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In many crops, both pollination and biocontrol determine crop yield, whereby
the relative importance of the two ecosystem services can be moderated by the
landscape context. However, additive and interactive effects of pollination and
biocontrol in different landscape contexts are still poorly understood. We
examined both ecosystem services in South African macadamia orchards.
Combining observations and experiments, we disentangled their relative
additive and interactive effects on crop production with variation in
orchard design and landscape context (i.e., cover of natural habitat and
altitude). Insect pollination increased the nut set on average by 280%
(initial nut set) and 525% (final nut set), while biocontrol provided by bats
and birds reduced the insect damage on average by 40%. Pollination
services increased in orchards where macadamia tree rows were positioned
perpendicular to orchard edges facing natural habitat. Biocontrol services
decreased with elevation. Pest damage was reduced by higher cover of natu-
ral habitat at landscape scale but increased with elevation. Pollination and
biocontrol are both important ecosystem services and complementary in
providing high macadamia crop yield. Smart orchard design and the reten-
tion of natural habitat can simultaneously enhance both services. Conjoint
management of ecosystem services can thus enable the ecological intensifi-
cation of agricultural production.
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INTRODUCTION

New ways of agriculture must be implemented to sustain
the global environment while also increasing crop
production for a growing population (FAO, 2023).
Conventional intensification is the most successful and
widespread model for increasing agricultural yields to
date, which usually involves the massive use of synthetic
chemical pesticides and fertilizers for large-scale produc-
tion in monocultures, but is often accompanied by high
environmental impacts, such as soil degradation and loss
of biodiversity (Garibaldi et al., 2017). More ecologi-
cally sustainable alternatives are urgently needed. One
proposed approach is ecological intensification, that is,
the substitution of conventional intensification practices
with ecosystem services, such as pollination and biocon-
trol, in order to maintain (ecological replacement) or
even enhance (ecological enhancement) agricultural
yields (Bommarco et al., 2013).

Animal-mediated pollination increases yields of more
than 75% of the globally most important crops, and about
35% of agricultural production depends at least partly on
animal-mediated pollination (Klein et al., 2007). In many
crops, such as almonds, cherries, or apples, managed
honeybee colonies are used to forestall pollination deficits
(Olhnuud et al., 2022; Reilly et al., 2020). However, several
studies have shown that wild pollinators also play a critical
role in agricultural pollination (Kremen et al., 2002) and,
in fact, often outperform managed honeybees (Garibaldi
et al., 2013; MacInnis & Forrest, 2019).

In addition, agricultural production benefits from
biocontrol. Bats and birds are well-known providers of
biocontrol services. They have been shown to reduce the
density and damage of herbivorous insects, as well as
increase crop yields, in a range of temperate and tropical
agroecosystems (Boyles et al., 2011; Garcia et al., 2018;
Johnson et al., 2010; Linden et al., 2019; Maas et al., 2016;
Mols & Visser, 2002).

The landscape composition often moderates pollina-
tion and biocontrol services in agroecosystems. Natural
habitat in farm surrounding can be an important source
of pollinators and predators, and thus of pollination and
biocontrol services (e.g., Castle et al.,, 2019; Gonthier
et al., 2019). Spillover of pollinators from natural habitats
to farms, as well as pollinator abundance and diversity,
increase with the amount of natural habitat in the surround-
ing landscape (Kennedy et al., 2013; Kremen et al., 2007;
Wu et al, 2021) and habitat patches in the crop vicinity
(Carvalheiro et al., 2010; Klein, 2009; Klein et al., 2012).
These spillover effects of pollinators can enhance crop yield,
fruit set, and fruit quality (Binsch et al., 2020; Holzschuh
et al., 2012; Wu et al., 2021). Similarly, predators providing
biocontrol services, such as bats and birds, often increase
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in abundance and diversity on farms which are embedded
in landscapes with a high amount of natural habitat
(Boesing et al., 2017; Swartz et al., 2022; Weier et al., 2021;
but see Karp et al.,, 2018). As a result, crop damage from
pest species is often reduced in structurally complex
agricultural landscapes (Bianchi et al., 2006; Weier
et al., 2018).

In addition to the landscape composition, the design
of agricultural fields and orchards influences the provi-
sioning of ecosystem services. For example pest control is
typically higher at field edges than at centers because of
the higher density and activity of bat and bird species
(Best et al.,, 1990; Jantzen & Fenton, 2013; Puckett
et al., 2009). Further, a recent study has shown that the
spatial arrangement within an orchard can positively
affect pollinator spillover into orchards, allowing for
greater pollinator densities also further from the orchard
edge, for example, if the orientation of tree rows is per-
pendicular to the natural habitat, this eases pollinator
movement into the orchard center (Anders et al., 2022).

