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Introduction

Since the beginning of the 21st century, agricultural cultivation has been the
main driver of forest conversion in Southeast Asia (Zeng et al. 2018). For
example, in Malaysian Borneo, the oil palm industry has been a major con-
tributor to deforestation and land-use change in the past four decades, mainly
driven by the expansion of industrial plantations and smallholder farms
(Gaveau et al. 2018). This agricultural expansion has resulted in widespread
species declines across most taxa (Edwards et al. 2014; Kwatrina et al. 2018;
Savilaakso et al. 2014). However, with careful management, agricultural land-
scapes could have the potential to conserve biodiversity and valuable ecosys-
tem services (Tscharntke et al. 2005), thereby helping to ensure the
environmental sustainability of oil palm landscapes, whilst also supporting
high yields and farmer livelihoods.

Smallholder producers (<50 hectares; RSPO 2021) are estimated to con-
tribute up to 33% of global palm oil production (Descals et al. 2020), but the
average smallholder yield reported by the Roundtable on Sustainable Palm Oil
(RSPO) is only 18.9 tonnes of fresh fruit bunches (FFB; ha™* yrfl), which is
almost half of the estimated potential average yield for smallholders at 33.2 t
ha™' yr' (Euler et al. 2016), and half of the estimated potential average yield
for large commercial plantations (35-40 t ha™' yr™'; Hoffmann et al. 2015).
Studies of smallholder agriculture have been increasing (Euler et al. 2016;
Kurniawan et al. 2018; Rhebergen et al. 2020), and the capacity to boost yields
on current smallholdings has been highlighted as a potential solution to
sustainably intensify palm oil production and increase farmer incomes
(Hoffmann et al. 2017; Varkkey, Tyson, and Choiruzzad 2018). This intensi-
fication may also reduce further conversion of natural habitat to agriculture,
conserving biodiversity (Edwards et al. 2010; Lee et al. 2014). Variations in
yield can occur due to climate (Oettli, Behera, and Yamagata 2018), soil
characteristics and topography (Corley and Tinker 2016), and agricultural
management practices (Euler et al. 2016; Hoffmann et al. 2017; Woittiez
et al. 2017), which may explain the wide variations in smallholder yields that
have been reported. The effects of certain management practices on FFB yields
have been well studied, such as optimal palm planting density (Bonneau,
Impens, and Buabeng 2018; Corley 1973), fertilizer inputs (Tao et al. 2017;
Tengoua et al. 2015), frond pruning (Marcelino and Diaz 2016; Soliman et al.
2016), FFB harvesting frequency (Lee et al. 2014; Rhebergen et al. 2020), and
weeding and ground cover management (Samedani et al. 2014; Soliman et al.
2016). However, the overall impact of farm management intensity on small-
holder oil palm yields remains unclear.

There is a need to identify management practices that result in win-win
scenarios for yield and environmental sustainability (Fischer et al. 2017;
Tamburini et al. 2020). For example, ‘Best Management Practices’ (BMPs)
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are recommended by the RSPO as a way to sustainably intensify palm oil
production by improving soil fertility and preventing soil degradation (RSPO
P&C 2018). These BMPs include practices that minimize the use of inorganic
pesticides and fertilizers (Sundram, Angel, and Sirajuddin 2019; Yi et al. 2019),
techniques that reduce soil erosion and nutrient leaching by managing ground
cover vegetation (Darras et al. 2019; Formaglio et al. 2020), and maintaining
soil organic matter through the application of crop residues such as Empty
Fruit Bunches (EFBs) and palm oil mill effluent (Tao et al. 2018b; Yi et al.
2019). The uptake of BMPs substantially increases FFB yields on some small-
holdings (Pauli et al. 2014; Rahman et al. 2021; Rhebergen et al. 2020), as well
as replenishing soil organic carbon (SOC) and nitrogen content (Rahman et al.
2021; Tao et al. 2016), but BMPs can be labor intensive. Hence, it is important
to assess whether application of BMPs affects yield and soil quality, and
whether BMPs offer more environmentally sustainable management options.

