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Abstract: Palm oil has been widely criticised for its high environmental impacts, leading to calls
to replace it with alternative vegetable oils in food and cosmetic products. However, substituting
palm oil would be environmentally beneficial only if the environmental footprint per litre oil were
lower than those of alternative vegetable oils. Whether this is the case is not obvious, given the
high oil yields of oil palm of up to 10 times those of alternative crops. Here, we combine global
agricultural and environmental datasets to show that, among the world’s seven major vegetable oil
crops (oil palm, soybean, rapeseed, sunflower, groundnut, coconut, olive), oil palm has the lowest
average species richness and carbon footprint associated with an annual production of one litre
of vegetable oil. For each crop, these yield-adjusted footprints differ substantially between major
producer countries, which we find to be largely the result of differences in crop management. Closing
agricultural yield gaps of oil crops through improved management practices would significantly
reduce the environmental footprints per oil yield. This would minimise the need for further land
conversion to oil cropland and indeed could increase production to such an extent that a significant
area of oil croplands could be ecologically restored.
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1. Introduction

Over the last two decades, o0il palm has likely been more strongly associated with
environmental destruction than any other crop [1,2]. The conversion of tropical forests
to oil palm plantations in Southeast Asia, and, to a lesser but increasing extent, in Sub-
Sahara Africa and South America [3], has had major impacts on a wide range of ecosystem
functions [4]. Deforestation for palm oil production has caused substantial greenhouse
gas emissions, particularly from the loss of carbon stored in the natural vegetation and
soil, especially on peatland [5-8]. Oil palm cropping has also been strongly associated
with biodiversity loss [9-13]. Across many taxonomic groups, species richness in oil palm
plantations is often significantly reduced compared to that of natural forests [4,9,12-14]
as the result of the simpler and more open canopy structure and the lack of leaf litter,
understory vegetation, and wood debris [14]. In addition, species present in plantations,
in particular those benefiting from the conversion of natural habitat, are often generalists,
while forest-dependent specialists are less common [9,14]. Concerns about these environ-
mental impacts of oil palm cultivation are amplified by a significant increase in the global
demand for vegetable oil projected for the coming decades [15,16].

In an effort to reduce environmental damage, a number of public campaigns have led
to consumer pressure on food companies, resulting in the substitution of palm oil with al-
ternative vegetable oils and the labelling of palm oil-free products [17,18]. Notwithstanding
the technical challenges of substituting palm oil [19], it has recently been suggested that this
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strategy may potentially have adverse effects, given that lower-yielding oil crops require up
to 10 times more land than oil palm to produce a given quantity of vegetable oil [14,20,21].
Whilst alternative oil crops may have a smaller environmental footprint per hectare than
oil palm, their larger area requirements could imply that the total environmental impact
associated with the production of one litre of vegetable oil is actually higher than for oil
palm. Minimising the environmental footprint of the global production of vegetable oil will
therefore likely not be achieved by selecting crops with the lowest per-hectare footprint,
but those with the lowest per-litre-oil footprint (i.e., the ratio of per-hectare footprint to
per-hectare oil yield). In this context, it is important to consider not only actual yields, but
also potential yields that could be achieved in the future by optimising crop management
practices [22-24]. Closing yield gaps (i.e., the difference between observed and theoretically
achievable yields) can reduce the environmental footprint of the production of a unit of crop
produce, and has been advocated as a key strategy for minimising the need for additional
land conversion and associated environmental impacts [25-29].