Since both pollination and biocontrol are impor-
tant ecosystem services in many agricultural produc-
tion systems and the species that provide the two
ecosystem services have similar underlying requirements
(e.g., food resources and nesting sites inside and outside
agroecosystems) it makes sense to manage them together
(Lundin et al., 2021). Recent studies suggest that ecosys-
tem services may interact with each other in contributing
to crop yield and quality (Gagic et al., 2019; Garibaldi
et al., 2018; Martinez-Salinas et al., 2022). When both
ecosystem services affect the same parameter (i.e., fruit
set), they can interact positively (synergistic), negatively
(antagonistic) or do not interact, thus being additive. A
synergistic interaction means that the increase of one ser-
vice further enhances the other service, for example, the
effect of pollination on crop yield is enhanced with
higher biocontrol (Garibaldi et al., 2018). If one service is
reduced at higher levels of the other service, this implies
an antagonistic effect, though overall there is little evidence
of antagonistic interactions between ecosystem services in
the literature (but see Bartomeus et al., 2015). An additive
effect would be the case, when both services independently
affect the crop yield for instance (Gagic et al., 2019). The
ecosystem services would be complementary, when they
affect different yield parameters (e.g., fruit set and fruit
quality), for instance when pollination service increases
the fruit weight, but biocontrol increases the fruit set
(Classen et al., 2014). So far, few experimental studies
evaluated the additive and interactive effects of pollina-
tion and biocontrol in agroecosystems. These studies have
examined effects in red clover, oilseed rape, or in coffee
plantations (Classen et al., 2014, ; Lundin et al., 2012; Marti-
nez-Salinas et al., 2022; Sutter & Albrecht, 2016). Martinez-
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Salinas et al. (2022) showed that the combined positive
effects of birds and bees on fruit set, fruit weight, and fruit
weight uniformity were greater than their individual effects.
In contrast, other studies found complementary effects, for
example in melons or coffee (Classen et al., 2014; Strauss &
Murch, 2004), or only pollinator but no biocontrol effects
for cacao (Forbes & Northfield, 2017). None of these studies
consider landscape effects on the interactions between the
two ecosystem services. This is despite the fact that they
depend on the landscape context (Landis, 2017; Tscharntke
et al., 2005). For example, in agroecosystems with a low
proportion of natural habitat, biocontrol and pollination
services are often weak and therefore may only result in a
small additive effect. In contrast, in landscapes with a
higher proportion of natural habitat, the ecosystem services
may increase in effect size allowing for potential synergistic
effects. For example, enhanced pollination on farms with
high amount of pollinator habitats can be a prerequisite for
effective biocontrol of pests attacking fruits of pollinator-
dependent crops. Moreover, the scales at which the individ-
ual ecosystem services are dependent on the landscape
composition may differ (Martin et al., 2019). Thus, we are
just beginning to understand how to manage the provision-
ing of multiple ecosystem services in real-world
agroecosystems and different landscape contexts.

In this study, we experimentally examined the interac-
tion of pollination and biocontrol services in 10 macadamia
orchards in South Africa. The importance of pollination
of macadamia flowers, the relevant species, pollinator
behavior, and the role of landscape context and orchard
management are largely understood and management
options are being formulated (Anders et al., 2022; Evans
et al.,, 2021; Grass et al., 2018; Howlett et al., 2015;
Kéamper et al., 2021). In contrast, the underlying mecha-
nisms of macadamia pest species, their predators, and
the potential moderating effects of the landscape context
remain unclear. However, biocontrol is of high impor-
tance as macadamia farmers have a strong interest in
minimizing insect damage to the nuts in order to sell
their nuts at higher quality level and reduce the risk of
insecticide resistances (Ellis et al., 2023). Previous stud-
ies show that bats and birds are important biocontrol
agents in macadamia production, as their exclusion
increases nut damage by up to 34% and reduces overall
yield by up to 60% (Linden et al., 2019). Bats have also
been identified as predators of the main macadamia pest
species through fecal DNA analyses (Weier et al., 2019).
In addition, bat foraging activity increases with bush
cover, meaning that the landscape context can moderate
biocontrol provided by bats (Swartz et al., 2022). To pro-
mote ecological intensification, we need to better under-
stand the dynamics of biocontrol and the landscape
effects. To do this, we set up exclusion experiments in
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macadamia orchards, that varied in design and landscape
context and investigated the following research questions:
(1) Are there interacting or additive effects of pollination
and biocontrol services on macadamia nut set and quality,
respectively? (2) Are these effects moderated by the
landscape context (i.e., share of natural habitats in the
surrounding area and altitude) and orchard design?
(3) Which landscape factors and orchard design factors
can reduce insect damage?

METHODS
Study species

Macadamia (Proteacea) originated in Australia, but the
commercially-important M. integrifolia and M. tetraphylla
are nowadays cultivated worldwide with South Africa
being the largest exporter (SAMAC, 2023). Macadamia is
a mass-flowering crop that depends on insect pollination
(Howlett et al., 2015). Pollinator exclusion reduced the
final nut set by 19%-54% and pollination deficits have
been reported to limit the yield strongly, as supplemental
hand-pollination increased the final nut set by 44%-268%
compared with open (insect-) pollination (Anders et al., 2022;
Grass et al., 2018). An Australian study showed that
macadamia is predominantly outcrossing, with 78%-90%
of nuts being the result of cross-pollination, even when
the parent varieties are up to 200 m apart (Richards
et al., 2020). In addition, cross-pollination significantly
increased nut size (kernel mass by 84%-96%) and kernel
recovery (by 46%-50%) compared with self-pollinated
nuts (Kdmper et al., 2021). Hence, pollinators are important
vectors to realize cross-pollination between macadamia
varieties. A major problem for macadamia production in
South Africa is nut damage by insect pests, such as stink
bugs (Heteroptera) or moths (Lepidoptera) (De Villiers &
Joubert, 2003). In 2022, the kernel damage caused an
economic loss to the South African macadamia industry
of over 6.8 million USD, which is 2.4% of the total export
value (SAMAC, 2023). However, all bat species sampled
within South African orchards forage on pest insects
(Weier et al., 2019), making them important predators
for reducing insect damage in macadamia production
(Taylor et al., 2018; Weier et al., 2018).

A single mature Macadamia tree is capable of producing
up to 2500 inflorescences—called racemes—during a grow-
ing season (Moncur et al., 1985). Each raceme contains
between 100 and 300 individual flowers (Trueman, 2013)
(Figure 1c). After successful fertilization, the flowers develop
into initial nuts, which remain attached to the raceme while
the unfertilized flowers drop. At this time, the initial nut
set can be well recorded. In our study, this was three to
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Nested exclusion treatment

Outcome

FIGURE 1 Nested exclusion experiment: (a) predator exclusion cages, the arrows indicate pollinator exclusion bags within the cage;

(b) pollinator exclusion bags; (c) open pollination. As outcome, we assessed the (d) initial nut set (3—-5 weeks after flowering), (e) final nut set
(18-25 weeks after flowering), and nut quality: for example, (f) sound kernels, (g) nut borer damage, (h) early stink bug damage.

Photographs by Mina Anders and Corrie Swanepoel.

five weeks after flowering, depending on the altitude.
However, some nuts may drop during development and
only those that remain on the raceme for about 18 to
20 weeks (final nut set) are likely to become mature and
thus harvestable nuts. When the nuts are ripe, they fall
from the raceme and are collected from the ground.

