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Abstract

Maintaining food systems in the face of climate change (CC) is a major concern. Palm
oil is included in many commodities, and oil palms (OPs) will be adversely affected by
an inclement future climate, which could cause OPs to experience increases in disease
incidence, higher mortality and a decline in growth. Basal stem rot, bud rot and Fusarium
wilt of the OP are considered in the present paper, as attempts to control these diseases have
been unsuccessful. A new approach may be the replacement of compromised OPs with
different crops better suited to the future climate and which may exhibit fewer diseases
initially because of the “parasites lost” phenomenon. Maintaining a vegetable oil product
is an important advantage of this approach. How CC will affect OPs has been determined
previously by CLIMEX modelling. The modelling of a future suitable climate has also
been carried out for soybeans, maize and the common bean using the same modelling
parameters. This enables direct comparisons with the OP production in countries such as
Colombia, Nigeria and Papua New Guinea. Limited data for rapeseed are also available.
The results show that the suitability of future suitable climate for OPs was much reduced
in these countries and that for soybeans remained beneficial. Under these conditions,
soybeans may exhibit fewer diseases, as they would be an introduced and annual crop.
Maize exhibited far fewer advantages, and the common bean and rapeseed showed none.
Maize exhibited potential advantages in Nigeria until 2050. A novel method for adapting
to the serious diseases, poor growth and mortality of OPs would be to grow soybeans in
regions similar to those in which OPs currently grow, but for which modelling suggests
that their health will become limited. Plans, which could be modified when real-time data
become available, could be made for replacing OPs with soybeans. This current paper
provides a novel method for mitigating the future diseases, poor growth and mortality of
OPs whilst maintaining valuable oil production.

Keywords: Elaeis guineensis; Ganoderma boninense; Phytophthora palmivora; Fusarium oxyspo-
rum £. sp. ealanis; soybeans; CLIMEX; Colombia; fungi; oomycete

1. Introduction

Protecting food systems from climate change (CC) is essential. The earth is reaching
climate tipping points, imposing long-lasting and irreversible effects leading to a hothouse
earth trajectory [1], with negative consequences for growing crops. Temperatures may
become sufficiently high to make the manual labour required in crop production impossi-
ble [2]; shifting tropical rainfall patterns and increased drought are also anticipated. The
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situation is worse than previously determined, as the 1.5 °C warming limit set by the Paris
Agreement is currently estimated to be breached by ca. 2030, if the warming rate of the past
10 years continues [3], resulting in the possibility of dramatically negative consequences for
crop production. If proven correct, these scenarios will detrimentally affect food systems,
causing significant general concern.

Palm oil is very important and is employed frequently in the food industry. However,
other oils may more often be included in supermarket products [4]. Palm oil is included
in biodiesel, cosmetics and pharmaceuticals and is used commonly in domestic cooking.
Malaysia and Indonesia produce the largest volumes of palm oil, although Colombia,
Nigeria and Papua New Guinea (PNG) produce significant quantities. Interestingly, Nigeria
manufactures amounts of global oil crops similar to the quantities produced in Malaysia [5].

Climate change could affect palm oil production detrimentally, causing increasing
incidences of diseases such as basal stem rot (BSR), with large areas of producing countries
becoming unable to grow OPs due to the inclement climate [6]. Palm oil production
is particularly labour-intensive, making manufacturing much more difficult under CC
conditions [2]. Procedures are required to ameliorate the effects of CC on OP production [6],
thereby increasing the sustainability of the palm oil industry. Growing modified OPs
to combat BSR in the future may not bring dramatic improvements in OP growth [7],
and modified OPs produced to address CC may not significantly affect declines in palm
oil yields [8]. An alternative would be to grow other crops suited to the future climate
conditions, which may have low initial incidences of disease, because the new crop would
be introduced into a novel environment [9,10], thereby providing an advantage over
growing the heavily-infected OPs. Comparing equivalent future climate modelling of crops
is a potential method to discover candidates for replacing OPs [6].

Negative impacts on canola (rapeseed) plants from CC in Canada and Europe were
determined by using models ([11] and [12], respectively). The effects on sunflower plants
were favourable in northern Europe, with large declines in southern and eastern Europe [13].
Crop yield scenarios under CC suggested losses for maize, soybeans and rice, with gains for
wheat [14], indicating how CC can have widely varying effects on different crops. Finally,
large areas, such as in the tropics, were expected to become unsuitable for soybeans under
CC [15], although Southeast Asia maintained high suitability for these crops [6].

Nevertheless, crop growers may not respond to the negative effects of CC, leading
to increased vulnerability of their crops, which can be considered as an inappropriate
response (i.e., maladaptation). Coping strategies can be short-term, which are expensive
and may comprise maladaptation if the situation does not improve. For the small-scale
farmer, this may be expressed as the pawning of family assets to buy poor quality seeds. A
suitable adaptation strategy may involve coping in the short term and then building upon
this behaviour in the longer term, leading to positive outcomes based on learning [16].

One method for adapting to CC is to replace a susceptible product with one more
suited to the novel climate, which may represent a difficult, but necessary, change. For
example, farmers in Bangladesh rear ducks, rather than the traditional chickens, to cope
with flooding because of CC. The chickens were drowned by the flooding, whereas the
ducks could swim [17]. Glycine soja is the wild relative of the cultivated soybean, G. max,
which is susceptible to various biotic and abiotic stresses. G. soja is climate-resilient and
could be employed to replace G. max [18]. Cereal crops, which are susceptible to climate
stress, are grown extensively in India, whereas millet offers a beneficial alternative because
it is more resilient [19]. Perennial crops, such as OPs, have greater potential for future food
security and environmental sustainability than do annual crops (e.g., soybeans) [20], which
would suggest an advantage for OPs. However, the effects of the future climate on these
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crops are not adequately considered. Many influences, such as the global economy and
dietary trends, determine how effective an adaptation strategy can be.