Previous research has greatly advanced our understanding of the environmental
impacts of oil palm cultivation [4]; however, analysis of such data in relation to cur-
rent and potential oil yields, and comparison against those of other oil crops, have been
limited [20,21,30]. Here, we compare the species richness and carbon footprints associated
with an annual production of one litre of vegetable oil for the world’s seven largest oil
crops: oil palm, soybean, rapeseed, sunflower, groundnut, coconut, and olive. We estimate
yield-adjusted footprints across oil cropping areas globally and—motivated by the high
spatial variability of yields and environmental impacts [20,31,32]—at the national scale.
We go on to estimate how optimising crop management across the growing areas of the
five largest oil crops, and closing agricultural yield gaps, could reduce the environmental
footprint associated with an annual production of one litre of vegetable oil. Our analysis
allows us to rank crops and major producer countries according to how environmentally
efficiently they produce vegetable oil based on observed and potential yields and thus
assess the desirability of substituting vegetable oil types as a means to reduce species and
carbon footprints.

2. Methods

We used 0.083° resolution global maps of the harvested areas and yields of oil palm,
soybean, rapeseed, sunflower, groundnut, coconut and olive for the year 2000 [33], the
most recent spatial dataset containing these seven crops (Figure S1A). In addition to these
observed yields, we used global maps of potential yields, i.e., theoretically achievable
yields assuming optimal irrigation and fertiliser use, of oil palm, soybean, rapeseed,
sunflower, groundnut [23]. Fresh weight observed and potential crop yields (Mg ha~!) were
converted to vegetable oil yields (litres ha~!) using crop-specific oil extraction coefficients
(Mg vegetable oil per Mg fresh-weight crop) [34] and relative oil densities (litres Mg 1) [35].

Species richness and carbon footprints were derived similar to [20]. Following [31],
we estimated the carbon footprint associated with the cultivation of each oil crop in a cell
of 0.083° global grid as the difference between the local potential natural carbon stocks,
on the one hand, and the crop-specific carbon stocks, on the other hand. Potential natural
carbon stocks were computed as the sum of the carbon stocks in the potential natural
vegetation [31] and natural soil organic carbon stocks [36], while crop-specific carbon
stocks were estimated as the sum of the carbon content of the crop [31] and 75% of the
natural soil organic carbon, i.e., assuming a 25% loss of soil organic carbon from the
conversion of natural conditions to cropland, supported by empirical findings [37—41]. On
peatland [42], we assumed a loss of 100% of natural soil organic carbon. This conservative
approach implies disproportionally higher carbon footprint estimates for oil palm, as the
degree to which other oil crops are grown on peatland is very small. It also does not account
for management practices that can significantly reduce the degree of peat oxidation [43].

Analogous to our approach for carbon, the species richness footprint associated with
the cultivation of an oil crop in a cell of a 0.083° global grid was estimated as the difference
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between the local species richness under natural vegetation, on the one hand, and that
under the relevant crop land cover, on the other hand. Here, we used global maps of
these variables derived for mammal, bird, and amphibian species [44]. These maps were
created based on the method described by [45,46], which combines species-specific data
of the geographic extents of occurrence and habitat requirements of mammals, birds
and amphibians [47,48]. Specifically, a species was estimated as present in a 0.083° grid
cell under natural vegetation if its extent of occurrence overlaid the grid cell and if its
habitat preferences included the local potential natural vegetation type [49]. The potential
natural species richness in a grid cell is then given by the number of species that satisfy
these conditions. Species richness in an olive grove or a soybean, rapeseed, sunflower or
groundnut field was calculated in the same way but includes only species whose habitat
requirements contain the category ‘arable land’, while species richness in an oil palm or
coconut plantation includes only species whose habitat requirements contain the category
‘plantation’, in accordance with the classifications of these habitat types [50]. The available
species data do not allow us to account for measures aiming at increasing biodiversity on oil
croplands, however, the effectiveness of such strategies has been subject to debate [51-53].