Study area and farms

This study was conducted in the Levuvhu Valley and
at the southern foothills of the Soutpansberg mountain
range, near Louis Trichardt, Limpopo Province, South
Africa (23°3'0” S, 29°54'0” E). The region is characterized
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by a subtropical, dry to moist climate, with a rainy season
in summer from November to April. Daily temperatures
range between 15 and 40°C in summer and 0 and 25°C in
winter. The naturally occurring vegetation types in the
Soutpansberg mountain range, which forms part of the
Vhembe Biosphere Reserve, are Soutpansberg Bushveld
and Tzaneen Sour Bushveld (Mostert et al., 2008). Habitat
destruction and habitat degradation due to bush encroach-
ment and plant invasions is a major threat to biodiversity
in the Soutpansberg Mountains, for example, affecting
endemic plant (Hahn, 2018; Moraswi et al., 2019), rodent
(Taylor et al., 2016) and bat species (Weier et al., 2021).
During our study, higher elevations were predominantly
covered by natural bush with a few pine (Pinus spp.) and
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gum tree (Eucalyptus spp.) plantations, while the native
vegetation in the valley was largely replaced by intensive
monocultures of macadamia (M. integrifolia, M. tetraphylla
and hybrids), pecan nut (Carya illinoinensis (Wangenh.)
K. Koch), avocado (Persea americana Mill), bananas
(Musa spp.), pine and gum trees. These crops were inter-
spersed with remnants of natural habitats. We conducted
fieldwork on private farms with the permission of the
farmers.

In 2019, we selected 10 macadamia farms along an
altitudinal gradient from 730 to 1330 m. This reflected
an absolute difference of 4.2°C between the coolest and
warmest farms considering the mean temperatures
within the flowering period (July-September 2019). All
selected farms were more than 5 km apart. The 10 farms
were grouped into five farm pairs. The two farms of a pair
were located at similar altitude, whereby one farm was
located in a landscape with a high cover of natural habi-
tats (mean: 60.7%, range: 35.1%-80.6%), and the other
farm was located in a landscape dominated by orchards
or agricultural fields (mean cover of natural habitats:
31.5%, range: 19.6%-45.4%). As natural habitats, we clas-
sified indigenous forest, bush, shrubland, and grassland,
and calculated the combined relative cover within a 1 km
radius of the center of each study site. The assessment
was based on a land cover class map from 2018 (resolution:
20 X 20 m raster) (Department of Environmental Affairs
SA, 2019). To also include land cover changes between 2018
and the observed season in 2019, we compared the land-
cover class map with the latest Google Maps Satellite
images (“Google Earth Pro,” 2020) (see Anders et al., 2022).
Elevation of the study sites was extracted from Google
Earth Pro (“Google Earth Pro,” 2020) and classified in two
categories, that is, low and high elevation (730-900 m
above sea level [asl], n = 6, and 1180-1330 m asl, n = 4,
respectively).

The macadamia orchards of the farms were subdivided
into several production units (i.e., blocks). On each farm,
we chose a study block (mean: 5.6 ha; range: 1-28.5 ha)
that bordered natural habitats as study site.

To minimize the effect of different macadamia varie-
ties, we selected Pahala (788) for our study, a variety
commonly grown in the region. However, Pahala (788)
was not available in two out of 10 farms, which, instead,
grew the following varieties in our study block: 814, 842,
849, Mauka (742), and Kau (344). In addition, on three of
the other “Pahala farms,” individual Pahala (788) trees
had occasionally been replaced by other varieties so that
due to the design of the study and the spatial arrange-
ment of the trees, we had to include individual trees of
814, Kau (344), and 741. The selected varieties had similar
flower morphology, flowering periods (Vock et al., 1998),
and harvesting techniques. All experimental trees were in
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full production and of comparable age (mean: 15.6 years;
range: 8-27 years). All of the macadamia farms were
managed conventionally, following the recommenda-
tions of agricultural extension officers for pesticide and
fertilizer use. However, the study trees were excluded
from the usual pesticide applications in the orchards
shortly before (ca. three weeks) and until the end of the
study period (May 2019 to May 2020) in order to stan-
dardize and reduce the potential impact of pesticides on
pollinators. This meant that whole blocks were excluded
on farms where pesticides were applied by helicopter,
and rows were not sprayed on farms where trailer
sprayers were used.

Experimental design

We selected eight trees on each of the 10 study farms,
resulting in a total of 80 study trees. Two adjacent trees
always formed a sample unit (Appendix S1: Figure S2).
To analyze the ecosystem services provided by predators
(bats and birds) and (insect) pollinators, we applied an
experimental nested exclusion approach (Figure la-c).
The exclusion of bats and birds as predators versus no
exclusion provides insight into their biocontrol services
(Linden et al., 2019). Cages, made of a wooden frame
(dimensions 5 X 10 X 5 m) and a large nylon mesh net
(net eye size 2 X 2 cm) surrounding one sampling unit
each, ensured their exclusion, but not of smaller preda-
tors (e.g., spiders). Half of the trees were covered by these
cages, while the other half served as control. The net
prevented diurnal as well as nocturnal predators from
foraging in the trees. Pollinators, in contrast, could easily
pass the net (Anders et al., 2022). In addition, we experi-
mentally excluded pollinators at each tree, including
trees within and outside of the cages. For this purpose,
we selected six racemes per tree where all flowers
were still closed but would open in the next few days.
One or more racemes were enclosed in a net bag
(Rewe Mehrweg-Frischenetz, 100% polyester, mesh size:
0.05 mm, bag size: 310 X 280 mm), which allowed wind
pollination but not insect pollination (Figure 1b). We
randomly chose three suitable racemes in the lower part
of the tree (<2 m) and in the upper part of the tree
(>2 m). When counting the initial nut set, we removed
the bags to allow for comparable growing conditions of
all marked racemes. As a control, we randomly marked
20 racemes per tree, again half in the lower and half in
the upper part of the tree. In combination with the predator
exclusion, we thus had four treatments: exclusion of both
predators and pollinators (bagged racemes on caged trees),
pollinator exclusion only (bagged racemes on open trees),
predator exclusion only (open racemes on caged trees), and
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no exclusion (open racemes on open trees). We analyzed
the main effects and two-way interactions of biocontrol and
pollination on nut set, as we assumed that both ecosystem
services influence nut set. Pollination is a prerequisite for
fruit set (Anders et al., 2022; Grass et al., 2018). Biocontrol
is critical, as some of the macadamia pests in the study area
can cause premature nut shedding (Jones, 2002; Van den
Berg et al, 1999). Due to the developmental biology of
macadamia nuts and our study design, we were unable to
analyze the interaction between pollination and biocontrol
on nut quality. The nuts fall to the ground when ripe, so it
is not possible to trace which raceme the nuts were attached
to before they fell and thus which pollinator treatment they
received. Hence, we only analyzed the effects of pollinator
exclusion on nut set, but not on nut quality.