Supporting greater structural complexity of ground vegetation could main-
tain soil fertility, a crucial factor for healthy palm growth and fruit production
(Corley and Tinker 2016), and also reduce soil erosion and run-off
(Garcia-Orenes et al. 2012; Sahat et al. 2016; Zheng 2006). Understory vegeta-
tion could also support biodiversity that improves the functioning of soil
processes (Barnes et al. 2014). Thus, increasing understory vegetation cover
could improve yields, as well as improving the environmental sustainability of
farms. However, high-intensity management practices such as high herbicide
inputs suppress understory vegetation (Luke et al. 2019), with consequent
negative effects on soil fauna (Ashton-Butt et al. 2018; Darras et al. 2019),
which contributes to the degradation of SOC, a valuable indicator of soil
fertility (Guillaume et al. 2016a). These findings imply trade-offs between
management practices to support ground vegetation cover and soil fertility,
versus management to increase yields. Hence, improved environmental sus-
tainability might incur costs to farmers if it reduces yields, and so it is
important to examine relationships between yield, management practices,
and understory vegetation cover on farms.

In this study, we examined variation in yield on smallholder oil palm farms
(Fig S1), and the role of management intensity, understory vegetation cover,
climate, and soil characteristics (soil type, SOC, total N, total P, and available
P) on yields. We used responses from face-to-face questionnaires of 40
smallholder farmers located across six governance zones in Sabah, Malaysian
Borneo, to collect information about their management practices, including
BMPs, and reported FFB yields. We also carried out field surveys on these
farms to quantify understory vegetation cover and soil characteristics (Fig S2).
We used this information to examine variation in reported FFB yields among
farms, how yields varied in relation to management intensity and use of BMPs,
and the effects of management intensity on understory vegetation cover and
soil chemical properties. We investigated whether there are trade-offs between
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increasing yields versus enhancing environmental sustainability on farms
through increased understory vegetation cover and improved soil chemical
properties.

Materials and methods
Study sites

We collected data between August and November 2019 from 40 smallholdings
(defined as farms <50 ha) across six governance areas in Sabah, Malaysia (Fig
S2a-c) of which 35 smallholders were part of a Smallholder Group Scheme
organized by a local social NGO (WildAsia), and the remaining five were
independent smallholders. In our analyses, we allocated smallholders to gov-
ernance areas (n = 6) according to the village community the smallholder
belonged to, on the assumption that smallholders within the same governance
area would manage their farms in a similar way by following the guidance of the
local community leader and WildAsia staff. Governance areas differed slightly
in maximum temperature (°C) and minimum rainfall (mm month ™), as well as
soil type (Table S1). Farms had been established between 8 and 27 years ago,
ranged between 0.81 and 7.73 ha in size, and had either been established after
conversion from commercial selectively logged forest (n = 18 farms) or from
agriculture other than palm oil (such as coffee, rice, vegetables, or fruit crops; 22
farms) (Table S1). Smallholders were either oil palm monocultures (n = 19
farms) or mixed agriculture systems that included other crops (n = 21 farms),
although non-palm tree crops grown on mixed agriculture farms were at very
low densities because farmers were not relying on non-palm trees for income.
Planting densities of palms were the same on monoculture farms (med-
fan = 136 trees ha™!, n = 19) and mixed farms (median = 136 trees ha™,
n = 21). Smallholder selection criteria for inclusion within our study were (i)
crop age (to minimize variation in yields as a result of crop age, trees had to be
mature fruiting trees, that is, >8 years) (Hoffmann et al. 2017), and (ii) farm size
(to be large enough to conduct ecological surveys using our standardized plot
design, that is, >0.5 ha). When farms had mature oil palm trees of multiple ages
>8 years old, we computed the average age of the oil palm crop according to the
proportion of the farm area planted with each age group.

Smallholder questionnaires to assess management intensity and fruit bunch
yields

Information about farm management practices was collected from interviews
with smallholder farmers, following a standardized questionnaire of 29 ques-
tions, including questions on farm history and physical characteristics, palm
fruit harvesting practices, and management inputs (for questions see SI3). The
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questionnaire was developed based on information about practices known to
influence oil palm yields (Corley and Tinker 2016; Woittiez et al. 2017).
Questionnaires with farmers were conducted in Bahasa Malay by ABS, SGA,
and a translator from WildAsia.

We developed an index of management intensity by synthesizing the
information on management practices that we collected from the inter-
views (applying multiple imputation methods for a very small number of
incomplete responses; see SI4 for details). From the responses to the
questionnaires, we derived nine management parameters per farm, and
graded each parameter a binary score for intensity of either 0 (less
intensive) or 1 (more intensive) (Table 1). Each management practice
was graded as more intensive if it required more production inputs, either
in labor or agricultural inputs. For example, there were two questions
about fertilizer application: a score of 1 was assigned if the smallholder
used fertilizers and 0 if they did not, and for those farms applying
fertilizer, an input score of 0 if fertilizer inputs were below the median
input level across farms (ha™' yr™') and a score of 1 if inputs were above
the median value. To calculate the overall management intensity score for
each farm, we computed the management intensity index (with a value
between 0-1) by summing the intensity scores for all nine parameters and
dividing by 9. To obtain a measure of yield for each farm, we used the

Table 1. Description of the management practices carried out by smallholder farmers, and how
information on management practices was used to produce a management intensity index score
for each farm. Information about the implementation of these management practices was
collected from interviews with the smallholder farmers (n = 40 farms; see SI for details of
questionnaires).

