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Abstract

1. Yields of tropical tree crops decline with time, often forcing smallholders to es-

tablish new deforestation-derived plantations. Consequently, alternative strate-
gies reconciling crop yield and biodiversity conservation are essential. Grafting is
a common propagation method to boost yield in crops as cacao, but it alters tree

structure potentially affecting associated insect diversity.

. We investigated how grafting affects cacao yield and biodiversity, modulated by

local management and landscape, that is shade-tree cover and distance to nearest
forest. Within nine organic agroforests in Peru, we monitored the number of pods
yielded over 2years by ~190 trees per plot, and compared production levels with
non-grafted trees. We collected arthropods on 54 trees shortly after grafting
and replicated surveys in the dry and rainy season, with standardized diurnal and
nocturnal inspection of tree branches. We expected grafting would increase yield
after a brief gap, while the arthropod community associated with freshly grafted

cacao would differ from that of full-grown cacao trees.

. Cacao grafting increased yields after 2 years by an average of 45% more than ad-

jacent non-grafted trees. Compared to non-grafted trees, arthropod abundance
was 25% lower 3 months after grafting and 12% lower after 6 months, indicating
arecovery of arthropod communities shortly after grafting. Similar patterns were
observed for species richness (22% and 12%) and Hill-Shannon diversity (18%
and 13%). Abundance of phytophagous insects (mainly aphids) was unchanged
with grafting. However, we found 46% fewer beetles and 39% fewer predatory
arthropods (mainly spiders) on young—but not old—grafted cacao, indicating a
possible decrease in pest control services by predatory arthropods at early graft-

ing stages.

. We observed richer, more diverse, but less abundant arthropods during noctur-

nal surveys than on diurnal surveys. Arthropods were richer, more abundant and
diverse in the rainy season than in the dry season. Increasing shade-tree cover

decreased arthropod diversity but did not affect species richness or abundance.
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1 | INTRODUCTION

Yield gaps in smallholder farming are a major challenge in tropical
commodity production, often associated with high levels of pov-
erty and deforestation (Clough et al., 2009; Steffan-Dewenter
et al., 2007; Wurz et al., 2022). Addressing yield gaps of tropical
tree cash crops without sacrificing agrobiodiversity is challenging,
given that common strategies to enhance yield focus on intensifying
agricultural practices through monocultures, due to expected yield
benefits (Wessel & Quist-Wessel, 2015), despite evidence that agro-
forestry with intermediate shade-tree cover supports higher biodi-
versity, and associated ecosystem services at little cost for crop yield
(Clough et al., 2011; Rakotomalala et al., 2023). Reductions in crop
yield are often linked to the impact of pests and diseases, plant age-
ing and unsustainable management practices, which tend to force
smallholders to abandon plantations and sustain their income by es-
tablishing new cropland, at the cost of remaining forests (lvanova
et al., 2020; Ruf et al., 2015). Strategies that increase the produc-
tive life of already existing commodity crops without compromising
biodiversity have the greatest potential to sustainably address yield
gaps and reduce the pressure on surrounding natural habitats.

Grafting is a long-used management technique to asexually
propagate vegetable plants, which allows for the rapid rehabilita-
tion of old, unproductive plants (e.g. Rivard & Louws, 2008; Toledo-
Hernandez et al., 2023). Grafting may recover yield due to the
introduction of younger and vitalized tissue, but may also bring addi-
tional features of flavour, productivity or resistance to extreme envi-
ronmental conditions associated to its genetic makeup (e.g. Kyriacou
et al., 2020; Nawaz et al., 2016; Rivard & Louws, 2008). However,
although multiple studies have evaluated the effect of vegetable
and fruit tree grafting on growth and productivity (e.g. Kyriacou
et al., 2020; Nirosha et al., 2023; N'zi et al., 2023), the benefits for
cacao yield are much less well documented.