To assess effects of the orchard design on pollination
and biocontrol services, we applied the nested exclusion
on four trees at the edge of the block adjacent to natural
habitats and four trees in 50 m distance from the edge,
that is, in the center of the study block at each study
orchard. From here on, this will be referred to as “position
in block.” Moreover, we recorded the orientation of the
planted tree rows from the orchard edges to natural hab-
itats (perpendicular n =5, parallel n =5). We also
recorded whether the block was irrigated or not (yes
n==6,non=4).

Nut set and quality assessment

In September 2019, once the first nuts had developed (this
took between 3 and 5 weeks after flowering, depending on
the altitude and water management of the farms), the
initial nut set was counted and in early December 2019,
18-20 weeks after flowering, the final nut set was
recorded.

Macadamia nuts were collected weekly or biweekly
between January and May 2020. Randomly, 1 kg of the
yield that was collected from the caged and open sample
units was analyzed. The samples were dried, cracked and
inspected for quality defects. Total sample weight, shell
and kernel weight were recorded. The total kernel weight
was divided into sound (undamaged) and unsound (dam-
aged) kernels. The unsound kernels were classified into the
following seven types of damage: immature = immature
nuts; fungi = damage caused by fungus, which is often a
result of minor insect damage of the husk (Jones, 2002); nut
borer = damage caused by nut borers (e.g., Thaumatotibia
batrachopa, Meyrick, 1908); early stink bug (ESB)
= damage caused by a stink bug at an early stage of nut
development; late stink bug (LSB) = damage caused by
a stink bug at a late stage of nut development; shell
marks = indefinite light or dark marks on the shell and
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germination = geminated seeds. As insect damage we
considered the combined damage of nut borer, ESB and
LSB. The insect damage was used as indicator for nut
quality. See Appendix S1: Section S2 for a detailed
description of the quality analyses.

Bat activity and arthropod assessment

To assess the bat activity in the orchards, we passively
recorded the echolocation calls of the bats with SM4BAT
recorders (Song Meter SM4BAT FS Ultrasonic Recorder,
Wildlife Acoustics Inc., USA). Between June 2019 and
March 2020, the calls were recorded every six weeks,
resulting in five rounds. For each round, the recording
time was between 5:00 p.m. and 6.00 p.m., and 11:00 p.m. and
12:00 a.m. for two consecutive nights. All call sequences
were manually identified to the species level using
AnalookW (version 3.8; Corben, 2006) after converting
them to zero-crossing (ZC) files using Kaleidoscope
(version 1.1.15; 2022).

To assess the availability of potential prey for bats
and potential pest insects, we recorded the abundance of
arthropods on and under the study trees in six rounds
between June 2019 and May 2020. Each tree was sur-
veyed for arthropods for 10 min. The trunk and lower
hanging branches were observed for 5 min, while the
canopy and higher branches were observed for another
5min using a ladder. All arthropod individuals were
identified in the field to order level.

Statistical analysis

Effects of pollination and biocontrol on nut set
and quality

We used generalized linear mixed models (glmmTMB)
fitted with R package “glmmTMB” (Brooks, 2017) in R
(R Core Team, 2022) to analyze the effects of pollination
and biocontrol exclusion on nut set and quality. For test-
ing the sole effect of pollination on the nut set, we used
the initial and final nut set as response and the pollina-
tor exclusion treatment (pollinator exclusion vs. open
racemes) as fixed effect. For testing the combined effect
of pollination and biocontrol, we used the pollinator
exclusion treatment, the biocontrol exclusion treatment
(predator exclusion and open trees) and their interaction
as fixed effects. For all models regarding the nut set, site,
pair, and tree individual were included as nested random
effects, and study block age as a crossed random effect.
We accounted for the high number of zeros in the data
(zero-inflation) by adding a general zero-inflation parameter
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(ziformula = ~1). We chose a negative binomial distribu-
tion with linear parameterization (Hardin & Hilbe, 2007).

To analyze nut damage with and without biocontrol,
we fitted a binomial glmmTMB for each type of damage
and the combined insect damage. The exclusion treat-
ment (predator exclusion vs. open trees) was included as
fixed effect, the site and pair as nested random effects,
and the age of the study block as crossed random effect.
As the nuts for the quality analysis were pooled within a
tree pair, we did not use the individual tree as random
effect like we did for the nut set models.

Effects of landscape context and orchard design
on nut set and nut quality

To test the effects of pollination and biocontrol services
under different landscape and orchard design contexts, we
applied a multi-model inference approach (Burnham &
Anderson, 2002). For each analysis, we first fitted a global
model including all explanatory variables and ecologically
meaningful two-way interactions that were related to our
research questions. We then used the “dredge” command
(package “MuMIn”) (Barton, 2022) to generate candidate
models with all possible combinations of the variables
and interactions. To avoid over-parameterization, we lim-
ited the number of variables in each candidate model to
four. The relative importance of each explanatory variable
and two-way interaction was assessed by the sum of
Akaike weights (3 _w;) across all models including the var-
iable or interaction. The AICc (Corrected Akaike Informa-
tion Criterion) for each model was calculated. The derived
models within a delta AICc < 2 compared with the best-
fitting model form the top model set were considered
as equally meaningful. When there was more than one
model in the top model set, we selected the model from
the set that included only variables with an importance
value with Xw; > 0.5 for interpretation. To check the
model fits, we compared all models in the top model set
with the null model, which contained the same random
effects but no fixed effects. If the difference in AICc
between the null model and the model being evaluated
was greater than 2, we considered it to be meaningful. In
addition, we calculated the marginal and conditional R>
values to check how well the model explained the varia-
tion in our response variables.