Management
Practice Description Management Intensity Score
Planting The number of fruit-bearing palm trees planted per ha Planting density <136 trees ha™' =0
density on the smallholding (median = 136 trees ha™") Planting density >136 trees ha™' =1
(range from 86 to 165 trees ha™")
Pruning The number of times frond pruning takes place per Once a month =0
frequency month. Twice a month =1
Harvest The number of times Fresh Fruit Bunches (FFB) are Once a month =0
frequency harvested, either once or twice a month. Twice a month =1
Weeding Weeding frequency (median = 2 times yr™"). Frequency <2 times yr ' = 0 Frequency
frequency >2 times yr ' =1
Weeding Weeding method, either manual weeding (with a grass Manual = 0
method cutter) or herbicide spraying. Herbicide = 1
Herbicide The quantity of herbicide applied in L of product ha™'  Herbicide <3.8 Lha™' yr'' =0
quantity year™' (median = 3.8 L ha™' year™). Herbicide >3.8 Lha ' yr" =1
(range from 0.00 to 39.6 L ha™' yr™")
Fertilizer use  Whether the smallholder applies organic and/or No fertilizer = 0
inorganic fertilizers. Fertilizers applied = 1
Fertilizer The amount of fertilizer applied, measured in t per ha  Fertilizer <542 kg ha™" ya™' =0
quantity per year (median = 542 kg ha™' ya™') Fertilizer >542 kg ha™'ya™' = 1
(range from 0.00 to 1456 kg ha™" yr™")
Pesticide use  Whether the smallholder applies pesticides. No pesticides = 0

Pesticides applied = 1




6 S. GUTIERREZ AL-KHUDHAIRY ET AL.

reported monthly Fresh Fruit Bunch (FFB) harvest by each farmer or
calculated yield from the reported monthly income and price per tonne of
FFB issued by the mill. Depending on the information provided by farm-
ers, data on reported average yields were either the most recently obtained
single month or harvest yield, or an average yield per month or per
harvest. We report the monthly FFB yield as annual yield in tonnes per
hectare per year (t ha™' yr') for comparison with published information,
as well as yield in kilograms per tree per year (kg tree ' yr ') to account
for variation in planting densities on farms.

Identifying RSPO best management practices

From the farmer questionnaires, we extracted information on the application
of ‘Best Management Practices’ as outlined by the Roundtable on Sustainable
Palm Oil (RSPO). The RSPO lists in its Principles and Criteria (P&C)
number 7.4 (RSPO P&C 2018) that long-term fertility depends on main-
taining the structure, organic matter content, nutrient status and microbio-
logical health of the soil’ and P&C 7.5 that ‘techniques that minimise soil
erosion are well known and should be adopted, where appropriate. These
should include practices such as ground cover management, biomass recy-
cling, terracing, and natural regeneration or restoration instead of replant-
ing.” We concluded that RSPO ‘Best Management Practices’ taken up by
farmers in our study related primarily to nutrient recycling and ground cover
management, including (i) application of crop residues, (ii) minimizing use
of herbicides, and (iii) retaining areas of ground vegetation cover, and (iv)
clearing a contour of vegetation around palms (Table 2). We assigned
smallholders into four BMP groups according to the number of BMPs the
smallholder farmer employed: 0, 1, 2, or 3 BMPs (no farmer did all four
BMPs).

Table 2. Description of ‘Best Management Practices’ (BMPs) as defined by the Roundtable on
Sustainable Palm Oil. Information about uptake of BMPs by farmers was collected from interviews
with the smallholder farmers (n = 40 farms; see Sl for details of questionnaires).

Best Management

Practice (BMP) Description

Nutrient cycling

1. Application of crop The application of crop residues such as Empty Fruit Bunches (EFB) or mill slush as an
residues inorganic fertilizer to increase soil carbon content.