The technique consists in combining two plants of one or more
species, by implanting a scion—a branch section with one or more
active buds—onto a host plant known as the rootstock, gradually

Shorter distances from forest decreased richness and diversity, but not abun-
dance, possibly due to higher pressure from vertebrate predators nearby forests.
5. Synthesis and applications. Grafting is a successful approach for rejuvenating
old, unproductive cacao trees, enhancing smallholder income opportunities and
thus reducing pressure for new deforestation-based plantations. Grafting briefly
reduced arthropod abundance and diversity, but recovered in a short time. Hence,
rejuvenation of cacao trees by grafting should be promoted and implemented as
a promising strategy for more sustainable social-ecological cacao management,

with economic and ecological benefits for smallholders.

agricultural sustainability, crop productivity, ecological regeneration, native cacao,

replacing the crown of the tree with a completely new species or
variety (Marattukalam & Saraswathyamma, 1992). Consequently,
the old complex plant crown is replaced by a much-simplified crown
dominated by young meristematic tissue from the scion, while the
grafted tissue benefits from the fully developed root system of the
mother plant. This young tissue is more vulnerable to herbivores
given its lower lignification, and high nutrient and water content, and
therefore may be expected to be visited more frequently by phy-
tophagous insects (Basset, 2001; Conceicéo et al., 2019; Cuevas-
Reyes et al., 2004). Moreover, a simplified crown structure with
fewer branches than adult plants likely reduces the plant's structural
heterogeneity and availability of refuges and other resources for ar-
thropods, such as spiders (Lawton, 1983). These changes are likely
local and may be counterbalanced by a quick recolonization from
surrounding vegetation (Klein et al., 2002). To our knowledge, there
is no assessment so far about how grafting, in combination with dif-
ferent management of surrounding vegetation, affects arthropod
communities on tree crops and cacao yields.

In addition, other factors influence the composition of arthro-
pods, such as season (e.g. Guerrero et al., 2003; Wagner, 2001)
and daytime (e.g. Basset, 2001; Costa & Crossley Jr., 1991; Hoehn
et al., 2008). In cacao, previous studies have shown higher numbers
of flying arthropods at night (Young, 1986), or more flower visitors
in the rainy season (Tarmadja, 2015). Furthermore, the occurrence
of shade in agroforestry systems can provide habitats for tropi-
cal forest animals from adjacent forests and can benefit ecosys-
tem services such as pollination or biological pest control (Rice &
Greenberg, 2000; Schroth & Harvey, 2007; Tscharntke et al., 2011).

In cacao, grafting has been used for several decades as an alter-
native to improve plant yield, bean quality and resistance to adverse
environmental conditions (Ceccarelli et al., 2022; N'zi et al., 2023).
Frequently, new plantations are established with grafted seedlings,
or such seedlings are used to replace dead plants within a planta-
tion. In recent years, rehabilitation of old, unproductive plantations,
whereby large areas or entire plantations of resident cacao trees
are grafted simultaneously is increasingly being applied (Somarriba
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et al., 2021; Zavaleta et al., 2022). Grafting is preferred given its
lower cost and higher success rate than other drastic strategies
such as renovating through replanting—ca. USD $5000 for replant-
ing vs. USD $1350 for renovating the tree crown through grafting
or rehabilitating the crop through fertilization of soils with mineral
nutrients and other fertilizers, in coffee agroforestry (USAID, 2017,
Wiegel et al., 2020). However, there is no published data quantifying
the success of large-scale grafting and the time it takes to achieve
higher yields. Since grafted cacao is less productive during the first
1-2years, as the branches grow and mature, initiatives to reconvert
entire plantations represent an economic risk for smallholders, who
rely mainly on income from their crops and who represent ca. 90%
of cacao producers worldwide (Voora et al., 2019). Therefore, the
consequences of cacao grafting for crop yield and economic stability
as well as for biodiversity must be considered together.

Here, we assessed the effects of grafting and graft age on yield
and arthropod biodiversity on cacao trees grafted with fine-flavour
native cacao genotypes in agroforests from Piura, Peru. We hypoth-
esized that grafting could positively influence cacao yield as soon
as cacao trees start being productive, from the second year after
grafting onwards. We also hypothesized that the change in plant
architecture resulting from the canopy pruning associated with
grafting negatively impacts overall arthropod abundance, as a result
of decreased crown area and resource availability and heterogene-
ity. Finally, we expected grafting to decrease arthropod diversity,
through a higher dominance of herbivorous taxa which would ben-
efit more than other arthropod guilds from the new meristematic

tissue as a food resource.