Considering the surrounding landscape and
orchard design, the global models predicting the initial
and final nut sets, respectively, included the following
fixed effects: cover of natural habitats, row orientation,
position in block, irrigation, and altitude and their
two-way interaction with the exclusion treatment.
Again, we set the pair, site, and individual tree as
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nested effects, the orchard block age as crossed random
effect, and included a general zero-inflation formula. A
negative binomial distribution with linear parameteri-
zation was most appropriate to model the initial nut
set (Hardin & Hilbe, 2007), while a Poisson distribution
best fitted the data for the final nut set. Across the
model set of candidate models, we always limited the
number of model terms by model to four to avoid
overparameterization.

To evaluate the effects on nut quality, we performed
two analyses. First, we tested whether the effect of
biocontrol (exclusion treatment) on nut quality was
dependent on landscape and orchard design contexts.
Therefore, we used a binomial as global model that
included insect damage (damaged nuts/sound and dam-
aged nuts in grams) as response, and contained cover of
natural habitats, altitude, row orientation, position in
block, number of arthropods in trees, bat activity and
their two-way interaction with exclusion treatment of
predators as fixed effects. Pair and site were included as
nested random effects and block age as a crossed
random effect. As the number of arthropods in trees
was positively correlated with altitude, all models that
included these two predictors were excluded from the
model set.

Second, we tested which landscape and orchard
design factors influence nut quality independent from
bat and bird exclusion. To do this, we ran a binomial
global model, in which insect damage was set as
response, while bat activity, cover of natural habitats,
altitude, row orientation, number of arthropods in trees
and position in the block were included as fixed effects.
Again, all models that contained the combination of
altitude and number of arthropods were excluded. Also
here, pair and site were included as nested random
effects, and age and biocontrol exclusion treatment were
included as crossed random effects.

RESULTS

Pollinators increase nut set and predators
enhance nut quality

We counted the nut set of 2037 racemes (Appendix S1:
Table S1). The initial as well as the final nut set were
significantly increased by insect pollination (Table 1).
The initial nut set of open racemes was almost four times
higher compared to pollinator exclusion (mean = 2.69,
SE = 0.57 vs. mean = 0.70, SE = 0.16, p < 0.001), and
the final nut set was more than six times higher after
insect pollination (mean = 0.46, SE = 0.18 vs. mean =
0.07, SE = 0.03, p < 0.001). Experimental exclusion of

85UB01 T SUOWIWIOD SAIIERID 3(dedl|dde ay) Aq peusenob afe saoie YO ‘8sn Jo SNl J0j Areiq1T8UUO A8]IA UO (SUDNIPUD-PUE-SWLBIW0D A8 M Ale.q Ul Uo//:Sdny) SUORIPUOD pue sWe 1 8y} 88S *[7z02/TT/T0] uo ARigiTauluo (1M TVdaN - dSVNI Aq 670 dea/z00T 0T/10p/woo A im Ariqijuljuo's feu.nofess//sdny wouy pepeojumoq ‘0 ‘Z8SS6E6T


https://esajournals.onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Feap.3049&mode=

80f18 |

ANDERS ET AL.

bats and birds did not affect nut set, and there was nei-
ther a synergistic nor an antagonistic interaction
between biocontrol and pollination on nut set (Figure 2,
Table 1).

The quality analyses of in total 36.14 kg macadamia
nuts in shell showed the following results. The harvested
nuts had an average total kernel rate (TKR = dry nut
weight/dry nut in shell weight) of 32%, consisting of 25%
sound kernels and 7% unsound kernels. The largest pro-
portion of unsound kernels were immature nuts (69.4%),
followed by damage due to ESB damage (9.6%), nut
borers (9.1%), fungi (6.5%), and LSB damage (1.7%).
Unspecified shell damage and germination account for
the remaining 3.7% of unsound kernels. However, the
probability of immature nuts, germination, shell marks,
and damage by fungi, nut borers and ESBs significantly
increased in the exclusion cages (Figure 3). The probabil-
ity of insect damage, that is, the combined damage from
nut borers, ESBs and LSBs, was 70% higher when birds
and bats were excluded compared with open trees
(mean = 0.034, SE = 0.007 VSs. mean = 0.020,
SE = 0.012, p < 0.001) (Figure 3).

The biocontrol exclusion increased the abundance
of hemipterans (including detrimental aphids and
bugs) by 60% (mean = 3.00, SE = 0.92 vs. mean = 4.81,
SE = 1.44, p < 0.001), but had no effect on the abun-
dance of hymenopterans (including pollinating bees,

a) Initial nut set

predator exclusion open trees

Q. o

nut set per raceme

-
H o

@ + @

pollinator exclusion treatment

parasitoid wasps and ants; Appendix S1: Table S2,
Figure S2).

Interaction of pollination and
biocontrol with landscape context and
orchard design

The analysis of the initial nut set including the interac-
tion of orchard design and landscape factors with the
nested exclusion of pollinators and predators yielded four
models within delta AICc < 2 (Table 2). All four models
in the set contained pollination exclusion treatment as
predictor (Table 1). Additionally, the predator exclusion
treatment, the position in block and the altitude, as well
as the interaction between pollination and row or altitude
were included in the models. We selected the fourth-
ranked model for interpretation, because, here all
included variables had an importance value Zw;> 0.5,
which was not the case for the other models (Table 3).
The interaction of row orientation and pollinator exclu-
sion experiment was significant, but the general pattern
of a considerable increase in initial nut set after open pol-
lination remained the same with both row orientations.
However, the increase in nut set was more pronounced
in rows oriented perpendicular to the natural habitat
edges (Figure 4a).

b) Final nut set

predator exclusion open trees

0.8 -
@a ° S,
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FIGURE 2 [Initial and final nut set after the nested exclusion treatments: (a) initial nut set, (b) final nut set. Different letters indicate
significant differences between all four groups (p < 0.05); error bars indicate the confidence levels

(0.05 and 0.95).
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FIGURE 3 Probabilities of damage types in unsound kernel, with and without biocontrol exclusion (ESB, early stink bug;
LSB, late stink bug). Letters indicate significant differences with and without biocontrol exclusion (p < 0.05). Photographs by Corrie

Swanepoel.

