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Supplementary Note 1
One of the primary environmental aims of the RSPO is to “protect, conserve and enhance
ecosystems and the environment” (Principle 7, RSPO 2018; https://rspo.org/principles-andcriteria-review). The integrated High Conservation Value (HCV; https://hcvnetwork.org/) and
High Carbon Stock (HCS; http://highcarbonstock.org/) set-aside Approaches have been
adopted by the RSPO to address biodiversity losses, with RSPO certified oil palm growers
required to conserve and manage areas of forest that are identified as HCV or HCS within their
plantations. There is also a requirement to manage, protect, and enhance rare, threatened, and
endangered species identified within RSPO certified plantations.

The HCS Approach distinguishes forest areas for protection from degraded lands with low
carbon and biodiversity values that may be better suited for development. The methodology
aims to be a practical, transparent, robust and scientifically credible approach to implement
commitments to halt deforestation in the tropics, while ensuring the rights and livelihoods of
local peoples are respected. The amount of carbon and biodiversity stored within an area of
land is assumed to vary according to the type of vegetative cover. Vegetation cover is stratified
into six different classes based on analysis of satellite data and ground survey measurements:
High Density Forest, Medium Density Forest, Low Density Forest, Young Regenerating
Forest, Scrub and Cleared/Open Land. The first four classes are considered potential High
Carbon Stock forests.

The HCV Approach is a tool designed to help deliver on a number of UN Sustainable
Development Goals, for meeting corporate sustainability commitments and as a mechanism to
ensure responsible investments in forestry and agriculture globally. High Conservation Value
Areas (HCVAs) are natural habitats deemed to be of outstanding significance or critical
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importance due to their high biological, ecological, social, or cultural values, which require
appropriate management.

Maximum slope for cultivation
In Malaysia and Indonesia, as well as in RSPO guidelines, the maximum slope for cultivation
is 25° (equivalent to ~46%), although in some cases terracing must be undertaken on slopes
greater than 20°, or on particularly vulnerable soils1.

Riparian reserve width
RSPO guidelines take an incremental approach to determining riparian reserve width,
depending on the size of the river. Smaller rivers (1–5 m wide) need to be buffered on both
sides by 5 m riparian reserves, while larger rivers need to be buffered by riparian reserves of
up to 100 m wide (Supplementary Table 1).

Rivers in Sabah State are protected by the Department of Irrigation and Drainage (DID). All
permanent water courses more than >3 m wide need a riparian reserve of >20 m, whereas rivers
<3 m require 5 m wide riparian reserves. Further, the Sabah EPD “takes into consideration EIA
findings of proposed areas whereby environmentally sensitive, wildlife and steep areas” may
require “provisions of 50–100 metres of river reserves”

Riparian reserve legislation in Peninsular Malaysia and Sarawak State differs from Sabah,
varying depending on river width. Rivers less than 5 m wide have a 5 m reserve, rivers 5 – 10
m wide have a 10 m reserve, rivers 10–20 m have a 20 m reserve, rivers 20–40 m have a 40 m
reserve and finally rivers larger than 40 m have a 50 m reserve (www.water.gov.my).
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In Indonesia, riparian reserve width is 50 m for rivers less than 30 m wide, and 100 m for rivers
more than 30 m wide.

