experienced (Corley and Tinker 2015). The
treatment of the ailment appears to involve culling OP
surrounding the infected areas, which becomes untena-
ble if the disease takes hold because of CC.

Nevertheless, P. palmivora disease of OP is unre-
ported in Malaysia and/or Indonesia despite being the
major growers. A spear rot of OP has been reported in
Africa and Thailand which may involve P. palmivora
(Corley and Tinker 2015) which may be a different form
of the disease. Indeed, the maladies of spear rot and
lethal bud rot are similar. Many other hosts for the
oomycete are grown or exist in Malaysia and Indonesia
(e.g. durian) and P. palmivora presents a severe threat to
Malaysian and Indonesian plantations, particularly after
an extreme outbreak in Colombia was reported
(Sundram and Intan-Nur 2017). Mohamed Azni et al.
(2017) tested strains of P. palmivora isolated from al-
ternative Malaysian crops for infection of OP and dem-
onstrated that Malaysian OP materials were susceptible
to infection from local strains. The authors speculated
that Colombian P. palmivora may have undergone se-
quential genetic shift to become more virulent towards
Colombian OP planting materials, also indicating the
potential adaptability of the oomycete, possibly in rela-
tion to CC. The observation that Malaysian
P. palmivora could cause problems for the Malaysian
OP industry indicates more assessments of infectivity
are essential.

The mapping of potential pest distributions plays a
role in biosecurity planning, specifying areas that qual-
ify for eradication, or those where containment of the
threat may be the more cost-effective option. The mech-
anistic CLIMEX model was developed for modeling
current and future species distribution. Enhancing the
capacity to model the effects of CC on species
distributions is essential in mitigating its negative
impact. da Silva et al. (2018) sensitivity analysis
demostrated eleven and ten parameters were
particularly significant in assessing species distribtioin
for Solanum lycopersicum and Neoleucinodes
elegantalis respectively. Lamsal et al. (2017) reported
that high elevation belts in the Himalayas and Tibetan
Plateau will see more climatically suitable areas for nine
native plant species in the future. Ramirez-cabral et al.
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(2017) demonstrated heat stress as particularly signifi-
cant on maize in determining distribution. Shabani et al.
(2016) who employed an integrated assessment, indicat-
ed that cold and heat stress are the most crucial factors
limiting the distribution of date palm in Iran.

Climate change could increase, decrease or have no
effect on OP diseases (Paterson et al. 2013; Paterson and
Lima 2018): an increase causes concern and requires
action to ameliorate the effect. The extent to which BSR
scenarios provided in Paterson (2019a, b, 2020b) are
accurate will emerge with time (see Results and
discussion). In the current paper, scenarios were devised
from climate suitability maps to assess (a) the effect of
CC on the survival of OP and (b) the progress of
P. palmivora disease of OP based on three countries in
Latin America and extrapolated to Malaysia and Indo-
nesia. This is a unique approach to assessing the signif-
icance of P. palmivora disease of OP.

Materials and methods

Suitable climate for growing oil palm

The models described in Paterson et al. (2015) and
Paterson et al. (2017) provided scenarios of suitable
climate for growing OP under CC. Paterson et al.
(2017) was used to provide information from the maps
for Colombia, Ecuador, Brazil, Malaysia and Indonesia
for current time, 2050 and 2100. Paterson et al. (2015)
was used to provide information from maps for
Malaysia and Indonesia for current time, 2030, 2070
and 2100. The maps provided in Paterson et al. (2015)
and Paterson et al. (2017) were magnified on a computer
screen to focus on these regions specifically using the
standard magnification facility. The percentages of suit-
able climates were determined by assessing visually the
areas of each designated colour on the maps, where each
colour represented a particular degree of climate suit-
ability for growing OP.

The distribution model for OP under current and
future climate was developed using CLIMEX for Win-
dows Version 347 (Hearne Scientific Software Pty Ltd,
Melbourne 2007) and climate data and CC scenarios
were carried out using CliMond 10´gridded climate
data. The potential future climate were characterized
using A1B and A2 SRES scenarios (Paterson et al.
2015) available as part of the CliMond dataset. The
fitting of CLIMEX Parameters employed the Global

Biodiversity Information Facility. Information on the
global distribution of OP was used in parameter fitting
and 124 records were used. SE Asian distribution data
were reserved for validation of the model.