For each crop, we divided the derived global maps of species richness and carbon
footprint by the maps of observed and potential oil yields [20] to obtain 0.083° (~10 km)
global maps of the carbon and species richness footprint associated with an annual produc-
tion of one litre of oil—hereafter denoted ‘footprint p.y.” (per oil yield)—across the growing
areas of the crop (Figure S1B,C). For each crop, the average species richness and carbon
footprint p.y. across its growing areas was computed as the weighted median of the set of
footprints p.y. from all grid cells in which the crop is grown, with weights given by the
set of harvested areas (in hectares) from the same grid cells. Weighted upper and lower
quartiles of footprints p.y. were calculated analogously. A Wilcoxon rank sum test was
used to test whether the differences between the global average footprints p.y. of the seven
crops considered were statistically significant. Country-specific distributions were derived
in the same way, but weights corresponding to grid cells outside the relevant country were
set to zero. Analyses were conducted using Matlab R2020a [54].

3. Results

We estimate that, globally, oil palm has both the lowest average species richness and
carbon footprint p.y. among the seven oil crops considered (Figure 1A). Compared to oil
palm, average species richness and carbon footprints p.y., respectively, are estimated to
be 284% and 425% higher for soybean, 79% and 242% higher for rapeseed, 44% and 225%
higher for sunflower, 506% and 424% higher for groundnut, 288% and 337% higher for
coconut, and 74% and 342% higher for olive. Thus, the differences between average species
richness footprints p.y. between the four best-performing crops—oil palm, sunflower,
rapeseed, and olive—are comparatively small, whilst the carbon footprint p.y. of oil palm
is substantially lower than that of other oil crops. Despite a high variability in footprints
p-y. across global growing areas (Figure 1A and Figure 52B,C), the differences in average
footprints p.y. between crops are statistically significant in all cases (p < 0.001 for all crop
pairs and both impact measures).

For each crop, differences in average environmental footprints p.y. between major
producer countries are considerable (Figure 1B). For example, in the case of oil palm, both
average species richness and carbon footprints p.y. are much lower in Southeast Asian
producer countries than in Nigeria; similar differences between producing countries exist
for other crops. Notably, the performance of different crops relative to each other, in terms
of their footprints p.y., can differ from the global ranking in Figure 1A, depending on where
they are grown. Whilst oil palm planted in five out of the six major palm oil-producing
countries is associated with the lowest average carbon footprint p.y. out of all countries
and crops considered in Figure 1B, species richness footprints p.y. of rapeseed grown in
France and Germany and of sunflower grown in France are slightly lower than that of oil
palm grown in Thailand, Malaysia, and Indonesia.
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Figure 1. Species richness and carbon footprints per oil yield of the world’s seven major oil crops

. Each coloured marker

represents the median of the distribution of footprints p.y. across (A) global and (B) national growing areas of the relevant

crop in 2000. Grey uncertainty bars represent the upper and lower quartiles of these distributions. Country-specific estimates

in (B) are shown for the six largest producer countries of each oil crop.

Closing agricultural yield gaps (i.e., the difference between observed and theoretically
achievable yields) in oil crops could substantially reduce footprints p.y., both at the global
scale and for most producer countries (Figure 2 and Figure S2). Estimated reductions
in global average species richness and carbon footprints p.y., respectively, are 24% and
35% for oil palm, 23% and 19% for soybean, 35% and 30% for rapeseed, 37% and 28%
for sunflower, and 43% and 41% for groundnut. Closing yield gaps would also decrease
the variability of environmental footprints p.y. across global growing areas (Figure 2A),
which is mirrored by average footprints p.y. of major producer countries of a given oil
crop clustering more densely than in the case of observed yields. Notably, closing oil palm
yield gaps in Nigeria would result in very similar species richness and carbon footprints
p-y. as those of oil palm grown in Southeast Asia and South America, where yield gaps are
comparatively small (Figure 2B).
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Figure 2. Species richness and carbon footprints per oil yield assuming theoretically achievable crop yields. Coloured

markers and grey uncertainty bars represent medians and upper and lower quartiles, respectively, of the distributions of

footprints p.y. across (A) global and (B) national growing areas in 2000. Estimates for coconut and olive are not included, as

potential yield data for these crops are not included in the dataset used here. The changes between average footprints p.y.

in this figure and Figure 1 are shown in Figure S2.
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4. Discussion

Our estimate that oil palm has the lowest average species richness and carbon footprint
in relation to oil yield among the world’s seven major vegetable oil crops challenges
suggestions that replacing palm oil in consumer products will necessarily reduce these
impacts; indeed, such a strategy may have the opposite outcome. Our analysis highlights
the importance of incorporating yields when comparing the environmental impacts of
alternative oil crops, as per-hectare footprints can paint an incomplete picture.