CLIMEX modelling has been used extensively to provide scenarios of the effect of
CC on various species, often by generating climate maps [21]. The modelling of soybeans
using CLIMEX [22] indicated that the climate would remain suitable in northern latitudes,
with losses in tropical areas, although Southeast Asian regions retained high suitability [6].
The tropics exhibited a decrease in suitable climates for maize, with increases in a poleward
direction [23]. Some of the modelling for these crops used the same parameters as those
used for OPs, although they did not focus on the areas where OPs are grown commercially.
The maps in individual papers can be readily assessed by the reader using visual inspection
to determine how much suitable climate in a given region is available for a species to
survive or grow [22,24,25]. A completely suitable region would represent 100% suitability,
and a region which was unsuitable would represent 0% suitability, if quantification was
required. The intermediate quantities can also be readily determined [6,23].

However, it is inconvenient to compare maps from different studies, even though
these comparisons can be useful in determining which crops are suitable for a particular
region. This was resolved in reference [6] by plotting the suitability determinations in
graphs using straightforward comparisons. In a study that compared different crops using
the same modelling parameters for Malaysia, Indonesia and Thailand, the future suitable
climate for soybeans frequently covered a larger area than that for OPs [6]. There are
clear benefits from growing OPs. It is a uniquely high-yielding and land-sparing crop
and is associated with ongoing environmental and yield improvements [5]. Replacing
OPs with other crops is not advantageous unless the climate deteriorates greatly from the
present situation and/or diseases become severe. Maize and the common bean did not
present such advantages in terms of future suitable climates [6]. In addition, an unsuitable
climate existed until 2040 to 2059 for rapeseed in Malaysia and Thailand, according to
CLIMEX programming [26], although different modelling parameters from those in [6]
were employed. The equivalent data for Indonesia indicated that an approximate 20%
suitability at the present time changed to 0% by 2040 to 2059 [26]. Hence, rapeseed would
not be considered a suitable alternative to OP in these countries. Overall, OPs had better
future climate suitability than maize, the common bean, and rapeseed and lower suitability
than soybeans. There is a requirement to determine the equivalent situation in other palm
oil producing countries where the impact and control of diseases in the future is also of
crucial concern [27-29].

Fungal diseases and bud rot caused by Phytophthora palmivora are prevalent in OPs. P.
palmivora is an oomycete [27], which is similar to a fungus, and occurs frequently in South
America. BSR is a major problem especially in Southeast Asia and Papua New Guinea
(PNG) and is caused by the fungus Ganoderma boninense [6]. The primary fungal disease
of OPs in Africa is Fusarium wilt caused by Fusarium oxysporum £. sp. elaeidis [28]. These
ailments have persisted for decades despite numerous attempts to control or eradicate
them. They are projected to increase dramatically with CC under narrative modelling
scenarios [6,27,28], threatening the sustainability of the OP industry; thus, successful
management of the diseases is crucial.

One solution would be to replant highly diseased OP plantations with another crop
which is not growing in the same region. The introduced crops are likely to have low levels
of disease due to the “parasites lost” phenomenon, where introduced crops are initially
susceptible to fewer pests and diseases than are the currently growing OPs [9,10]. As is
indicated by modelling, this initial advantage may persist concerning the effects of the
future climate on crop diseases [30,31]. Eliminating BSR is a goal which has long taxed
researchers and palm oil producers [32]. Hence, introducing novel crops, such as soybeans,
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would be one procedure for overcoming OP diseases whilst still producing vegetable oil.
By growing soybeans to replace OPs, the future climate effects on and diseases of OPs
could be defeated [6].

The current paper compares the modelling of a future suitable climate for OPs to that
for soybeans, maize and the common bean in Colombia, Nigeria and PNG. The fungal and
fungal-like diseases of OPs are discussed using narrative models and are compared to the
situation in which novel crops may be introduced. A new measure for OP mortality due
to climate and disease is introduced. Rapeseed suitability is also discussed. This is the
first time that (a) such a comparison has been made in these countries and (b) bud rot and
Fusarium wilt have been considered. The proposal for replacing compromised OPs with
soybeans [6] is reaffirmed, in some cases.

2. Materials and Methods

The future climate maps in reference [24] for 2015, 2050 and 2100 were used for OP
in the present paper, from which the scenarios for Colombia, Nigeria and PNG were
determined. Only the data for the CSIRO-Mk3.0 global climate model running SRES A2
were employed because these were the only parameters common to all the target papers
for soybeans, maize and the common bean (references [22,23,25], respectively). The maps
were magnified on a computer screen using the well-known standard magnification tool
provided by personal computers. The percentages of suitable climates were assessed
visually to provide percentage suitabilities for growing OPs, as determined by the colours
of the maps [6,27,28]. The orientation of suitable climates was also determined within each
country. The assessments were repeated numerous times throughout the preparation of the
paper, which provided confirmation of the determinations.

The distribution model for OPs was developed using CLIMEX for Windows, Ver-
sion 347 (Hearne Scientific Software Pty Ltd., Melbourne, Australia, 2007) under different
climate scenarios, and climate data and CC scenarios were assessed using CliMond 10’grid-
ded climate data. The potential future climate was characterised using A2 SRES scenarios,
which are available from the CliMond dataset. The Global Biodiversity Information Fa-
cility was used for the fitting of CLIMEX parameters, and the information on the global
distribution of OPs was used in parameter fitting. Southeast 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/, Occurrence search) (ac-
cessed on 9/12/2015) and additional literature on the species derived from CAB Direct
(http:/ /www.cabdirect.org/web/about.html, accessed 9 October 2015), forming the basis
for the collection of data regarding the distribution of OPs. A mechanistic niche model
using CLIMEX software supported ecological research incorporating the modelling of the
potential distribution of species under differing climate scenarios and assumed that climate
was the paramount determining factor for plant and poikilothermal animal distributions.
The output from CLIMEX was categorized into areas, and these were also based on other
studies conducted through CLIMEX.