Supplementary Note 2
At maximum efficient cultivation levels, all species had increased occurrence under the
variable policy. Among the taxonomic groups, the greatest gains in species occurrence
achieved by the variable policy at maximum efficient planting was seen for birds (Fig. 4AD,G,H). This included Borneo endemics, such as the bold-striped tit-babbler (Mixornis
bornensis; 38% relative increase) and dusky munia (Lonchura fuscans; 27% mean relative
increase), the IUCN Red List Endangered greater green leafbird (Chloropsis sonnerati; 14%
mean relative increase), and Critically Endangered helmeted hornbill (Rhinoplax vigil; 14%
mean relative increase), as well as species threatened by trade like the oriental magpie-robin
(Copsychus saularis; 54% mean relative increase). All non-volant mammals were better-off
under the variable policy. This included notable species of conservation concern such as the
Critically Endangered Bornean orangutan (Pongo pygmaeus; 11% relative increase), the
Vulnerable sun bear (Helarctos malayanus; 8% mean relative increase), Bornean bearded pig
(Sus barbatus; 12% relative increase), and sambar deer (Rusa unicolor; 9% mean relative
increase), and high-quality forest specialists such as the banded civet (Hemigalus derbyanus;
8% mean relative increase). Among the bats the variable policy benefitted all species, including
Rohu’s bat (Philetor brachypterus; 49% mean relative increase), while the restricted range and
Vulnerable Ridley's leaf-nosed bat (Hipposideros ridleyi; 5% mean relative increase). All dung
beetles were better-off from the variable policy including two Borneo endemics (Proagaderus
wantanabei; 13% mean relative increase, and Catharsius dayacus; 12% mean relative
increase).
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The impact on dung nutrient cycling varied, with slight improvements observed for the variable
policy when less than ~80% of the landscape is cultivated (Fig. 4F,G,H). When more of the
landscape is cultivated, however, small reductions in nutrient cycling were observed. A likely
explanation for this pattern is that areas characterized by more rugged topography, which make
up a greater proportion of set-asides in variable policy configurations, have lower dung nutrient
cycling rates because they tend to be at high elevations where temperatures are lower
(Supplementary Fig. 6).

For the high level set-aside (70% cultivated) scenario, the variable policy delivers an average
4.7% net increase in species occurrence, 3.0% more above-ground carbon storage and a 1.3%
reduction in dung nutrient cycling (Fig. 3D,F; Supplementary Table 3). Efficiencies gained
from an optimized variable policy for business-as-usual (90% cultivated) correspond to an
average 5.1% net increase in species occurrence, 2% more above-ground carbon storage and a
0.7% reduction in dung nutrient cycling. Framed another way, the same level of species
occurrence under the high level set-aside and business-as-usual scenarios could only be
achieved under the uniform policy by planting 5.3% and 3.5% less of the landscape with oil
palm respectively (Supplementary Table 3).

Supplementary Note 3
In general, species trade-offs were non-linear (Supplementary Figs. 7 and 12) and this is due
to three factors. First, some species are more associated with steep slopes, while others are
more associated with riparian reserve forest habitats. Second, changes to maximum slope for
cultivation has an exponential effect on set-aside area. Third, as the proportion of the landscape
in set-aside increases, the chances of an area of forest being both retained because it is both on
a slope and in a riparian reserve rises. This therefore effects different species in different ways,
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because riparian reserves are driving changes in the amount of set-aside above 83% of the
landscape cultivated, whereas maximum slope is the primary driver at lower percentages of the
landscape cultivated. Non-linearity was highest for dung-beetles, whose trade-off curves often
levelled off above 83% of the landscape cultivated (Supplementary Fig. 7 and 12).
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Supplementary Tables

Supplementary Table 1. Minimum riparian reserve widths either side of rivers for RSPO and
HCV. From rspo.org2.
River width

1-5 m

5-10 m

10-20 m

20-40 m

40-50 m

>50 m

RSPO generic guidelines for
minimum width of riparian reserve
on both banks

5

10

20

40

50

100

Waterways which supply the water
and food needs of local
communities and plantation
workers (HCV5)

30

30

30

40

50

100

Reserves that are upstream of
conservation areas or are significant
breeding grounds for fish and
aquatic life (HCV1/5)

30

30

30

40

50

100

Reserves that are important wildlife
corridors, support rare, threatened
and endangered species of
economic importance to local
communities (HCV5)

30

70

>200

>200

>200

>200

Waterways, including small
streams <1 m wide, which receive
surface water runoff from steep and
moderately steep oil palm
cultivated slopes (9-25, HCV4)

Increase the width of any adjacent riparian reserves by 1 m for
every 0.5° increase above 9° in the slope. Slopes >25° should
not be planted under RSPO requirements.