The country-level estimates in Figure 1B and the differences between these and the
global patterns in Figure 1A underline the crucial role of the growing location in deter-
mining the environmental footprints p.y. of oil crops [15,20,21]. Whilst average species
richness and carbon footprints p.y. associated with oil palm produced in Southeast Asia
and South America are among the lowest values estimated for the respective major produc-
ing countries of the seven crops considered, other oil crops grown in a number of countries
currently outperform oil palm grown in Nigeria for both footprint metrics. These estimates
of crop- and country-specific footprints p.y. provide important quantitative information
for companies using vegetable oils in their products and for consumers aiming to reduce
environmental impacts, while at the same time providing incentives for producer countries
to optimise agricultural practices.

Our analysis reveals that the differences in average footprints p.y. between the major
producer countries of each oil crop can to a large extent be explained by differences in
crop management. This is notably the case for oil palm: based on observed yields, the
average species richness and carbon footprints p.y. in Nigeria are an estimated order of
magnitude higher than for oil palm grown in the Southeast Asian and South American
producer countries considered here; however, closing oil palm yield gaps in Nigeria could
decrease footprints p.y. to about the same level as that in the other major producer countries.
Improved fertiliser use, in particular, has been shown to have high potential for increasing
oil palm yields in West Africa [55]. Suboptimal fertliser application can also be limiting oil
palm yields in other parts of the world, as can inefficient irrigation and pest control [56,57].

Closing yield gaps on existing oil cropping areas would increase the global production
of oil palm by an estimated 54%, of soybean by 24%, of rapeseed by 37%, of sunflower
by 48%, and of groundnut by 55%, according to the datasets of observed and potential
yields used here [23,33]. At these levels of increase (and assuming similar levels for other
oil crops for which potential yield estimates are not available), a fully optimised produc-
tion could exceed the global demand for vegetable oil projected for the coming years,
potentially even decades [15,16]. Substantial environmental benefits could be achieved
while avoiding a scenario of overproduction if marginal growing areas, where footprints
p.y. are particularly high (even for optimised yields), were abandoned and allowed to
naturally regenerate—a key mechanism for reducing pressures on biodiversity [58,59] and
increasing carbon sequestration [60]. Indeed, both species richness [61-66] and carbon
stocks [63,64,67-70] on abandoned cropland can often approach pre-disturbance levels
within several decades. Figure 3 shows areas where current oil cropland could be ecologi-
cally restored if the production on the remaining areas were increased to the theoretical
maximum while each country’s total production of each oil crop remains unchanged. In
this scenario, an estimated 30% of global oil cropping areas could be returned to nature.
A range of policy instruments have proven successful at supporting farmers in closing
yield gaps [23,27,28,71] and at encouraging strategic land abandonment for conservation
in appropriate areas [28,72-75].

Whilst more recent global maps of harvested areas and yields than the ones used here
are have been generated [76,77], these are available only for a smaller number of oil crops
than those considered in our analysis. Uncertainty estimates do not exist either for crop
maps or for the spatial datasets of carbon and species richness impacts used in our analysis;
however, the large number of individual grid cells based on which the median footprints
p.y. were computed (>10° data points for each crop) leads us to expect a high degree of
robustness for our statistical estimates against potential uncertainties in the datasets.
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Figure 3. Potential for landscape restoration of closing yield gaps on oil croplands. Coloured areas represent global oil
cropping areas of the five largest crops in 2000 (cf. Figure S1A). Each country’s total production of each oil crop would
remain unchanged if yields on opaque areas were increased to the local theoretically achievable level while transparent
areas were abandoned and allowed to regenerate. The latter areas are the ones for which footprints p.y. (defined here using
a combined impact measure that weights carbon and species richness equally), based on potential yields, are highest.