The Ecoclimatic Index (EI), which is scaled from 0 to 100, was used to weight the
degree of suitability in the maps. The establishment of OP suitability is only possible if
EI > 0; 1-10 indicates marginal (syn. borderline) habitats, 10-20 is supportive of substantial
populations, whilst > 20 is highly favourable for OP establishment. To provide a recognition
of the indices, only 33% of the area on a map was determined as suitable if the relevant
part showed marginal suitability. If a part of the map earned a substantial populations
assessment, then 66% of the area was considered suitable. Finally, 100% of the area of
the map was considered suitable if the map had a highly favourable assessment [6]. The
percentages were based on the previously described delineation of the EI values and were
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considered more valid than results obtained by simply giving equal weight to various
suitabilities, such as by combining highly suitable and suitable climate into one “suitable”
category [33]. The combined average areas were designated as the weighted suitable
climate (WSC). Disease was determined from inclement climate data in the three countries
by adjusting published data [27-29], as employed in Table 1.

Table 1. Mechanisms involved in the determinations of the various parameters employed in the
current paper (values in percentages) for A., Colombia; B., Nigeria; and C., Papua New Guinea. The
changes in the incidences of diseases and oil palm mortalities from those in references [27-29] were
determined by estimating how the weighted suitable climate values in [27-29] differed from those in
the current paper. WSC = weighted suitable climate.

A. Colombia

Time period
Parameter Current time 2050 2100
WSC [27] 70 50 2
WSC (Current paper) 70 61 11
Bud rot incidence [27] 20 100 100
Bud rot incidence (Current paper) 20 No OP No OP
Bud rot mortality (Current paper) 20 No OP No OP
Climate mortality [27] 0 20 No OP
Climate mortality (Current paper) 0 No OP No OP
Total Mortality 20 No OP No OP
B. Nigeria
WSC [28] 35 25 4
WSC (Current paper) 35 22 1
Acute Fusarium wilt incidence [28] 10 60 100
Acute Fusarium wilt incidence (Current paper) 10 62 98
Acute Fusarium wilt mortality 10 62 96
Chronic Fusarium wilt incidence [28] 10 20 80
Chronic Fusarium wilt incidence (Current paper) 10 22 81
Chronic Fusarium wilt mortality 5 11 40
Climate mortality [28] 0 3 80
Climate mortality (current paper) 0 3 82
Total mortality (Current paper) 15 80 No OP
C. Papua New Guinea
WSC [29] 65 75 22
WSC (Current paper) 65 80 20
BSR incidence [29] 22 32 60
BSR incidence (Current paper) 22 30 62
BSR incidence mortality (Current paper) 11 15 31
Climate mortality [29] 0 0 44
Climate mortality (Current paper) 0 0 46
Total mortality 11 15 77

In addition, OP mortality was determined as a combination of death from disease and
inclement climate.
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The climate maps provided for OPs [24] were compared with those featured in the
other core papers used in the present study for soybeans [22], maize [23] and the common
bean [25] using the same global climate model CSIRO-Mk3 and the A2 future climate
scenarios used for OPs. The maps for maize, soybeans and the common bean were treated
in the same manner as were the OP maps. The data for rapeseed were discussed separately
for comparison [26].

The percentage areas for WSC, disease incidences and OP mortalities were plotted
using Excel. The trend lines were inserted using the Excel tool to give an estimation of the
rate of change of WSC. Values of the trend line were occasionally greater than 100%, which
was a result of the mathematical extrapolation and did not represent a suitable climate
value per se.

3. Results

The WSC values for OPs in Colombia were 71%, 61% and 11% for 2015, 2050 and 2100,
respectively, with a trend of 80% to 18% from 2015 to 2100, respectively (Figure 1).

2015 20 25 30 35 40 45 2050 55 60 65 70 75 80 85 90 95 2100
Year
mmmmm \Weighted suitable climate [ Bud rot incidence
1 OP mortality eeseee Linear (Weighted suitable climate)

Figure 1. Weighted suitable climate, bud rot incidence and mortality of oil palms from inclement
climate projected into the future for Colombia. The oil palm mortality was 100% in 2050.

The incidences of bud rot disease were 20% and 90% and in 2015 and 2050, respectively.
The death of OPs would take some years after infection to occur; hence, a figure for bud rot
incidence in 2050 can be provided, despite the 100% mortality at that time. There would be
no OPs in 2100 because of the mortality due to CC and BR. The WSC results were 35%, 11%
and 11% in 2015, 2050 and 2100, respectively, for maize (Figure 2). For the common bean,
the WSC results were 10% and 2% in 2015 and 2100, respectively. In the case of soybeans,
the WSC values were 97%, 97%, 85% and 67% for 2020, 2030, 2050 and 2070, respectively.
The trend line was from 108% in 2015 to 60% in 2100.

The WSC data for OPs in Nigeria were 35%, 22% and 1% in 2015, 2050 and 2100,
respectively, with a trend line of 36% in 2015 to 0% in 2100 (Figure 3). The mortality of
OPs from the effects of CC and disease increased from 15% to 76% and then to 100% in
2015, 2050 and 2100, respectively. Incidences of acute Fusarium wilt disease were 10%, 62%
and 98% in 2015, 2050 and 2100, respectively (Figure 4). The increases in chronic forms
were determined to be 10%, 22% and 81% in 2105, 2050 and 2100, respectively. Figure 5
indicates the WSC results for maize, which were 36%, 30% and 0% by 2015, 2050 and 2100,
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respectively. The trend line was from 40% in 2015 to 4% in 2100. The WSC data for the
common bean were 25% in 2015 and 1% in 2100, with the trend line having the same values.
The WSC data for soybeans were much higher, at 94%, 80%, 71% and 66% in 2020, 2030,
2050, and 2070, respectively. The trend line was at 96% in 2015 and 50% in 2100.
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I Maize [——1 Common bean
=== Soybean eesees linear (Maize)
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Figure 2. Weighted suitable climate for maize, the common bean and soybeans projected into the
future for Colombia.
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Figure 3. Weighted suitable climate and mortality from inclement climate and Fusarium wilt of oil
palms projected into the future in Nigeria.
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Figure 4. Acute and chronic Fusarium wilt of oil palms projected into the future for Nigeria. The oil
palm mortality was 100% in 2100 (Figure 3). However, the actual death of the oil palms would take
some years after that time to occur, and hence, incidences of Fusarium wilt are provided until 2100.
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Figure 5. Weighted suitable climate for maize, the common bean and soybeans projected into the
future for Nigeria.