Ground cover management

2. Maintenance of The restriction of weeding activities to paths to maintain ground vegetation cover in
ground vegetation order to minimize soil degradation via run-off and soil erosion.

cover
3. Reduced herbicide use The application of none or minimal (<2 L ha™" year™") herbicide to the palm cultivated
area, to promote greater vegetation cover within the farm.
4. Vegetation clearing The clearing of vegetation around the palm stems (with 2 m radius) to suppress growth
around palms of weeds around the palms and increase efficiency of fertilizers via palm nutrient
uptake.
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Field surveys of understory vegetation structure

Surveys of understory vegetation were conducted on each farm, measuring
18 vegetation parameters within a 0.28 ha circular plot (i.e. 30 m radius plot;
Fig S12d) within each smallholding (see SI5 for further details). To quantify
differences in understory vegetation cover among farms, we then used
principal component analysis (PCA) to identify which vegetation parameters
were the most important for explaining variability in understory vegetation
structure across the smallholder farms (Table S4 and S5). The first principal
component (PC1) accounted for 25% of the total variance, which was
positively related to vegetation height and cover (>10 cm height) and palm
contour vegetation cover, and was negatively related to leaf litter depth
(Table S5). The second principal component (PC2) accounted for a further
15% of the total variance, and was positively associated with the occurrence
of non-palm large trees and saplings, leaf-litter depth, and cover, and was
negatively associated with bare ground cover (Table S5). We included PC1
and PC2 in our analyses as measures of understory vegetation cover and
structure.

Measuring soil chemical properties

In each 0.28 ha survey plot, we also collected soil samples (20 cm depth) to
quantify soil carbon and nutrients (see SI6). In subsequent analyses, we
omitted soil variables that were highly correlated (Pearson’s r > 0.9; SI5;
Table S6), and included soil organic carbon (%; SOC), total nitrogen, total
phosphorus, and available phosphorus, which are important for the growth
and yield of oil palm trees (Corley and Tinker 2016; Guillaume et al. 2016a;
Webb et al. 2013).

Oil palm yields are also affected by soil type, for example, soils that are
saline, acid sulfate, or poorly drained are less suitable for oil palm cultivation
(Corley and Tinker 2016). We classified smallholdings according to soil type
using ‘The Soils of Sabah’ base map (Panagos et al. 2011; see SI6), with most
farms on mudstone, sandstone, and miscellaneous rocks (soil type 2; n = 24
farms), nine farms on mudstone and alluvium (soil type 3), and five farms on
alluvium (soil type 1; Table S1).

Effects of climatic conditions (rainfall and temperature)

To control for possible time-lagged effects of climatic variables on yield, we
analyzed rainfall and temperature variables from CRU TS 4.05 dataset (0.5° x
0.5° grid cells; 50 km resolution; Harris et al. 2020), averaged across 36 months
prior to the study (i.e. between November 2016 and December 2019, covering
the period of inflorescence development; see SI7 for more details). Farms from



8 S. GUTIERREZ AL-KHUDHAIRY ET AL.

our six governance regions occurred within four different CRU climate data
grids (Table S1). We included monthly minimum rainfall (mm; a measure of
drought and water stress, which is an important limiting factor to FFB yields in
Sabah) and maximum monthly temperature (°C; linked to solar radiation,
which is important for oil palm growth (Carr 2011; Corley and Tinker 2016;
Oettli, Behera, and Yamagata 2018) (see SI7).

Statistical analyses

All data and statistical analyses were performed in the R statistical program-
ming (R Core Team 2019). Prior to fitting all GAMM models, we standardized
explanatory variables by transforming every value as the ratio of that value to
the maximum value for that variable.

Drivers of yield

To examine whether smallholder yields were influenced by management
intensity (our management intensity index score, 0-1), understory vegetation
cover (PC1 and PC2 scores), soil type and chemical properties (SOC, total N,
total P, and available P), climate (average monthly maximum temperature and
minimum monthly rainfall in the 36 months prior to the study), and farming
system (monoculture or mixed agriculture), we fitted a Generalized Additive
Mixed effect Model (GAMM) via restricted maximum likelihood (REML)
using the gamm4 package (Wood and Scheipl 2017). GAMMs model both
linear and non-linear relationships by using smoothing functions (i.e. splines)
(Lin and Zhang 1999). We applied penalized cubic regression splines as the
smoothing basis function, to remove non-influential explanatory variables
from the model (Marra and Wood 2011). We applied the GAMM to the
smallholder dataset excluding two yield outliers (n = 38 farms; see SI9), and
included smoothing parameters for management intensity score, understory
vegetation cover (PC1 and PC2 scores), soil chemical properties (SOC, total N,
total P, and available P), minimum rainfall (mm month™), and monthly
maximum temperature (°C). We also included farm area with productive
palms (ha; to control for differences in yield as a result of farm size), crop
age (to control for possible variations in yield as a consequence of palm tree
age; Hoffmann et al. 2017; Woittiez et al. 2017), and soil type. We fitted models
with a Gaussian identity link function to obtain homoscedasticity and normal-
ity of residuals (see SI9 for further details of GAMMs).