2 | MATERIALS AND METHODS
2.1 | Study areaand design

We selected nine cacao agroforests from smallholder farmers
associated with the agrarian cooperative Norandino, located around
the village of La Quemazoén (5°18'44.2” S, 79°43'08.3” W), at 245m.
a.s.l. in the department of Piura, Peru. The region is characterized
by a native vegetation of seasonally dry tropical forests, with
annual average temperatures of 25.4°C, ranging between 16.3°C
mean temperature minima in August and 33.0°C mean maximum
temperature in January (reference period: 1981-2010). Mean
annual precipitation is 489.5mm, concentrated between January
and April (91%; 445.6mm) with a precipitation peak in March
(SENAMHI, 2020). Under these environmental conditions, cacao
must be grown under year-round irrigation, normally performed by
gravity.

The agricultural landscape is dominated by a matrix of rice fields
grown seasonally and perennial cacao agroforests. Agroforests in-
clude cacao trees of ca. 3.5m, shaded by a combination of fruit trees
(e.g. Inga spp., Citrus spp., Mangifera indica, Persea americana) and
timber trees (e.g. Cedrela odorata, Prosopis palida, Tectonia grandis).
The selected agroforests had an average size of 0.57ha+SD 0.38 ha,
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and were located along a distance gradient to the nearest forest
patch, ranging between 681 m and 1249 m (Appendix S1; Ocampo-
Ariza et al., 2022).

Within each agroforest, areas of ca. 0.2 ha were grafted with dif-
ferent genotypes of the fine or flavour cacao variety Gran Blanco
de Piura between 2019 and 2020 (Thomas et al., 2023; Tscharntke
et al., 2023). We performed three grafts per tree from up to three
different genotypes selected for their high productivity and compat-
ibility (Vansynghel et al., 2023). Grafting success is known to vary
with management and biological factors (e.g. N'zi et al., 2023), and
in our case not all grafts succeeded. Some trees had to be re-grafted
3months after the first attempt. As a result, in each agroforest there
were cacao trees with grafts of two different ages (hereafter “graft
age”): (1) young grafted cacao, grafted in August 2019 and (2) old
grafted cacao, done ca. 3months before the young grafted cacao
(April-May 2019). Additionally, each agroforest had (3) non-grafted
trees, used as control, which were either never grafted or grafted
several years ago with unidentified genotypes without any selection
towards high yield. We selected two trees of each age category for a
total of six experimental trees per agroforest. In all grafted trees, the
crown of the rootstock was largely pruned or completely removed
approximately 1 month before the start of the arthropod sampling.
As a result, plant architecture was largely simplified and the foliage
remaining was mostly dominated by young leaves. We drastically
pruned non-grafted trees to make their crown volume similar to
that of grafted trees, but the tree's foliage was dominated by adult
leaves and lignified branches. Despite the drastic pruning, the crown
of old, non-grafted plants remained larger in comparison to that of
grafted cacao. We calculated the crown volume of each cacao plant
following (Frank, 2010), which showed an average reduction of 65%
from experimental non-grafted trees (12.38J_r7.OOm3, n=18) to
old grafted cacao (4.32+3.96m° n=18) and of 85% to the young
grafted cacao (1.74+1.52 mS, n=18). All pruning was performed in
the months when it is typically done in the region, as suggested by
the cooperative Norandino Ltda. Crown volume reduction could
negatively impact the plant's yield in the short term due to an over-
all lower availability of flowers from the cut branches and a higher
initial investment of the trees in vegetative growth. However, the
2-year gap between grafting and yield assessments (see below)
likely avoids any drastic short-term effects from pruning on our yield
assessments.

We evaluated the canopy cover of shade-trees (hereaf-
ter “shade-tree cover”) above each experimental tree using a
Taotronics® Fish-eye lens adapted to a smartphone. We attached
the smartphone to a selfie stick, took a picture at a standard height
of ca. 3.30m, and quantified the percentage cover of shade-tree
canopy in pictures with the software GIMP. Shade-tree cover
above experimental cacao trees ranged between 0% and 85.8%.
We measured the distance in a straight line of each agroforest
from the nearest (secondary) large area of tropical dry forest using
satellite imagery (Ocampo-Ariza et al., 2022). Distance from forest
is known to affect the diversity and function of arthropod commu-
nities in agricultural areas (Klein et al., 2006). The nearest forest
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was composed of two patches of seasonally dry tropical forest
covering an average surface of 142.89 +81.15 km?2. This average
patch size is characteristic of the fragmented forests in the Piura
region (Fremout et al., 2020; Linares-Palomino & Alvarez, 2005).