The WSC data for OPs in PNG are provided in Figure 6, with values of 65%, 80% and
20% in 2015, 2050 and 2100, respectively. The associated trend line was 79% in 2015 and
30% in 2100. The OP mortality from inclement climate and disease was 11%, 15% and
77% in 2015, 2050 and 2100, respectively. BSR incidences were 22%, 30% and 62% in 2105,
2050 and 2100, respectively (Figure 6). Maize had a somewhat increasing level of WSC,
although from a low level (Figure 7). The data were 1%, 10% and 10% for 2015, 2050 and
2100, respectively. The trend line increased from 2% in 2015 to 11% in 2100. The levels for
the common bean were 10% in 2015 and 0% for 2100. The WSC for soybeans remained at a
high level throughout. The results were 76%, 86%, 87% and 82% for 2020, 2030, 2050 and
2070, respectively.
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Figure 6. Weighted suitable climate, basal stem rot incidence and mortality from inclement climate
and basal stem rot of oil palms projected into the future for Papua New Guinea.
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Figure 7. Weighted suitable climate for maize, the common bean and soybeans projected into the
future for Papua New Guinea.

4. Discussion

OP disease incidences were projected as high in Colombia, Nigeria and PNG in the
present paper, whereas those for introduced crops would likely be low (see Section 1 and
below). The suitable climate for growing crops in the future was more favourable for
soybeans than for the other crops, including OPs. Vegetable oil is an important common
product obtained from OPs and most of the other crops considered herein, although other
products are also obtained from these crops [6]. The situations for each country in terms of
how OPs compare to the other crops are as follows.

4.1. Colombia

The mortality of OP was 100% by 2050 when unsuitable climate and bud rot were
considered (Figure 1). This is clearly an extreme value, and further modelling is required
to test this scenario. In addition, in planta studies could be undertaken in the laboratory
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to determine the effect of possible future climate conditions on OPs and the likelihood
of obtaining this degree of mortality. Nevertheless, the information indicates that action
towards these ends is required.

The WSC data for soybean were much higher than those for OPs in Colombia from
the present time to the common data point of 2050 (Figures 1 and 2). The 2070 datum
for soybeans was higher than the 2050 datum for OPs, indicating a greater resilience of
soybeans to future climate conditions. These observations signify that soybeans are more
sustainable than are OPs in Colombia and as such, they could be considered as a viable
alternative crop in the future. The possible introduction of soybeans into areas where the
crop has not been previously grown may result in lower incidences of diseases in general
because they will be planted frequently and will not have endemic diseases established
over long periods, as is the case with OPs. The crop may experience the “parasites lost”
phenomenon, in which introduced plants tend to have fewer diseases, at least initially,
as discussed in Section 1. Interestingly, modelling studies on the effect of future climate
conditions on the diseases and pests of crops, including soybeans, indicate a reduction
in these problems [30,31] which would be beneficial to the concept of replacing OPs with
soybeans. The conditions for maize and the common bean do not offer sufficient advantages
over those for OPs (Figure 2). An approximate 15% WSC result for rapeseed at the present
time decreased to 10% in 2040-2059 [26], also indicating that this crop would not be a
suitable replacement for OPs.

Corte’s-Catafio et al. [34] discussed the influence of climate on a variety of crops in
Colombia, including OPs. The authors indicated that OPs would be affected positively
by increases in temperature and stated that Paterson [35] determined that South America
might maintain OP production, in contrast to the results for Southeast Asia. However,
Paterson [35] did not state this, and the scenario for South America was one of a general
decrease, with Colombia experiencing high OP mortalities in the future.

4.2. Nigeria

The WSC results for OPs was initially only 35%, although this level clearly maintains
the current palm oil industry. This decreased further by 2050 and then drastically by 2100
(Figure 3). The high mortality value in Nigeria of 75% by 2050 for OPs due to Fusarium wilt
and inclement climate reflects the sharp decline in suitable climate conditions and indicates
that the industry would not be viable by this time (Figure 3). The WSC data for soybeans
(Figure 5) were much higher than those for OPs by 2050, and soybeans could be substituted
for OPs by this time. Maize and the common bean exhibited high percentages of suitable
climate areas initially, and the level for maize remained moderately high by 2050. Maize
has potential for complementing OPs, at least until 2050. The WSC data for the common
bean and maize were at low levels by 2100, and the crops were not suitable replacements
for OPs by this time. The future climate is clearly much more suitable for soybeans than for
any of the other crops. There remained a large area of land suitable for growing soybeans
even by 2070, the final year considered. The advantages over OPs achieved by planting
soybeans, in terms of disease, has already been discussed for Colombia (see above). Finally,
Nigeria showed no climate suitability for rapeseed at the present time, nor did it for 2040
to 2059 [26]. Rapeseed is not a suitable crop for Nigeria, according to this data.