To assess whether the use of BMPs influenced yields on farms, we examined
the differences in yield across the four BMP groups (0, 1, 2, or 3 BMPs taken
up by farmers). We fitted a GAMM with yield as a response variable, the
number of BMPs employed, farming system (monoculture or mixed) and
previous land-use as linear terms, and smoothing parameters (penalized
cubic regression splines) for crop age, farm size, and monthly minimum
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rainfall. Our main analyses used FFB yield per farm (t ha™' yr™'), but we

repeated analyses using mean data for yield in kilograms per tree per year (kg
tree ! yr_l), which did not alter our main conclusions (see SI9).

Consequences of management intensity and BMPs

To examine the consequences of management intensity on understory vegeta-
tion cover and soil chemical properties (SOC, total N, total P, and available P)
on farms, we fitted GAMMs similar to those for identifying drivers of yield.
We fitted smoothing parameters to management intensity index, crop age,
monthly minimum rainfall, and maximum temperature, and included pre-
vious land-use (forested or agriculture) to control for the effect that land-use
history may have on soil chemical properties on farms (Guillaume et al.
2016b). We fitted the models using the full smallholder dataset (n = 40) to
model the effects of management intensity on understory vegetation cover
(PC1 and PC2 scores), SOC, total soil N, and total P. When modeling the
effects of management intensity on available soil P, we used a reduced dataset
excluding one outlier datapoint for available P (n = 39 farms) (see SI11). The
models were fitted with an inverse Gaussian log link function to the SOC,
a Gaussian log link function to the total N data, and a Gaussian identity link
function to the PC1, PC2, total P, and available P data. Differences in soil
chemical properties across the four BMP groups (0, 1, 2, or 3 BMPs taken up
by farmers) are given in SI8 (Table S10).

Results

Summary of yield and management variability across smallholder oil palm
farms

Across the 40 farms, we found that the reported yields (measured as FFB t ha™
yr ') varied widely, ranging from 6.9 to 37.4 t ha™' yr ™' (median = 15.6 t ha™"
yr ', SD = 7.3). This variation arose because smallholder yields varied among
the six governance areas (median = 13.2-20.8 t ha™" yr~'; Figure 1a), and also
among smallholders within the same governance area (Table S1).
Smallholders also varied considerably in the way that they managed their
farms, and the management intensity scores (synthesized from nine manage-
ment practices, index max/min score range = 0-1; Table 1) ranged from 0.25 to
1.00 (median = 0.69; Figure 1b). The study farms were either oil palm mono-
cultures (n = 19 farms) or mixed-crop farms (n = 21) cultivating fruit crops such
as coconut (Cocos nucifera) or rambutan (Nephelium lappaceum) for household
consumption. Some management practices were relatively consistent across
farms, for example, most farms carried out palm frond pruning and there was
little variation in FFB harvesting frequency (either once or twice a month).
However, herbicide application rates (varying from 0 to 40 L ha™" yr™') and
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Figure 1. Boxplots detailing variation in (a) fresh fruit bunch yield (FFB t ha™" yr™"), (b) manage-
ment intensity, (c) understory vegetation cover, yellow boxplots correspond to PC1 scores and
green boxplots to PC2 scores, and (d) total phosphorus content (mg/kg) on farms in six govern-
ance areas (n = 40 farms; governance area number corresponds to those shown in figure S2b).
Data show the median (horizontal bar) and interquartile range (box), as well as the range of the
largest and smallest values within 1.5 times the interquartile range (vertical line).

fertilizer inputs (varying from 0 to 1456 kg ha™' yr™', equivalent to 0-10 kg tree ™"

yr ) did vary widely (Table S1 and S9), as well as the types of fertilizer (e.g.
borate, murate of potash, as well as relative composition of MPK and NPK) and
herbicides applied (e.g. glyphosate, metsulphuron). The planting density of
productive fruit-bearing palm trees (86-165 trees ha ') also varied, but the
median value across the study farms (136 trees ha™') was within the recom-
mended optimal planting density (130-145; Corley and Tinker 2016). We
obtained planting stock information from eight farmers: one of whom planted
dura, one planted pisifera, and six farmers planted fenera seed types. Smallholder
farmers differed in the number of ‘Best Management Practices’ (BMPs) they
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employed (median = 2; ranging from two farms using no BMPs, to five farms
using three BMPs, with the majority of farmers applying two BMPS, but no
farmer using all four). Of the four types of BMPs, more than half of the farms
cleared a contour of vegetation around palm trees (n = 23 farms), and about
a third applied crop residues such as empty fruit bunches (n = 12 farms) or
retained areas of ground vegetation cover (i.e. did not carry out blanket spray-
ing) (n = 12); applying minimal amounts of herbicide was the least popular BMP
(<2 L ha™ yrfl; n =9 farms) (Table S9).