All research was developed under permit number 0519-2019-MIN
AGRI-SERFOR-DGGSPFFS.

2.2 | Arthropod sampling

We collected arthropods four times on each cacao tree: twice in the
dry season (December 2019; with young and old cacao grafts being
three and 6 months old, respectively) and twice in the rainy season,
between February and April 2020 (with young and old cacao grafts
being 6 and 9 months old, respectively). In each season, one sampling
round was done in the morning (07:00-11:00) and the second one at
night (19:00-00:00) on different days and times for each tree. Each
sampling round combined two methods to target either sessile or
mobile arthropods, each performed for 10min. First, we manually
collected arthropods using tweezers and brushes from branches,
trunk and leaves around the tree, from the base of the trunk to
the top of the tree's crown. Second, we used a modified branch
beating method, in which we shook the branches of cacao trees, and
caught all fallen insects into a beating tray of 72cm diameter with
a plastic bottle containing 70% alcohol in the middle (www.biofo
rm.de). Branch beating and manual collection significantly differed
in arthropod abundance and richness (paired t-test—abundance:
t=2.077;, p=0.039. Species richness: t=15.66; p<0.001; n=216
visits to all trees; Appendix S3), but we merged the data from both
methods for all analyses to achieve a more comprehensive data base.
As a result, for each study tree there were four replicates for data
analysis.

We sorted all collected arthropods into morphospecies and
identified them mostly to family level using several taxonomic keys
(Aguilera & Casanueva, 2005; Arnett Jr. & Thomas, 2000; Choate
& Choate, 1999; Gibb & Oseto, 2006; Nieves-Aldrey et al., 2006;
Schaefer, 2018). All morphospecies were classified into one of
three foraging guilds: (1) Phytophagous arthropods, including sap
suckers and plant chewers; (2) natural enemies, including preda-
tory and parasitic arthropods and (3) others, including mostly nec-
tar or pollen feeders and detritivores which could not be included
in the two previous groups. Since the third group included <5% of
the collected arthropods, we excluded it from further analyses.
None of the methodologies used in this arthropod sampling or in
any other parts of our study required approval from animal ethics

committees.
2.3 | Cacaoyield assessments
We monitored the potential yield of all grafted trees (ca. 0.2ha

per agroforest) in six visits starting in January 2021, that is 2 years
after grafting. Since we assessed yield on the whole grafting plots

and only knew the precise age of grafts on our four experimental
trees, we made no distinction between graft ages. The visits
were performed every 4months starting at the beginning of the
harvesting peak and repeated three times per year (January, May
and September) to cover two full years of harvest. In each visit,
we counted per tree the number of healthy fruits with >13cm
of length. These fruits were considered to be harvestable in the
next 4 months, without being at risk of abortion by the tree, based
on the average size of pods from this cacao variety (Thomas
etal., 2023).

All ripe pods per visit were harvested and weighted fresh. We
calculated the expected dry weight of each pod, by multiplying the
fresh weight by 0.4 (Villalobos Rodriguez & Orozco Estrada, 2012),
considered to be the standard percentage of change after drying
and fermenting cacao. Then, we calculated a pod index (IM) for
each genotype per plantation, representing the number of pods
necessary to obtain 1kg of dry cacao:IM = %, where N is the
number of harvested and weighted cacao pods, and FW, the sum
of fresh weights from such pods. We used the IM to estimate the
final annual yield per hectare (Y)) which could be obtained from all
;':0 :\’mp, where
j is each of the genotypes found per plantation. We estimated a

pods counted per year per agroforest (Np), as: Y; = Y

density per hectare of 1100 cacao trees in an agroforest, planted
at a distancing of roughly 3 x 3 m. We used this estimation to scale
up Y, to a hectare, according to the number of trees assessed in
each agroforest.