Finally, Gloy et al. [35] refer to Paterson [36] as focusing on Nigeria in relation to
OPs and claimed that shifts in climate suitability to the south and west of Nigeria were
discussed. However, Nigeria was not the focus of Paterson [36], who was concerned with a
much larger region of Africa, and the information in [35] is misleading.
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4.3. Papua New Guinea

The WSC data for OPs in PNG appear distinctly different to those for Colombia and
Nigeria, in that the suitability increased by 2050 (Figure 6). In addition, OP mortality
rates from inclement climate and BSR were low. The 2100 WSC figure was low for OPs,
contributing to a decreasing trend, and OP mortality reached an unsustainable level of
72% in PNG. On the other hand, a high percentage of WSC areas was maintained until
2070 for soybeans, which contributed to an increasing trend by 2100. The data showing
the superiority of the soybeans over OPs were less convincing than those for Colombia
and Nigeria by 2050, but were obvious for 2100. There was a high incidence of BSR in
PNG, although less so than for the diseases of OPs in Colombia and Nigeria. In addition,
BSR rates in PNG were determined previously as being lower than those for peninsular
Malaysia and Sumatra, Indonesia, but higher than for Kalimantan [29]. Nevertheless, the
BSR data reinforce the proposition of replacing OPs with soybeans because introduced
soybeans are likely to have less disease (see above).

Only low levels of WSC for maize and the common bean were reported, and these
crops do not represent suitable replacements for OPs. There was an approximate 15% WSC
level for rapeseed at the present time, which changed to 0% in 2040 to 2059 [26]; thus,
rapeseed would also not be a suitable replacement for OPs, on this basis.

Tables 2—4 indicate the potential for replacing OPs with soybeans from the perspective
of climate suitability and OP mortality in Colombia, Nigeria and PNG. Importantly, the
orientation of the suitable climate is also provided within the countries. The large reductions
in suitable climate for OPs in 2050 in Colombia could be anticipated by planting soybeans
after 2030. A large area from the west to the centre of the country will become particularly
suitable for soybeans (Table 2). By 2070, there is a moderate decrease in climate suitability
for soybeans in the north and northeast, making a shift to soybeans less favourable in
these regions. There remains a strong case for planting soybeans when the data were
extrapolated to 2100, although the north of the country may be less suitable for soybeans
than the other areas.

Table 2. A qualitative comparison of the climate suitability of soybeans and oil palms in Colombia
from the present time to 2070 and 2100 for soybeans [22] and oil palms [24], respectively. The
orientations of the various climate suitabilities are provided to indicate approximately where soybeans
could replace oil palms, according to the scenarios herein. An interpretation of the information is
also provided. Abbreviations: HSC = highly suitable climate; SC = suitable climate; MC = marginal
climate; UC = unsuitable climate; SB = soybeans; OPs = oil palm.

Time
Present 2030 2050 2070 2100
Soybeans Climate gSCO’/OZI‘:/ISS;C?’;ﬁ Similar to noljt%r—te};:tn CSIC' Sr?\iiltﬁfriz()f
y suitability 4 wg ot present time. remainder ’HSC, north-east, MC;
‘ ’ ' no UC.
Much larger UC
Oil palms Climate Large UC in in west to middle Very little HSC;
p suitability west. than at present remainder, UC.
time.
Mortality i%ﬁ%?gg},z; No OPs No OPs
All regions could Confirms
Anticipate 2050 bgBre[IgaCf}cll Wgh replacement with ~ Probably still
Implications Status quo with more SB th 01; an b SB, but northand  large areas for
planting. northeast may be northeast only growing SB.

suboptimal for

marginal for SB.
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Table 3. A qualitative comparison of the climate suitability of soybeans and oil palms in Nigeria from
the present time to 2070 and 2100 for soybeans [22] and oil palms [24], respectively. (Refer to the
Table 2 legend for further information.)

Time
Present 2030 2050 2070 2100
Increased SC in Small MC in Small MC in
S - More SC in north; more SC  north; more SC
oybeans north; . . . )
remainder HSC north. overall; HSC in and in south;
) south. small HSC.
HSC in south; .
. ’ Declined HSC
. Climate small SC and . ;
Oil palms suitability MC in middle; in f;)gl’fg,u n&uch Almost all UC.
remainder, UC. :
. Containable Serious .
Mortality level of 15%. mortality. No oil palms.
Anticipate 2050 SBs to replace Anticipate total Almost total
Implications Status quo by beginning OPsinmiddle  replacement of replacement
SB planting. and north. OPs. with SBs.
Table 4. A qualitative comparison of the climate suitability of soybeans and oil palms in Papua New
Guinea from the present time to 2070 and 2100 for soybeans [22] and oil palms [24], respectively.
(Refer to the Table 2 legend for further information.)
Time
Present 2030 2050 2070 2100
Similar to Similar to
. 95% HSC; 5% L present time, present
Soybeans Sgiltl:];ﬁtﬁ UC in central iggfiirtge plus minor SC time, plus
Y west. P ! in north and minor SC in
south. south
HSC deteriorates
Climate HSC, with a More HSC, but greatly; areas of
Oil palms TR central belt of similar to MC in northwest;
suitability .
present time. larger areas of UC
centrally.
. Containable Containable Unsustainable level
Mortality level of 11%. level of 15%. of 72%.
No reason to .
replace OPs, Coorlzlndt?;?]t’(l)e oP 1d b
Implications Status quo Status quo except in P lace OPs f re lascggl‘t) SES
anticipation of =~ T€P.ace TS tor p ¥y obs.
. 2100 situation.
2100 climate.

In the case of Nigeria (Table 3), the status quo would apply before 2050. Soybeans
could replace OPs by 2050 in the central and more northern parts of the country because
the suitability for OPs decreases considerably in these regions. By 2100, soybeans could be
planted in all areas to replace OPs, as there would be no OPs, according to the scenarios
presented herein. The suitable climate for OPs increases by 2050 in PNG, and there would
be a limited scope for replacing the palms with soybeans at that time (Table 4). The case
for replacing OPs with soybeans is the strongest by 2100 because of the large decline in
suitability for OPs at this time.