Drivers of variation in yields across smallholder farms

Despite wide variation in yields (t ha™" yr') among smallholder farms, only
3% of this variation in yield was explained by management intensity,
understory vegetation cover (PC1 and PC2 scores), productive farm area
(ha), oil palm tree age (years), soil chemical properties, or rainfall (adjusted
R® = 0.007; Figure 3a; see Table S12 and Fig S3). Yield was not significantly
influenced by farm productive area (n = 38 farms, F = 0.00, p = 1.00), crop
age (F = 0.00, p = 1.00), or soil type (t = 0.80, p = .43; t = 1.89, p = .07). Our
results show that 38/40 farmers employed at least one Best Management
Practice (BMP) on their farm, but yields did not vary with the number of
BMPs employed by a farmer (0-3 BMPs; n = 40, Adjusted-R squared = 0.028;
Figure 2; see Table S14).

Fresh fruit bunch yield
(FFBtha'yr')

401
.
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0 1 2 3

Number of BMPs employed by farmers

Figure 2. Boxplots show fresh fruit bunch yields (FFB t ha™' yr™") across smallholders employing 0,
1, 2, and 3 ‘Best Management Practices’ (BMPs; n = 40 farms). Data show the median (horizontal
bar) and interquartile range (box), as well as the range of the largest and smallest values within 1.5
times the interquartile range (vertical line).
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Figure 3. Partial effect plots of the generalized additive mixed effects models, showing (a) the
component effect of the smoothed term (fitted with a penalized cubic regression spline as the
smooth basis function) for management intensity on smallholder oil palm fresh fruit bunch yield
(FFB t ha™' yr*‘; p = .41; n = 38) and (b) the component effect of the smoothed term (fitted with
a penalized cubic regression spline as the smooth basis function) for management intensity on
understory vegetation cover (PC1 score; F = 0.00, p = 1.00; n = 40). The points show the partial
residuals, which are the difference between the partial effect and the data after all partial effects in
the model have been accounted for. Management intensity was a non-influential explanatory
variable in both models, and so the smoother parameter for has been penalized toward a straight
line and shrunk the line toward zero. The blue shaded areas denote the uncertainty within the
model, measured as the standard errors of the partial effect term combined with the standard
errors of the model intercept. Explanatory variables were scaled prior to fitting the model.

Impacts of management intensity

Our results showed that management intensity did not affect understory
vegetation cover (Figure 3b; PC1 score, n = 40, F = 0.00, p = 1.00; PC2
score, F = 0.32, p = .13), SOC (n = 40, F = 0.00, p = 1.00), total N (n = 40,
F =0.00, p = 1.00), total P (n = 40, F = 0.00, p = 1.00), or available P (n = 39,
F = 0.05, p = 1.00; Table S15). However, farms on previously cultivated
agricultural land (n = 22 farms) had soil containing 28% more total
N (t = -2.86, p = .005, adjusted R-squared = 0.14) and 139% more total
P (t = —4.83, p < .001, adjusted R-squared = 0.491) and 21% more organic
C (t=-2.30, p = .03, adjusted R-squared = 0.05) compared with farms on sites
that had previously been forest (n = 18 farms), implying that previous land-use
contributes substantially to current soil characteristics.

Discussion
Wide variation in reported yields across smallholder farms

Oil palm yields varied widely across the smallholder farms in our study,
ranging from 6.9 to 37.4 FFB t ha™' yr~' (equivalent to 50-275 kg tree™'
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yr '), with an average farm yield of 15.6 t ha ' yr ' (117 kg tree ' yr ")