The OP distribution was determined by the Global
Biodiversity Information Facility (GBIF) (http://www.
gbif.org/, accessed 9 November 2015) and additional
literature on the species in CAB Direct (http://www.
cabdirect.org/web/about.html, accessed October 2015),
and formed the basis for the collection of data on the
Elaeis guineensis distribution in (Paterson et al. 2017)
with 2465 records utilized in fitting the parameters.
CLIMEX in conjunction with the A2 Special Report
on Emissions Scenarios (SRES) scenario, a mechanistic
niche model using CLIMEX software supports ecolog-
ical research incorporating the modelling of species’
potential distributions under differing climate scenarios
and assumes that climate is the paramount determining
factor of plant and poikilothermal animal distributions.
CLIMEX output categorized areas according to highly
suitable climate, suitable climate, marginal climate and
unsuitable climate based on other studies through
CLIMEX. The determinations of the mortality of OP
are determined from especially marginal and unsuitable
climate increases.

Oil palm mortality

The suitable climate for growing OP data were used to
create schemes for OP mortality by postulating that
large degrees of unsuitable and marginal climates in
particular were likely to cause high amounts of OP
mortality and vice versa. Also, reductions in highly
suitable and/or suitable climate per se would not cause
a significant effect on OP mortality (Paterson 2020b).

Determination of Phytophthora palmivora

The models described in Paterson et al. (2015) and
Paterson et al. (2017) were further employed to develop
schemes of future incidence and severity of disease by
P. palmivora. The initial levels of the disease were
determined from reports in the literature. From first
symptoms to death takes 1–3 years for the chronic form
of the disease which is similar to BSR in SE Asia
(Paterson 2019a, 2020b), where a 3% increase in disease
was postulated every 10 years. However, this value was
modified to account for variation in suitable climate
between countries. Only the chronic form appears
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present in Brazil. The acute form takes ca. 1 to 4 months
from first symptoms to death and only this is present in
Colombia and Ecuador (Corley and Tinker 2015). An
approximate increase of 20% every ten years is
employed for the acute form of the disease, although
this is modified to account for variation in suitable
climate between countries. For example, as the percent-
age of highly suitable climate decreased the incidence
rate increased as indicated in the various figures sup-
plied herein. Scenarios of acute and chronic forms of the
disease are provided for Malaysia and Indonesia but
from a very low level in the current time, as the disease
is considered not present in significant quantities these
two countries (see Introduction).

Results and discussion

Colombia had an elevated level of highly suitable cli-
mate for growing OP of 70% in current time with 30%
unsuitable climate (Fig. 1). Highly suitable climate sig-
nificantly decreased and marginal climate increased
greatly to 20% by 2050. The scenario for 2100 was of
a particularly significant amount of unsuitable climate of
90%. Mortalities of OP particularly from unsuitable
climate were 20% and 90% in 2050 and 2100 respec-
tively. The framework for P. palmivora disease is that
the oomycete will have infected 100% (Fig. 2) of the
80% surviving OP (Fig. 1) by 2050. The situation is
worse by 2100 with 10% of OP being alive but they
would all be infected with P. palmivora. The OP indus-
try will be unsustainable well before 2050 in Colombia
under these scenarios.

The derived scheme for Ecuador was different to
Colombia for two suitable climate categories for grow-
ing OP (Fig. 3). Highly suitable climate was at a low
level of 40%with a high amount of unsuitable climate of
60% in current time. This remained the same until 2050
and then the level of unsuitable climate for growing OP
increased to 90% by 2100. Hence the mortality rate of
OP was assessed as zero in 2050 from climate, and
increased to 75% by 2100 by employing this scenario
(Fig. 2). The two countries had a similar pattern for the
disease although the incidence by 2050 was lower at
80% (Fig. 2), because the decrease in suitable climate
was less severe for Ecuador (Figs. 1 and 3). Eighty % of
the OP in 2050, none of which had died from inclement
climate, were considered infected with P. palmivora,
implying that palm oil production would be severely

compromised by this time. The remaining 25% of OP in
2100 (Fig. 3) would all be infected (Fig. 2), which
would be unsustainable if this postulated framework
proves accurate in reality.