The model selection of the best fitting models regard-
ing the final nut set resulted in one model within delta
AICc < 2. It included position in block and the interac-
tion between altitude and the pollination exclusion exper-
iment as fixed effects (Table 3). The final nut set was
higher at higher altitudes, and the effect of pollination
exclusion was stronger, meaning a lower final nut set
after pollinator exclusion and a higher nut set after open
pollination at higher altitudes (Figure 4b). In addition,
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the final nut set is significantly reduced by 50% at the
orchard edges.

Regarding the insect damage after biocontrol exclusion,
model selection gave one most likely model within delta
AlICc < 2, including the predator exclusion treatment, posi-
tion in block, altitude, and the interaction of altitude and
predator exclusion. The probability of insect damage was
significantly increased, that is, about three times, at the
orchard edges to the natural habitats compared with the
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TABLE 1 Interacting effect between pollination and
biocontrol on the initial and final nut set.

Predictor ¥ df D

Initial nut set
Pollination exclusion 219.28 1 <0.001
Biocontrol exclusion 3.93 1 0.047
Pollination exclusion X 3.97 1 0.046
biocontrol exclusion

Final nut set
Pollination exclusion 99.70 1 <0.001
Biocontrol exclusion 0.35 1 0.554
Pollination exclusion X 0.12 1 0.726

biocontrol exclusion

Note: Bold denotes statistical significance (p < 0.05).

center of the blocks. The probability of insect damage was
enhanced at higher altitudes. However, where trees were
accessible to bats and birds, there was a significant reduc-
tion in damage at both high and low altitudes (Figure 4c).
Bat activity had no effect on insect damage.

Landscape and orchard design factors
affect nut quality

The multi-model inference approach to test the effects
of landscape context (i.e., altitude and cover of semi-
natural habitat), bat activity, arthropod abundance,
and orchard design on nut quality, independent from
biocontrol exclusion, yielded one most likely model
(Table 4). This model contained three predictors as

TABLE 2 Global models and model sets of the best-fitting models within delta AICc < 2 for the analyses of the interaction between
ecosystem services (pollination and biocontrol) and landscape and orchard design factors.

Model Response Predictor variables

Global model initial nut set (ins)*

insl Initial nut set POL + row + BPC
POL X row

ins2 POL + row + PIB
POL X row

ins3 POL + altitude + BPC +
POL X altitude

ins4 POL + row + POL X row

Global model final nut set (fns)®

POL + altitude + PIB POL X
altitude

fns1 Final nut set

Global model insect damage (id)*

BPC + altitude + PIB
BPC X altitude

id1 insect damage

Global model insect damage in landscape context (idL)"
PIB + habitat + altitude

idL2 PIB + habitat + row +
arthropods

idL1 insect damage

Akaike
R?, R%, df AICc dAICc weight
0.245 0.106 11 5807.33 0.00 0.273
0.247 0.108 11 5808.34 1.01 0.165
0.251 0.113 11 5808.94 1.61 0.122
0.246 0.109 10 5809.16 1.83 0.109
0.759 0.283 10 2781.130 0.00 0.782
0.996 0.385 8 1353.614 0.00 1.000
0.996 0.393 8 1447.278 0.00 0.342
0.999 0.368 9 1448.079 0.80 0.230

Note: The predictor variables are: POL = pollinator exclusion (open pollination/pollinator exclusion), BPC = biocontrol exclusion, habitat = cover of natural
habitats in 1 km radius, altitude (low: 730-900 m asl/high: 1180-1330 m asl), row = row orientation (parallel/perpendicular), irrigation (yes/no),

PIB = position in block (edge/center), arthropods = number of arthropods in trees, bat.activity = number of bat calls. As model evaluation, the conditional
R-squared (R*c) and marginal R-squared (R *m), conditional Akaike information criterion (AICc), delta AICc = difference in AICc between a model and the
top ranked model (dAICc) and Akaike weights are shown. The R? are calculated applying the trigamma-method, while for binomial models, the theoretical R*
is shown. The underlined models are presented in Tables 3 and 4 and used for interpretation.

4glmmTMB(initial_nut_set ~ POL X BPC X (habitat + altitude + row + PIB + irrigation) + (1|age) + (1|pair/Site_ID/Tree_ID), ziformula = ~1,

family = “nbinom2”).

bglmmTMB(final_nut_set ~ POL x BPC x (habitat + altitude + row + PIB + irrigation) + (1|age) + (1|pair/Site_ID/Tree_ID), ziformula = ~1,

family = “poisson”).

‘glmmTMB(cbind(insect.damage, not.ins.dam) ~ BPC x (habitat + altitude + row + PIB + arthobopds + bat. activity) + (1|age) + (1|pair/Site_ID),

family = “binomial”).

dg1mmTMB(cbind(insect.damage, not.ins.dam) ~ habitat + altitude +row + PIB + artropods + bat.activity + (1/BPC) + (1|age) + (1|pair/Site_ID),

family = “binomial”).
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TABLE 3 Best-fitting models showing the interaction of
pollination and biocontrol with different landscape and orchard
design contexts.