Thus, 35% of the smallholders in our study exceeded the average small-
holder production reported by the RSPO (18 t ha™! yr_l) (RSPO 2020)
and 20% exceeded the production of larger-scale industrial companies
(23 t ha™" yr~'; Fairhurst and Griffiths 2014). Whilst atypical, such high
yields have been reported previously (Jelsma, Giller, and Fairhurst 2009),
and a few of our study farms had reported yields similar to the estimated
potential yields of large-scale plantations (35-40 t ha™' yr'; (Hoffmann
et al. 2015)). However, despite these large variations in reported yields,
our results show that management intensity did not influence yield across
farms. Increasing the intensity of management practices such as cropping
density, fertilization, and harvesting frequency can directly increase oil
palm yields (Euler et al. 2016; Lee et al. 2014; Marcelino and Diaz 2016;
Rhebergen et al. 2020; Woittiez et al. 2017), but reported yields may not
necessarily increase with management intensity. For example, increasing
cropping density may result in trees being planted too closely, which can
reduce yields as trees start to compete for soil nutrients and light,
although most (11 out 40) farms in our study had planting densities
within recommended values of 130-145 (Corley and Tinker 2016; Rafii
et al. 2013), because of advice from WildAsia. Our findings support those
of Darras et al. (2019) and Tao et al. (2018a) who also found no effect of
herbicide and fertilizer intensification on palm plantation yields or nutri-
ent-use efficiency by palms. Thus, increased use of chemical inputs may
not be necessary for closing yield gaps on smallholder farms (Soliman
et al. 2016).

Our study analyzed data on yields and management practices from
questionnaires and interviews, which can have potential biases. For exam-
ple, respondents may be wary when providing responses to questions that
involve sensitive information (Hilborn, Parrish, and Litle 2005), such as
yield or use of herbicides and pesticides, given the negative perception of
chemical products on the environment (Lazaroiu et al. 2019; Obiri et al.
2021). Moreover, social desirability bias can occur when respondents may
want to ‘project a favourable image of themselves and so may provide
a more socially desirable response’ (Krumpal 2013). Whilst these issues
are difficult to eliminate, we mitigated these potential biases by conduct-
ing the interviews with WildAsia staff who have a well-established work-
ing rapport with the respondents and regularly share this kind of
information (Bergen and Labonté 2020).

Additional drivers of variation in oil palm yield

We found no associations between yield and management practices. There
could be time lags between implementing a particular management practice
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and observing its effects on yield (Rhebergen et al. 2020), but it is unlikely that
lags would result in the large yield differences between the farms that we
observed (6.9-37.4 FFB t ha™' yr'). Yields differed greatly among farms
within the same governance area (<10 km apart), thus geographic factors
that may affect nutrient uptake by the palm trees are also unlikely to be the
main causes of yield variation. We also found no effect of climatic factors on
yield. It is likely that rainfall was not an important factor in our analysis as the
mean monthly rainfall in our study regions, which ranged between 228 and
289 (mm month™"), met the rainfall requirements for optimum FFB produc-
tion (above 167 mm month™'; Oettli, Behera, and Yamagata 2018). We did not
include temperature in our analyses because it co-varied with rainfall (see SI7),
but the minimum (21.1-23.4°C) and maximum (28.9-31.3°C) temperatures at
our study regions fall within the suitable temperature ranges for high FFB
yields (22-24°C and 29-33°C, respectively) (Corley and Tinker 2016; Oettli,
Behera, and Yamagata 2018). However, site-specific factors may nonetheless
cause yield variation, such as topography which can influence water availabil-
ity and drainage (although topography was fairly similar across our study
farms) (Balasundram et al. 2006), as well as local disease and pest outbreaks
(Corley and Tinker 2016).

Farms within the same governance regions were sometimes on different soil
types (see SI6), which can influence nutrient loss and retention (Fujii et al.
2018), although we found only a weak non-significant effect of soil type on
yield. Nutrient deficiencies are known to limit yields (Woittiez et al. 2018), but
despite some farms having high total N, available P, and total P soil concen-
trations (the latter of which increased with smallholder management inten-
sity), we found no relationship between soil nutrients and yield. Seed planting
material influences yield (Barcelos et al. 2015; Woittiez et al. 2017), with tenera
being the most productive, followed by dura and psifera (Corley and Lee et al.
1992). There were insufficient data to include type of planting material in our
analyses of yield, but farmers differed in their sourcing of planting materials
and seed varieties (e.g. wild harvesting, supply by government agricultural
sectors or company nurseries). Different suppliers will provide different types
of seeds, which will affect yield (Durand-Gasselin and Cochard 2005; De Vos
et al. 2021), and planting material likely contributes to the variation in yields
that we observed in our study. Using improved seed materials could help
farmers increase productivity without increasing the intensity of other man-
agement practices, and should be an area of future research as planting
material will be of crucial importance for farmers when replanting crops.
Another important factor driving oil palm yield is pruning intensity, as the
maintenance of an optimum number of palm fronds affects oil palm fruit
production (Marcelino and Diaz 2016). These factors deserve more study to
further develop best practices for smallholders, alongside investigating asso-
ciations with soil arbuscular mycorrhizal fungal (AMF) (Auliana and



AGROECOLOGY AND SUSTAINABLE FOOD SYSTEMS . 15

Kaonongbua 2018) as they have been illustrated to improve yields in other
types of crops (Gao et al. 2020; Kobae 2019).