Seasonally flooded or unsuitable
soil types for cultivating oil palm

It is recommended that these areas are not planted with oil palm
or are reforested if planting has already taken place.
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Supplementary Table 2. Area (hectares), percentage area above 15°, and percentage area
within 100 m of a river, for each plantation in the study landscape in Sabah, Malaysian Borneo.
Plantation Name
A
B
C
D
Across all four plantations

Area (ha)
10,094
37,784
40,667
19,858
108,403

% area with
slopes above 15°
56
30
23
18
28

% area within 100m of
a river
22
23
17
12
19
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Supplementary Table 3. Differences in ecological outcomes (species occurrence, aboveground carbon storage, dung nutrient cycling) and the potential additional land available for
cultivation and oil palm trees, between the variable and uniform policies.
Variable
policy

Uniform
policy

Difference

Net difference
(%)

63 (14 – 81)

55 (10 – 77)

-

8.1 (0.3 – 18)

Above-ground carbon storage (metric
tonnes)

16,102,380

15,251,621

850,759

3.8

Dung nutrient cycling (g dung removed
per 24 hrs)

7,919,663

8,013,721

-94,058

-0.3

Maximum efficient (83% cultivated)
Biodiversity (net % species occurrence,
mean and range across species)

Additional land available for cultivation
(compared to uniform policy)

-

-

8,347

7.7

Additional oil palm trees (compared to
uniform policy)

-

-

1,043,374

-

Business-as-usual (90% cultivated)
Biodiversity (net % species occurrence,
mean and range across species)

52 (9 – 74)

47 (7 – 72)

5.1 (-1.4 – 13)

Above-ground carbon storage (metric
tonnes)

14,400,862

13,957,759

443,103

2.0

Dung nutrient cycling (g dung removed
per 24 hrs)

5,474,162

5,737,523

-263,362

-0.7

Additional land available for cultivation
(compared to uniform policy)

-

-

3,794

3.5

Additional oil palm trees (compared to
uniform policy)

-

-

474,261

-

72 (24 – 85)

67 (19 – 83)

-

4.7 (-9 – 8)

Above-ground carbon storage (metric
tonnes)

17,502,587

16,837,931

664,655

3.0

Dung nutrient cycling (g dung removed
per 24 hrs)

12,039,393

12,513,444

-474,051

-1.3

High level set-aside (70% cultivated)
Biodiversity (net % species occurrence,
mean and range across species)

Additional land available for cultivation
(compared to uniform policy)

-

-

5,745

5.3

Additional oil palm trees (compared to
uniform policy)

-

-

718,166

-
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Supplementary Table 4. Mean (weighted by plantation area) and range of configurations for
riparian reserves widths and maximum slope for cultivation to achieve 83, 90 and 70% of the
landscape cultivated under the uniform and variable policies.
Uniform policy
riparian reserve
widths

Variable policy
riparian reserve
widths

Uniform policy
maximum slope
for cultivation

Variable policy
maximum slope
for cultivation

Mean

61 m

44 m

19°

22°

Range

5 – 100 m

5 – 95 m

19 – 25°

15 – 25°

Mean

18 m

12 m

24°

24°

Range

5 – 30 m

5 – 85 m

23 – 25°

18 – 25°

Mean

63 m

61 m

17°

17°

Range

35 – 85 m

20 – 100 m

16 – 17°

15 – 22°

Maximum efficient
(83% cultivated)

Business-as-usual
(90% cultivated)

High level set-aside
(70% cultivated)
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Supplementary Table 5. DOIs and other sources for ecological data used in the analyses
Ecological data

DOI and other sources

Dung beetle assemblage

10.5281/zenodo.3247494

Dung nutrient cycling

10.5281/zenodo.3247494

Bat community

10.5281/zenodo.3247465

Non-volant mammal community

https://doi.org/10.5285/62774180-ae72-4873-9482-e8be3935f533

Bird community

https://doi.org/10.5061/dryad.kn251r8; and https://kar.kent.ac.uk/76185/

Above-ground carbon LiDAR

See https://doi.org/10.1016/j.biocon.2017.10.020
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Supplementary Figures

Supplementary Fig. 1. Palm oil trends
Palm oil production 1990 – 2015 by volume (upper left) and by country. Top five producing
countries (upper right) and all countries (lower map). Data from http://www.fao.org/faostat/.
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Supplementary Fig. 2. Study landscape in Sabah, Malaysian Borneo
Four plantations and the forest reserve. Green shows forested pixels that have greater than 35
tonnes of above-ground carbon stored per hectare. Only rivers with channels wider than ~5 m
are shown and included in the analyses. Inset map shows the Malaysian state of Sabah on the
island of Borneo. White square shows the location of the study system.
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Supplementary Fig. 3. Species diversity across the study landscape for the four taxonomic
groups.
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Supplementary Fig. 4. Slope (degrees) across the study landscape. Derived from SRTM.
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Supplementary Fig. 5. Perennial rivers (> 5 m bank to bank on average) across the study
landscape.