In general, the situation for Malaysia, Indonesia and Thailand also indicate that
soybeans would be a suitable replacement for OPs, whereas maize and the common bean
would not [6]. Rapeseed would also not be a suitable replacement in these countries, as
discussed in Section 1.

Monocultures of crops are well known to have inherent sustainability problems de-
riving from disease and/or severe climate [6]. Furthermore, soybeans are straightforward
to harvest compared to the requirements for OPs and can be mechanised more readily;
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the harvesting of OPs is labour intensive. These factors will be exacerbated by heat in the
future, which will make manual labour more difficult or impossible [2,37].

A great deal of effort has been expended in attempting to control the diseases of OPs,
but these have been unsuccessful for long-term control in plantations [38-40]. The diseases
are likely to increase in virulence in the future, as discussed herein. A definite solution to
the diseases would be to replace the OPs with another suitable crop not normally grown
in the areas where OPs are currently grown. Soybeans may be such a crop. Introduced
crops are likely to have fewer diseases, which has been described as the “parasites lost”
phenomenon [9,41]. The introduced crop may develop more diseases in the longer term,
but at least there would be an initial advantage. Existing studies that involve modelling the
effects of the future climate on the diseases and pests of soybeans, indicate that the problems
with soybeans will decrease [31], representing a distinct advantage over the scenario for
OPs. Furthermore, in planta research could be undertaken to verify the disease levels of
soybeans under CC parameters by challenging with soybean-associated disease and pests.
The possibility of replacing OPs with soybeans represents a “cure” for the diseases. In
addition, soybeans will be more resistant to disease per se compared to OPs because they
will be growing in a suitable climate, unlike the situation for OPs. Vegetable oil will remain
a major product of soybean production, which represents a positive outcome when palm
oil can no longer be produced. This situation would also apply to Malaysia, Indonesia and
Thailand, where soybeans could also replace OPs in some areas [6]. Other examples where
alternative crops or livestock have been considered or introduced to cope with CC were
discussed in Section 1.

Replacing oil palms with soybeans is not just a climate suitability issue. Factors such as
yield, farmer adaptation, soil suitability, infrastructure, market economics, labour systems,
and biodiversity impacts also require consideration before proposing large-scale crop
replacement. Although replacing deteriorated OP plantations with soybeans may appear
problematic, it is at least a potential option when compared to having no crop whatsoever.

5. Conclusions

The current paper compares the future climate models of four crops in three countries
using the same modelling parameters. The narrative models for three diseases of OPs
are also compared to the diseases of newly planted crops. Clearly, the future climate for
soybeans is more suitable than that for OPs. Newly introduced soybeans may exhibit
fewer diseases and will be replaced by disease-free plants, to some extent, after one season.
Replacing highly diseased OPs with soybeans appears a valid course of action, based on
the data provided in the current paper. Similarly, growing soybeans in regions where OPs
cannot grow because of the inclement climate is also a possibility. As mentioned previously,
there would be more factors to consider, other than future climate, if replacing OPs with
soybeans was to become a serious proposition. On the other hand, it is fortunate that an
alternative exists if the future climate affects OPs as severely as indicated herein and in
reference [6]. Climate models are scenarios rather than predictions, presenting situations
may reasonably occur in the future. Actions can be taken on the basis of the models, which
can be modified as real time data emerges. These are highly significant recommendations
for the OP industry that, together with the information in reference [6], are novel.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

https://doi.org/10.3390 /microorganisms14071532


https://doi.org/10.3390/microorganisms14071532

Microorganisms 2026, 14, 1532 14 of 15

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The author declares no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

BSR Basal stem rot

OP  Oil palm

References

1. Ripple, W.J.; Wolf, C.; Rockstrom, J.; Richardson, K.; Wunderling, N.; Gregg, ].W.; Westerhold, T.; Schellnhuber, H.]J. The risk of a
hothouse Earth trajectory. One Earth 2026, 9, 101565. [CrossRef]

2. Nelson, G.C.; Vanos, ].; Havenith, G.; Jay, O.; Ebi, K.L.; Hijmans, R.J. Global reductions in manual agricultural work capacity due
to climate change. Glob. Change Biol. 2024, 30, e17142. [CrossRef] [PubMed]

3.  Foster, G.; Rahmstorf, S. Global warming has accelerated significantly. Geophys. Res. Let. 2026, 53, €2025GL118804. [CrossRef]

4. Meijaard, E.]M.; Carlson, K.M.; Sheil, D.; Zaini, S.; Meijaard, E. Does palm oil really rule the supermarket? An assessment of three
Western supermarket chains. Environ. Res. Food Syst. 2025, 2, 041001. [CrossRef]

5. Murphy, D.J. Agronomy and Environmental Sustainability of the Four Major Global Vegetable Oil Crops: Oil Palm, Soybean,
Rapeseed, and Sunflower. Agronomy 2025, 15, 1465. [CrossRef]

6.  Paterson, RR.M. Future Basal Stem Rot, Oil Palm Mortality and Climate Scenarios for Oil Palm Compared to Climate Scenarios
for Alternative Crops. Microorganisms 2026, 14, 670. [CrossRef] [PubMed]

7. Paterson, R.R.M. Future Climate Effects on Basal Stem Rot of Conventional and Modified Oil Palm in Indonesia and Thailand.
Forests 2023, 14, 1347. [CrossRef]

8. Paterson, R.R.M. Future Climate Effects on Yield and Mortality of Conventional versus Modified Oil Palm in SE Asia. Plants 2023,
12,2236. [CrossRef] [PubMed]

9.  MacLeod, C.J.; Paterson, A.M.; Tompkins, D.M.; Duncan, R.P. Parasites lost-do invaders miss the boat or drown on arrival? Ecol.
Lett. 2010, 13, 516-527. [CrossRef] [PubMed]