Predictor ¥ df D

model ins4—Response: Initial nut set

(Intercept) 0.12 1 0.732
Pollinator exclusion 29.90 1 0.306
Row orientation 1.05 1 <0.001
Pollinator exclusion X 39.65 1 <0.001
row orientation

model fns1—Response: Final nut set
(Intercept) 16.03 1 <0.001
Altitude 6.75 1 0.009
Position in block 6.09 1 0.014
Pollinator exclusion 30.68 1 <0.001
Pollinator exclusion X 16.65 1 <0.001
altitude

model id1—Response: Insect damage
(Intercept) 90.77 1 <0.001
Biocontrol 270.24 1 <0.001
Altitude 3.78 1 0.051
Position in block 1185.45 1 <0.001
Biocontrol exclusion X 95.92 1 <0.001

altitude

Note: The model for insect damage includes only the exclusion of predators,
but not of pollinators. Bold denotes statistical significance (p < 0.05).

fixed effects, altitude, cover of natural habitat, and
position in the block. Bat activity, in contrast, was not
included. The probability of insect damage increased
with altitude and at orchard edges next to natural habi-
tat. Furthermore, the cover of natural habitat (% in
1 km radius) significantly reduced the probability of
insect damage (Figure 5). For example, the probability
of damage was on average 0.04 (SE = 0.02) in land-
scapes with 30% natural habitats, while it was reduced
to 0.02 (SE =0.01) in landscapes with 60% natural
habitats.

DISCUSSION

Combining exclusion treatments and orchard design with
landscape context, our study shows that both pollination
and biocontrol are complementary ecosystem services
driving macadamia production. Animal pollination
increased the initial and final nut set by 280% and 525%,
respectively. Biocontrol by bats and birds reduced insect
damage of nuts by 40%. Orchard design and landscape
context moderated the ecosystem services: Pollination
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services increased in orchards where macadamia tree
rows were positioned perpendicular to orchard edges
facing natural habitat. Insect damage decreased with
greater cover of natural habitat at landscape scale and
increased with elevation. Smart orchard design and the
conservation of natural habitat can simultaneously
enhance both services.

Interplay of pollination and biocontrol
services

In this study, we tested the additive and interactive
effects of insect pollination and biocontrol by bats and
birds on macadamia production. In line with previous
research that studied the two ecosystem services sepa-
rately (Anders et al., 2022; Grass et al., 2018; Linden
et al., 2019), our study confirmed the importance of both
ecosystem services using a nested exclusion experiment.

Contrary to our expectation that biocontrol and polli-
nation services additively increase macadamia nut set, as
indicated by Linden et al. (2019), we found that the nut
set primarily depended on pollination, but not on biocon-
trol. Here, insect pollination increased the initial nut set
and therefore also indirectly the final nut. We assumed
that the biocontrol service would further increase final nut
set, because some of the macadamia pest insects in the
study area can cause premature nut drop (Jones, 2002;
Van den Berg et al., 1999). However, there are other causes
of premature nut drop besides pest infestation, such
as drought and even selective fruit abscission of self-
pollinated immature fruits is hypothesized (Richards
et al.,, 2020) or the macadamia pests relevant at our
study sites do not usually lead to premature nut shed-
ding. Nevertheless, biocontrol services were of relevance
as services provided by bats and birds considerably
reduced the insect damage of nuts and thus increased
the nut quality. Also fungal damage, which can be an
indirect insect damage (Jones, 2002), was significantly
reduced in situations where trees were accessible to bats
and birds compared with the exclusion treatment. While
the relative insect damage was generally low (7% unsound
kernel rate, of which 20% was insect damage), its reduc-
tion is still important considering high rates of chemical
pesticide application in macadamia orchards, with farmers
often aiming at very low levels of pest damage (1%-2%
unsound kernel rate).

Analyzing the effects of the two services in combina-
tion, we could demonstrate that they affect different
aspects of macadamia production. Pollination service is a
prerequisite for high yield (Anders et al., 2022; Grass
et al, 2018; Kamper et al., 2019), while biocontrol
services significantly reduce pest damage (Linden
et al., 2019; Maas et al., 2016; Taylor et al., 2018; Weier
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FIGURE 4 Interaction of exclusion treatments and landscape and orchard design factors. The best-fitting models are shown.

(a) The pollination exclusion interacted with the row orientation (parallel/perpendicular) when predicting the initial nut set (model ins4).
(b) The pollination exclusion interacted with the altitude (low: 720-900 m asl/ high: 1180-1330 m asl) and position in block was
significant predicting the final nut set (model fns1). (c) When predicting the probability of insect damage (model id1), the

exclusion of the predators interacted with the altitude, and the effect of the position in block was significant). Letters above the bars
indicate statistical significance between the groups (p < 0.05) and the error bars indicate the confidence levels (0.05 and 0.95).

et al., 2019). Moreover, the foraging activity of bats and Hemiptera, which comprise major pest species for
birds on arthropods significantly reduced the overall macadamia (e.g., Aphis gossypii, Glover 1877 and Nezara
arthropod abundance in the trees, especially the viridula, Linnaeus, 1758; see Appendix S1: Section S1,
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Figure S1, Table S3). In contrast, the abundance of other
arthropod groups, including Hymenoptera that include
beneficial insects such as pollinating bees and parasitoid
wasps, was not affected.

Orchard design and landscape context
moderate pollination and biocontrol services

We found a significant interaction of pollination service
and tree row orientation with respect to initial nut set.
The difference between pollinator exclusion and no
exclusion was more pronounced in orchards with perpen-
dicular row orientation toward the natural habitats at the
orchard edges, because this orchard design improves
the pollination service by insects (Anders et al., 2022). In
particular, by orienting the tree rows perpendicular
toward the orchard edges, spillover of pollinators from
natural habitats is enhanced and the nut set is increased
sustainably. Thus, optimized orchard design is a viable
approach for ecological intensification of macadamia
production, in particular, the initial nut set.

TABLE 4 Best-fitting model of landscape and orchard design
factors predicting insect damage.