Causes and consequences of varying management intensity

Smallholders varied considerably in how they managed their farms, even
within the same governance area (e.g. intensity score 0.25-1.00, and 0-3
BMPs in Site 2, Reka Halus). Thus, local village governance is not the only
factor affecting management decisions of smallholder farmers, which may be
influenced by available capital (Jelsma et al. 2019; Krishna et al. 2015; Lee et al.
2014), farmer experience (Pandey and Diwan 2020), their desire to make
environmentally conscious management choices (such as uptake of BMPs;
Romero et al. 2019), or wishing to make risk-averse decisions (Chen et al.
2018; Martey and Kuwornu 2021).

Farmers are encouraged to take-up BMPs as a way to improve environ-
mental sustainability on farms, but our results indicate no relationship
between the application of BMPs and yield, or with soil chemical properties
(SOC, total N, total P, and available P). Low total C and SOC levels (<2%) were
observed across the majority of the study farms (see SI6), and we found no
evidence that BMPs improved soil fertility or soil nutrient content, in contrast
to other studies (Tao et al. 2017; Che Ku Hafeez et al. 2020). The implementa-
tion of BMPs generally requires more labor inputs (Rhebergen et al. 2020);
therefore, a better understanding of the sustainability benefits of BMPs, along-
side the improved profitability for smallholders, is required if farmers are to
benefit from their wider take-up. In addition, clear standardized guidance for
employing BMPs is needed if BMPs are to improve yields, soil fertility, and
farmer incomes.

Implications of no trade-offs for smallholder farmers

We found little evidence for any strong inter-relationship between yield,
vegetation cover, and management intensity. Trade-ofts have been shown
to occur between smallholder profitability, biodiversity, and ecosystem
processes within tropical agricultural systems (Clough et al. 2016; Grass
et al. 2020), but those studies spanned a much greater range of land-use
intensities than in our study. We find little evidence that maintaining
greater vegetation cover on farms resulted in any reduction in FFB yields,
or that increasing intensity of management resulted in higher oil palm
yields. By contrast, we found that high yields occurred on some farms
with low-intensity management. This finding has potentially important
implications for smallholder profitability because any reduction in the
reliance on expensive agricultural inputs could result in savings in labor
costs and chemicals, such as fertilizers and herbicides (Darras et al. 2019).
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Secondly, high yield from low-intensity management is a potential posi-
tive inducement for farmers to enhance the environmental sustainability
of their smallholdings, given the benefits of retaining vegetation cover
with oil palm plantations for promoting biodiversity and ecosystem func-
tions (Ashton-Butt et al. 2018; Darras et al. 2019; Luke et al. 2019).

Most smallholders that we sampled were part of a Smallholder Group
Scheme organized by a local social enterprise (WildAsia), who provide support
to farmers for the uptake of sustainable agricultural practices, as well as the
uptake of RSPO and MSPO certification. Although we found none, trade-offs
with yield could occur at much lower or higher intensity management than
was observed in our study, for example, non-certified smallholders have
differing management practices and lower oil palm yields compared to sus-
tainably certified farmers (De Vos et al. 2021). Smallholders in other regions
may have different management strategies, and this should be considered
when assessing the generality of our findings, and further studies examining
the consequences of different management strategies across a wide range of
smallholder landscapes will be important for understanding the ubiquity of
our findings.

Conclusion

The results of our study showed that applying sustainable management prac-
tices does not reduce yields, and we found no evidence for inter-relationships
between yield and management practices among oil palm smallholdings.
Yields varied about five-fold across farms, but smallholder management,
understory vegetation cover, soil chemical properties, rainfall, and farming
system explained only a small amount of this variation, and farms with high
understory vegetation cover did not have reduced yield. These findings have
important implications for smallholder livelihoods if farmers can minimize
their reliance on chemical inputs, which may also help the conservation of
biodiversity and the environmental sustainability of oil palm farms. A better
understanding of how some farmers achieve yields as high as those on
industrial plantations could be shared among farmer groups to help reduce
yield variation across smallholder farms, and improve farmer incomes.
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