10. Mitchell, C.; Power, A. Release of invasive plants from fungal and viral pathogens. Nature 2003, 421, 625-627. [CrossRef]
[PubMed]

11. Qian, B.; Jing, Q.; Belanger, G.; Shang, J.; Hiffman, T.; Liu, J.; Hoogenboom, G. Simulated Canola Yield Responses to Climate
Change and Adaptation in Canada. Agron. J. 2018, 110, 133-146. [CrossRef]

12.  Pullens, JW.M.; Sharif, B.; Trnka, M.; Balek, J.; Semenov, M.A.; Olesen, J.E. Risk factors for European winter oilseed rape
production under climate change. Agric. For. Meteorol. 2019, 272, 30-39. [CrossRef]

13. Debaeke, P.; Casadebaig, P.; Flenet, F.; Langlade, N. Sunflower crop and climate change: Vulnerability, adaptation, and mitigation
potential from case studies in Europe. OCL 2017, 24, D102. [CrossRef]

14. Jagermeyr, J.; Muller, C.; Ruane, A.C.; Elliott, J.; Balkovic, J.; Castillo, O.; Faye, B.; Foster, 1.; Folberth, C.; Franke, J.A.; et al.
Climate impacts on global agriculture emerge earlier in new generation of climate and crop models. Nat. Food 2021, 12, 873-885.
[CrossRef]

15. Lu, E; Hongyan, W.; Xiaowei, M.; Hongbo, P,; Jianrong, S. Modeling the current land suitability and future dynamics of global
soybean cultivation under climate change scenarios. Field Crops Res. 2021, 263, 108069. [CrossRef]

16. Singh, C.; Dorward, P.; Osbahr, H. Developing a holistic approach to the analysis of farmer decision-making: Implications for
adaptation policy and practice in developing countries. Land Use Policy 2016, 59, 329-342. [CrossRef]

17. Wood, ]J. How Ducks Are Helping Bangladeshi Farmers Cope with Cyclones; World Economic Forum: Geneva, Switzerland, 2018.

18. Oli, P; Punetha, S.; Punetha, A.; Pant, K.; Bhatt, .D. Mainstreaming Glycine soja (Himalayan soybean) a potential underutilized
climate resilient crop for nutritional security in the Himalayan region. Biotech 2025, 15, 131. [CrossRef]

19. Samtani, R.; Mishra, S.S.; Neogi, S.B. Millets: Small grains, big impact in climate action. J. Clim. Change Health 2024, 20, 100345.
[CrossRef]

20. Cox, T.S.; Glover, ].D.; Van Tassel, D.L.; Cox, C.M.; DeHaan, L.R. Prospects for Developing Perennial Grain Crops. BioScience 2006,
56, 649-659. [CrossRef]

21. Paterson, R.R.M.; Kumar, L.; Taylor, S.; Lima, N. Future climate effects on suitability for growth of oil palms in Malaysia and
Indonesia. Sci. Rep. 2015, 5, 14457. [CrossRef] [PubMed]

22.  Soares, ].R.S.; Ramos, R.S.; Siqueira da Silva, R.; Neves, D.V.C.; Picanco, M.C. Climate change impact assessment on worldwide

rain fed soybean based on species distribution models. Trop. Ecol. 2021, 62, 612-625. [CrossRef]

https://doi.org/10.3390 /microorganisms14071532


https://doi.org/10.1016/j.oneear.2025.101565
https://doi.org/10.1111/gcb.17142
https://www.ncbi.nlm.nih.gov/pubmed/38273519
https://doi.org/10.1029/2025GL118804
https://doi.org/10.1088/2976-601x/ae12f6
https://doi.org/10.3390/agronomy15061465
https://doi.org/10.3390/microorganisms14030670
https://www.ncbi.nlm.nih.gov/pubmed/41900429
https://doi.org/10.3390/f14071347
https://doi.org/10.3390/plants12122236
https://www.ncbi.nlm.nih.gov/pubmed/37375863
https://doi.org/10.1111/j.1461-0248.2010.01446.x
https://www.ncbi.nlm.nih.gov/pubmed/20455925
https://doi.org/10.1038/nature01317
https://www.ncbi.nlm.nih.gov/pubmed/12571594
https://doi.org/10.2134/agronj2017.02.0076
https://doi.org/10.1016/j.agrformet.2019.03.023
https://doi.org/10.1051/ocl/2016052
https://doi.org/10.1038/s43016-021-00400-y
https://doi.org/10.1016/j.fcr.2021.108069
https://doi.org/10.1016/j.landusepol.2016.06.041
https://doi.org/10.1007/s13205-025-04299-1
https://doi.org/10.1016/j.joclim.2024.100345
https://doi.org/10.1641/0006-3568(2006)56[649:pfdpgc]2.0.co;2
https://doi.org/10.1038/srep14457
https://www.ncbi.nlm.nih.gov/pubmed/26399638
https://doi.org/10.1007/s42965-021-00174-1
https://doi.org/10.3390/microorganisms14071532

Microorganisms 2026, 14, 1532 15 of 15

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Ramirez-Cabral, N.Y.Z.; Kumar, L.; Shabani, F. Global alterations in areas of suitability for maize production from climate change
and using a mechanistic species distribution model (CLIMEX). Sci. Rep. 2017, 7, 5910. [CrossRef] [PubMed]

Paterson, R R.M.; Kumar, L.; Shabani, F.; Lima, N. World climate suitability projections to 2050 and 2100 for growing oil palm. J.
Agric. Sci. 2017, 155, 689-702.