Predictor ¥ df D

model idL1—Response: Insect damage

The final nut set of open pollinated racemes was
almost doubled at high altitudes compared with low alti-
tudes. The final nut set of bagged, that is, wind- or self-
pollinated, racemes was higher at low altitudes, which
could be due to different wind and microclimate condi-
tions in the valley. As previously shown, the higher alti-
tudes generally had a positive effect on the final nut set
in the study area (Anders et al., 2022). A possible reason
is the cooler climate at higher altitudes, which may
have mitigated the extremely hot and dry season in
2019/2020, which was a problem for macadamia cultiva-
tion (personal communication with farmers: G. Whyte,
P. Thomas January 2020).

Biocontrol by predators significantly reduced insect
damage regardless of orchard design, position in block
and cover of natural habitat in the near landscape, mak-
ing biocontrol an important ecosystem service in all con-
texts. We found a significant interaction of biocontrol
service and altitude. While the biocontrol services by
predators decreased insect damage in all locations, the
magnitude varied depending on the altitude. Biocontrol
service was stronger in lower altitudes reducing the
probability of insect damage on average by 50% (from
0.024 to 0.012), than in higher elevations where the
reduction was 13% (from 0.056 to 0.049). It has been
shown that bat activity tends to be higher at lower
altitudes in the Soutpansberg region, possibly providing
higher levels of biocontrol service in the valley (Linden
et al., 2014; Weier et al., 2017). It is possible that the

(Intercept) 113.36 1 <0.001 ' _ o
Altitude (high) 14979 1 <0.001 ab‘undar‘lce, diversity, and actl'v1ty of predators change
Position in block (ed 120042 ) 0.001 with altitude because of the different landscape charac-
oston i 'OC (edge) ' <0 teristics. The availability of alternative food sources for
Natural habitats 6335 ! <0.001 predators may differ, which may influence their presence
Note: Bold denotes statistical significance (p < 0.05). and effectiveness in controlling pests. The insect damage
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FIGURE 5 Additional analysis of landscape and orchard design effects on the insect damage without biocontrol exclusion as fixed
effect. The best-fitting model (model idL1) contains altitude, position in block and cover of natural habitats as fixed effects. Letters indicate
statistical significance between the groups (p < 0.05) and the error bars and the shade indicates the confidence levels (0.05 and 0.95).
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was particularly high at higher altitudes. Pest pressure
could be elevated at higher altitudes due to a different
microclimate that favors insect populations. Interestingly,
the pest pressure perceived by the farmers is the opposite,
being much higher in the lower farms (personal communi-
cation with farmers and managers). This can be explained
by the history of the landscape, as the macadamia
orchards in the valley are on average much older (about
40-60 years) than those at higher altitudes so that the
introduced pest species have had more time to establish.
As a result, insecticide use in the lower region is generally
more rigorous than in the higher located orchards
(personal communication with farmers and managers),
possibly resulting in less insect damage there. However,
we point out that the 10 selected study farms were
conventionally managed farms where pesticide use is
comparable. To summarize, the altitude factor in our
analysis is a mixture of many factors, including microcli-
mate, landscape history and other unknown influences,
thus should be interpreted with caution. Although altitude
is ambiguous, it is important to include it in the analysis
in order to separate its influence from the other effects
analyzed.

We did not detect an interaction between the cover of
natural habitat or orchard design with biocontrol exclu-
sion. However, analyzing the effects on insect damage
independently from the biocontrol exclusion, we found
that greater cover of natural habitat in the surrounding
landscape was negatively related to insect damage on
farms. This is likely driven by the higher abundance of
predating birds and bats, as shown by previous studies on
the study farms (Weier et al., 2018). Moreover, natural
vegetation is habitat for parasitoid insects. For example,
the wasp Trissolcus basalis (Wollaston, 1858), but also the
tachinid flies Bogosia bequaerti (Villeneuve, 1913) and
Bogosia antinorii (Rondani, 1873) are natural enemies of
two common stink bug pest species in Limpopo, that is,
Nezara viridula (Linnaeus, 1758) and Bathycoelia distincta
Distant (De Villiers & Joubert, 2003; Pal et al., 2022).
Hymenopteran parasitoid abundance increased with alti-
tude and natural habitat cover in macadamia orchards in
Levuhu Valley (unpublished data). Contrary to our expec-
tation we detected no direct effect of bat activity on insect
damage. This could be explained by the fact that bat activ-
ity does not fully coincide with their predation activity, for
example, if bats instead only traverse the plantation or
forage exclusively locally in particularly suitable locations
(Weier et al., 2021).

Despite the positive effects of natural habitat, the
insect damage was, on average, more than doubled at
the orchard edge to natural habitat as compared with
50 m distance from the edge, which is in line with studies
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finding increased pest infestation at crop edges
(Aigner et al., 2017; Minarro & Prida, 2013; Renkema
et al., 2014; Venugopal et al., 2014). At the same time,
increased predator activity and thus increased biocon-
trol services are proclaimed at field or orchard edges,
including by birds and bats that often forage at field
edges (Kolkert et al., 2021). Linden et al. (2019) suggest
that biocontrol services still outweigh negative edge
effects, including greater pest pressure, in macadamia
orchards.

We point out that row orientation of macadamia
trees to orchard edge did not affect insect damage.
Anders et al. showed that a perpendicular orientation
of macadamia tree rows next to natural habitat border-
ing orchard blocks promoted macadamia pollination
(2022). This is likely because it facilitated pollinator
spillover from natural habitat surroundings into orchards
(Carvalheiro et al., 2010). With our study, we were able to
disprove the concern that along with the desirable pollina-
tors, undesirable insect pests could also more easily enter
the orchard and cause increased insect damage.

CONCLUSION

Insect pollination and biocontrol by bats and birds are
both crucial ecosystem services in macadamia production
and complement each other to increase yields and
reduce insect damage of macadamia nuts. By optimiz-
ing the orchard design, that is, implementing a perpen-
dicular orientation of tree rows facing natural habitat,
macadamia pollination can be substantially improved.
In addition, to enhance nut quality, it is essential to
restore and retain natural habitats in and around
orchards. A smart combination of both measures can
result in complementary effects, improving the overall
nut production and quality in a sustainable way, and fol-
lowing the integrated approach of ecological intensifica-
tion (Bommarco et al., 2013).
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