The scenarios for Brazil (Fig. 4) are considerably
different from Colombia and Ecuador. Highly suitable
climate for growing OP was at an intermediate level of
60% in current time, with 10% suitable climate. Unsuit-
able climate was high at 25%. Highly suitable climate
decreased considerably by 2050 to 25% and, significant-
ly, marginal climate increased to 28% from 5%. By
2100 there was a dramatic increase in unsuitable climate
to 81%. Hence the scenario for the mortality of OP was
higher than for the previous two countries: There was
15% dead OP from climate by 2050 rising to 100% by
2100 (Fig. 4). However, the increase in infection was
lower than for Colombia and Ecuador (Fig. 2) because
Brazil is considered to have the chronic variety of the
disease (see Introduction). The incidence of the disease
was assessed to rise to 25 and 100% by 2050 and 2100
respectively. Hence, 25% of the 85% of surviving OP in
2050will have the disease. Thereafter the disease will be
irrelevant because there will be no surviving OP because
of the inclement climate (Fig. 4).

The suitable climate for Malaysia (Fig. 5) was not
assessed to deteriorate as rapidly the Latin American
countries. In fact, highly suitable climate tended to
increase until 2050 from an already high level at current
time and remained at a high level until 2070. Conse-
quently the amount of dead OP from climate would be
zero until 2070 under this scenario. The climate is
considered to deteriorate for growing OP after 2070
with a large increase in marginal climate to 31% by
2100. The mortality rate of OP was 10% by this time
(Fig. 5). The level of P. palmivora disease increased at a
low rate to 20% by 2070 when the chronic form of the
disease was considered (Fig. 6). The disease scenario for
2100 was 50% incidence. Hence, in 2100 there would
be 90% living OP, but 50% of these would have
P. palmivora. The disease increases to 21% by 2030 if
the acute form of the disease is considered from an
initially low level in current time (Fig. 6). This devel-
oped to 61, 100 and 100% by 2050, 2070 and 2100
respectively. Hence the disease will have a major impact
on the surviving OP. Clearly, although some OP would
survive the unsuitable climate, the extremely high inci-
dence of the disease would destroy the plantations.

The situation is remarkably similar for Indonesia
(Fig. 7) to Malaysia and the viability of the OP industry
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will be threatened in Indonesia also, especially from the
acute form of the disease (Fig. 6). There was an elevat-
ed, slightly increasing, level of highly suitable climate
from current time to 2050. The level of merely suitable
climate was high even until 2070. The mortality rate of

OP from climate was assessed to only increase to 10%
by 2100 from 3% in 2070 (Fig. 7). Forty five % (Fig. 6)
of the remaining 90% of OP by 2100 (Fig. 7) will be
infected if the chronic form is considered. The disease
could be manageable in Indonesia if this is what
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Fig. 1 Change in suitable climate for growing oil palm together
with oil palmmortality in Colombia. The percentages represent the
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unsuitable climates and were taken from the maps in Paterson et al.
(2017), where each suitability was designated a different colour.

The time scales were current time (CT), 2050 and 2100 (Paterson
et al. (2017). The mortality of oil palm was assessed from the
change in climate suitabilities particularly emphasizing the
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occurred in the future. However, if the acute form took
hold there would be 66, 100 and 100% incidence by
2050, 2070 and 2100 respectively which would be
devastating.

The spread of disease will be affected by the level of
future climatic stress. The occurrence of dry stress is of
particular relevance to the spread of P. palmivora, be-
cause the disease is enhanced by wet, humid conditions
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Fig. 3 Change in suitable climate for growing oil palm together
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(Corley and Tinker 2015). Dry stress was determined
only in a small part of eastern Brazil for the 2050 and
2100 scenarios (Paterson et al. 2017), with no dry stress

in Colombia and Ecuador. Small parts of southern Java,
Indonesia and the islands south of Java are assessed to
experience dry stress in 2100 (Paterson et al. 2015).