Ramirez-Cabral, N.Y.Z.; Kumara, L.; Taylor, S. Crop niche modeling projects major shifts in common bean growing areas. Agric.
For. Meteor. 2016, 218-219, 102-113. [CrossRef]

Borges, C.E.; Veloso, R.V.d.S.; Alves da Conceicao, C.; Mendes, D.S.; Ramirez-Cabral, N.Y.Z.; Shabani, F.; Shafapourtehrany,
M.; Nery, M.C,; Siqueira da Silva, R. Forecasting Brassica napus production under climate change with a mechanistic species
distribution model. Sci. Rep. 2023, 13, 12656. [CrossRef] [PubMed]

Paterson, R.R.M. Future scenarios for oil palm mortality and infection by Phytophthora palmivora in Colombia, Ecuador and Brazil,
extrapolated to Malaysia and Indonesia. Phytoparasitica 2020, 48, 513-523. [CrossRef]

Paterson, R.R.M. Future scenarios for Fusarium wilt disease and mortality of oil palm in Nigeria, Ghana and Cameroon,
extrapolated to Malaysia and Indonesia. Eur. J. Plant Pathol. 2022, 162, 105-117. [CrossRef]

Paterson, R.R.M. Oil palm survival under climate change in Kalimantan and alternative SE Asian palm oil countries with future
basal stem rot assessments. For. Path. 2020, 50, €12604. [CrossRef]

Ramirez-Cabra, N.Y.Z.; Kumar, L.; Shabani, F. Suitable areas of Phakopsora pachyrhizi, Spodoptera exigua, and their host plant
Phaseolus vulgaris are projected to reduce and shift due to climate change. Theor. Appl. Climatol. 2019, 135, 409-424. [CrossRef]
Luca, G.d.A,; Fattori, .M., Jr.; Marin, ER. Coupling a dynamic epidemiological model into a process-based crop model to simulate
climate change effects on soybean target spot disease in Brazil. Eur. ]. Agron. 2024, 127361, 161.

An, X,; Abdullah, S.N.A.; Halwi, M.H.; Azzeme, A.M.; Rusli, M.H. Molecular insights into the oil palm (Elaeis guineensis) defense
response to Ganoderma boninense infection Physiol. Mol. Plant Pathol. 2025, 139, 102819.

Paterson, R.R.M.; Chidi, N.I. Climate refuges in Nigeria for oil palm in response to future climate and fusarium wilt stresses.
Plants 2023, 12, 764. [CrossRef] [PubMed]

Corte’s-Catafio, C.F,; Foronda-Tobo'n, Y.; Paez-Ricardo, J.A.; Parra-Herrera, J.E.; Cafion-Ayala, M.]. The effect of environmental
variations on the production of the principal agricultural products in Colombia. PLoS ONE 2024, 19, e0304035. Erratum in PLoS
ONE 2026, 21, e0348323. [CrossRef] [PubMed]

Gloy, N.; Chemura, A.; Tchindjang, M.; Gornott, C. Mapping climate change impacts on cocoa agroforestry systems in Cameroon
to mitigate future deforestation. Agron. Sustain. Dev. 2025, 45, 66. [CrossRef]

Paterson, R.R.M. Longitudinal trends of future climate change and oil palm growth: Empirical evidence for tropical Africa.
Environ. Sci. Pollut. Res. Int. 2021, 28, 21193-21203. [CrossRef] [PubMed]

Parsons, L.A.; Baldwin, J.W.; Guzman-Echavarria, G.; Jay, O.; Kalmus, P.; Staudmyer, H.; Vanos, ].K.; Wolff, N.H. Intensifying
global heat threatens livability for younger and older adults. Environ. Res. Health 2026, 4, 015013. [CrossRef]

Bharudin, I.; AbWahab, A.FF.; Abd Samad, M.A.; Xin Yie, N.; Zairun, M.A.; Abu Bakar, ED.; Abdul Murad, A.M. Review Update
on the Life Cycle, Plant-Microbe Interaction, Genomics, Detection and Control Strategies of the Oil Palm Pathogen Ganoderma
boninense. Biology 2022, 11, 251. [CrossRef] [PubMed]

Adusei-Fosu, K.; Dickinson, M. Detecting Fusarium oxysporum f. sp. elaeidis by using loop-mediated isothermal amplification. J.
Plant Pathol. 2023, 105, 1637-1643. [CrossRef]

Tupaz-Vera, A.; Ayala-Diaz, LM.; Rincon, V.; Sarria, G.; Romero, H.M. An Integrated Disease Management of Oil Palms Affected
by Bud Rot Results in Shorter Recovery Times. Agronomy 2021, 11, 1995. [CrossRef]

Clay, K. Parasites lost. Nature 2003, 421, 585-586. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390 /microorganisms14071532


https://doi.org/10.1038/s41598-017-05804-0
https://www.ncbi.nlm.nih.gov/pubmed/28724952
https://doi.org/10.1016/j.agrformet.2015.12.002
https://doi.org/10.1038/s41598-023-38910-3
https://www.ncbi.nlm.nih.gov/pubmed/37542082
https://doi.org/10.1007/s12600-020-00815-6
https://doi.org/10.1007/s10658-021-02389-3
https://doi.org/10.1111/efp.12604
https://doi.org/10.1007/s00704-018-2385-9
https://doi.org/10.3390/plants12040764
https://www.ncbi.nlm.nih.gov/pubmed/36840112
https://doi.org/10.1371/journal.pone.0304035
https://www.ncbi.nlm.nih.gov/pubmed/38968200
https://doi.org/10.1007/s13593-025-01042-1
https://doi.org/10.1007/s11356-020-12072-5
https://www.ncbi.nlm.nih.gov/pubmed/33410008
https://doi.org/10.1088/2752-5309/ae3c3a
https://doi.org/10.3390/biology11020251
https://www.ncbi.nlm.nih.gov/pubmed/35205119
https://doi.org/10.1007/s42161-023-01435-9
https://doi.org/10.3390/agronomy11101995
https://doi.org/10.1038/421585a
https://www.ncbi.nlm.nih.gov/pubmed/12571575
https://doi.org/10.3390/microorganisms14071532

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Colombia 
	Nigeria 
	Papua New Guinea 

	Conclusions 
	References