16

Supplementary Fig. 6. Dung nutrient cycling (grams of dung removed per 24 hours)
estimated across the study landscape by regression kriging (see Methods).
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Supplementary Fig. 7. Trade-off curves, slopes and acceleration for each taxon and
ecological outcome.
(A-E) Species specific trade-off curves under the uniform policy, of the proportion of the
landscape occupied, and proportion of the landscape cultivated for (A) birds, (B) non-volant
mammals, (C) bats, (D) dung beetles, and (E) all species. (F) Boxplots (bold horizonal line =
median; box = 25th and 75 percentiles; whiskers = largest and smallest values within 1.5 times
the interquartile range) of trade-off curve slope (𝑦 ′ ) for each taxa. (G) Boxplots of trade-off
curve accelerations (𝑦 ′′ ) for each taxa. Acceleration provides an approximation of the linearity
of a curve, with larger accelerations being less linear. All curves use local polynomial
regression for locally estimated scatterplot smoothing (LOESS).
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Supplementary Fig. 8i. Relative difference in species occurrence between policies for all
birds
Boxplots (bold horizonal line = median; box = 25th and 75 percentiles; whiskers = largest and
smallest values within 1.5 times the interquartile range) of the net difference between the
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uniform and variable policies in terms of the relative percentage occurrence in set-aside, across
all percentages of the landscape cultivated, for each species of bird.

Supplementary Fig. 8ii. Relative difference in species occurrence between policies for all
birds
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Boxplots (bold horizonal line = median; box = 25th and 75 percentiles; whiskers = largest and
smallest values within 1.5 times the interquartile range) of the net difference between the
uniform and variable policies in terms of the relative percentage occurrence in set-aside, across
all percentages of the landscape cultivated, for each species of bird.

Supplementary Fig. 9. Relative difference in species occurrence between policies for all
non-volant mammals
Boxplots (bold horizonal line = median; box = 25th and 75 percentiles; whiskers = largest and
smallest values within 1.5 times the interquartile range) of the net difference between the
uniform and variable policies in terms of the relative percentage occurrence in set-aside, across
all percentages of the landscape cultivated, for each species of non-volant mammal.
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Supplementary Fig. 10. Relative difference in species occurrence between policies for all
bats
Boxplots (bold horizonal line = median; box = 25th and 75 percentiles; whiskers = largest and
smallest values within 1.5 times the interquartile range) of the net difference between the
uniform and variable policies in terms of the relative percentage occurrence in set-aside, across
all percentages of the landscape cultivated, for each species of bat.
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Supplementary Fig. 11. Relative difference in species occurrence between policies for all
dung beetles
Boxplots (bold horizonal line = median; box = 25th and 75 percentiles; whiskers = largest and
smallest values within 1.5 times the interquartile range) of the net difference between the
uniform and variable policies in terms of the relative percentage occurrence in set-aside, across
all percentages of the landscape cultivated, for each species of dung beetle. O = Onthophagus
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Supplementary Fig. 12. Trade-off curves for ecological outcome.
(A,B,C) Trade-off curves of the percentage of the landscape occupied under the uniform policy
per taxon (mean ±95% CI) versus percentage of the landscape cultivated, maximum slope for
cultivation, and riparian reserve width, respectively. (D,E,F) Trade-off curves for aboveground carbon storage versus percentage of the landscape cultivated, maximum slopes for
cultivation and riparian reserve widths respectively. (H,I,J) Trade-off curves for dung nutrient
cycling versus percentage of the landscape cultivated, maximum slope for cultivation and
riparian reserve width respectively. All curves in use local polynomial regression for locally
estimated scatterplot smoothing (LOESS).
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