Similar to [21], our assessment of environmental footprints, comparing crop-specific
against natural conditions, is indifferent to land use history. Across crops, lower footprint
estimates could, depending on location, be obtained if these were instead calculated in
relation to the previous land cover type (though suitable global data on this are scarce).
For example, species richness loss is significantly lower when oil palm replaces rubber
plantations or logged forest as opposed to natural habitat [10]; however, this can provide a
misleading picture of the true losses incurred in an area. This, of course, does not mean
that future expansion of oil crops should not be prioritised on agriculturally degraded land
rather than in natural habitats [10,14,78,79], given the importance of primary forests for
preserving terrestrial biodiversity and carbon stocks [80,81].

Carbon and species richness losses are only two measures of the environmental impact
of vegetable oil production; others can be relevant in political and consumer decision-
making. Species richness loss, in particular, can be a useful measure of the loss of ecosystem
functioning, but tends to poorly capture species extinction risks [82,83]. Indeed, the impact
per unit oil produced annually on threatened species has recently been shown to be higher
for oil palm than for the other crops considered here except for coconut and olive [21].
The compilation and analysis of additional measures of the environmental impacts of
alternative oil crops are important to enable stakeholders to make informed decisions.

Consistent maps of the distribution of oil crops over time, to our knowledge currently
available only for oil palm grown in Indonesia and Malaysia [84], would be a valuable
resource to be combined with datasets of environmental footprints. Such data would
allow identifying temporal trends in the impacts of different crops, monitoring progress in
reducing them, and holding producer countries to commitments.

Further research is needed also to produce robust predictions of the socio-economic
effects of shifts in the global demand for different vegetable oil types, notably in terms
of how these would affect total oil production and land use [85] and the livelihoods of
farmers, a very important dimension often neglected in the environmental debate [2].

In addition, a quantification of the costs and benefits of decreasing the consumption of
vegetable oils altogether is needed to assess this strategy as a means to lower environmental
impacts. Whilst reducing the global demand for vegetable oils would slow down the
expansion of oil cropping areas, it is important to consider that oil crops and vegetable
oils are often important ingredients in plant-based alternatives to meat or dairy products,
which tend to have significantly lower environmental impacts than their animal-based
analogues [86-88].
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5. Conclusions

Our results emphasise the need for a more nuanced debate around the environmental
footprint of global vegetable oil production. They provide quantitative evidence demon-
strating that a simple substitution of palm oil with alternative vegetable oils in consumer
products with the intention of reducing impacts may have unintended outcomes. En-
couraging the sourcing of vegetable oils from producer countries where environmental
footprints per oil yield are low, whilst improving agricultural practices to close yield gaps
in oil crops as a means to minimise further land conversion and enable the restoration of
marginal cropland, and restricting further crop expansion to long-term degraded areas are
likely to achieve greater benefits.

Supplementary Materials: The following are available online at https://www.mdpi.com/2071-1
050/13/4/1813/s1: Figure S1. Global oil cropping areas and footprints per oil yield in 2000. (A)
Growing areas of the world’s seven largest oil crops (showing only the locally dominant crop and
only areas where harvested areas are equal to at least 0.1% of the local area). (B) Carbon and (C)
species richness footprint p.y. of the locally dominant oil crop. Figure S2. Differences between (A)
global and (B) national average footprints per oil yield based on observed (transparent markers)
and potential yields (opaque markers). For visual clarity, upper and lower quartile bars (shown in
Figures 1 and 2) are not displayed here.
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