0

10

20

30

40

50

60

70

80

90

100

CT 2030 2050 2070 2100

%
m
o
r
t
a
l
i
t
y
/
a
r
e

a

o
f

l
a
n
d

Years

Highly suitable climate

Suitable climate

Marginal climate

Unsuitable climate

Oil palm mortality
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palmivora for Malaysia and Indonesia. The incidence of disease
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Higher humidity would be maintained in the other parts
of these countries thereby enhancing the spread of
P. palmivora to the other regions considered in the
present report.

The threat posed byP. palmivora is severe. However,
this is not the only disease of OP. BSR caused by
Ganoderma boninense currently is a higher threat to
the sustainability of OP in Malaysia and Indonesia,
which is likely to increase with CC (Paterson et al.
2013; Paterson and Lima 2018, 2019; Paterson 2019a,
b, 2020b) indicating that BSR would threaten the sus-
tainability of the OP industry in Sumatra, Indonesia as a
model for other OP growing regions in South East Asia.
In addition, Paterson (2019b) indicated that BSR in
Malaysia would be severe in the similar time frames
discussed in the present paper. Other diseases also are
present in Malaysian and Indonesian OP (Corley and
Tinker 2015), some of which could be a greater threat in
the future (Paterson et al. 2013). Hence, the sustainabil-
ity of OP is challenged on many fronts. Farmers and the
industry will be faced with low yields and poor growth
of OP and they will have to contend with increasing
disease incidence, leading to it becoming increasingly
difficult to develop successful plantations.

Large negative changes to the climate and disease
were reported in the current paper by 2050 but it is likely
the detrimental changes will occur before that time.
Consequently, there is little time to ameliorate the effect
of these problems. In the case of P. palmivora, extreme-
ly effective quarantine procedures are required and cur-
rent procedures should be revised. However, the causal
organism of lethal bud rot may not be exclusively
P. palmivora (Corley and Tinker 2015). It is essential
that more work is undertaken to determine the contribu-
tion of P. palmivora and other organisms to the disease
and to establish beyond doubt the factors that cause the
disease. For example, whether the spear rot detected in
Thailand is the same disease as bud rot requires inves-
tigation (see Introduction). Farmers and the industry in
Malaysia and Indonesia require vigilance in inspecting
their crop for any increased occurrence of diseases
which are normally only present at low levels. Great
care requires taking to avoid transfer of diseases be-
tween areas of low potential disease and high disease.
This could be from regions within countries that have
high incidence to areas with low incidence. Between
country transfer needs avoiding such as between Indo-
nesia, Malaysia and Thailand. Similarly the quarantine
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mechanisms must be enforced more strictly as CC pro-
gresses between (a) Africa and Latin America and (b)
Malaysia and Indonesia.

The extent to which the data presented herein are
accurate will emerge as time progresses. For example,
it will be useful in 10, 30, 50 years from now to assess to
what extent the scenarios are correct, and this may
provide confidence that the scenarios for 2100. This
applies if there were no attempts to prepare for CC
effects on OP. If procedures to ameliorate the effects
of CC were introduced then this would affect the pa-
rameters assessed in the current report. Nevertheless,
methods are required urgently for ameliorating the ef-
fects of CC on OP (Paterson and Lima 2018). Govern-
ment and policy officials will be able to use the present
report to ensure that all precautions are taken to avoid
the increase in OP mortality and diseases.

Conclusions

OP is under severe threat from CC in terms of the ability
to grow newOP and survival of existing ones. It is likely
that disease levels will increase from many pathogens
and including P. palmivora. The palm oil industry will
be threatened severely by the predicted changes in cli-
mate. Methods exist which may ameliorate the effects of
CC on OP. Equally, it is incumbent on the OP industry
to address the effect of growing OP on CC.
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