We compared the estimated yield in grafted plots with the yield
of the remaining—non-grafted—portion of the land owned by each
farmer. To do so, we obtained information from the annals of the
Norandino Ltda. Cooperative about the total annual yield delivered
by each producer. Since several producers distribute their yield
among multiple buyers, including the cooperative, we could only
use the information from four farmers which deliver all their pro-
duction to Norandino Ltda. We acknowledge that this biases our
comparisons between grafted and non-grafted trees to agroforests
under high-quality management and monitoring. However, we are
confident that this guarantees that the comparisons presented are
accurate.

We subtracted Y, from the total annual yield reported by each
farmer. The result corresponds to the yield of the rest of the farm,
excluding the grafted area. We calculated the area corresponding
to this yield in non-grafted portions of the farms by subtracting the
size of the grafted plots (0.144 ha in three cases and 0.125ha in the
fourth) from the total size of the farmers' properties, and extrapo-

lated to yield per 1 ha as described above.

2.4 | Data analysis

All analyses were performed in R v. 4.2.2 (R Core Team, 2022) in
RStudio (Posit Team, 2023). We quantified the diversity of arthropod
communities on the study trees using Hill diversity numbers in the
package hillR (Chao et al., 2014; Li, 2018; Roswell et al., 2021), since
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raw species richness is widely considered to be an insufficient
measurement of biodiversity when sampling is limited (Roswell
et al., 2021). Hill diversity numbers calculate the effective number
of species in a community, by accounting differently for rare species
(Jost, 2006). As such, we will refer hereafter to species richness
as the number of morphospecies that we identified on each tree
(q=0); diversity as the effective species richness weighing all species
according to their abundance using the Shannon-Wiener diversity
index, and dominance as the effective species richness giving less
weight to rare species, based on the Simpson index (Jost, 2006;
Roswell et al., 2021).

We used generalized linear mixed-effects models (GLMM) in
the package gimmTMB (Magnusson et al., 2017) to evaluate the
effect of graft age, season, time of the day, distance to forest,
shade-tree cover above cacao trees, and all two-way interactions
involving graft age on the abundance and diversity of arthro-
pods on cacao trees. We used the identity of each agroforest and
cacao tree as a random effect in the model, to account for po-
tential differences in variance among agroforests. We inspected
model fits with the package DHARMa (Hartig, 2017), and adapted
the distribution for the models accordingly. For models of abun-
dance and species richness we used a negative binomial distribu-
tion, whereas for the diversity and dominance variables, we used
an inverse Gaussian and Gamma distribution, respectively (Zuur
et al., 2009). We performed model selection using MuMIN::dredge,
and report the variables included in all the best models, and
quality measures in Appendix S2. We averaged the best models
(AAIC < 2) using MuMIn::model.avg (Barton, 2015), extracted esti-
mates (i.e. incidence rate ratios), p-values and confidence intervals
using sjPlot (Lidecke, 2017), and plotted our results using ggplot2
(Wickham, 2011).

We repeated the same model structure to assess abun-
dance changes of the most common arthropod groups: bee-
tles (Coleoptera; 11.54% of all arthropods collected), ants
(Hymnoptera: Formicidae; 22% of collected arthropods), spiders
(Araneae; 19.25%), aphids (Hemiptera: Aphididae; 15.06%), and
two functional groups composed by multiple taxa, namely other
phytophagous insects (all insects with a sap-sucking or herbivo-
rous diet, excluding aphids), and other potential natural enemies
(parasitoids and all arthropods with predatory diets, excluding spi-
ders). In all cases, we run post hoc Tukey HSD tests to evaluate
the differences between all pairs of graft ages. Finally, we used a
GLMM to compare annual cacao yield before and after grafting.
Since we only had complete yield information for four of our plots
(see “Cacao yield assessments” above), the replication and extent
of gradients of forest distance (681-824.5m) and shade-tree cover
(43%-78%) were too limited for conclusive analyses. Therefore,
the model only included the two grafting categories (Grafted vs.
Non-grafted) as a fixed effect, and the identity of our plots as a
random effect. All data used in these analyses, as well as R scripts
with statistical analyses and data preparation are available from
the GRO.Data repository https://doi.org/10.25625/CVUEPO
(Ocampo-Ariza et al., 2024).
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3 | RESULTS

3.1 | Effects of grafting on overall arthropod
diversity

We collected 10,249 arthropods, grouped in 491 morphospecies
from 18 orders. Out of these, 2475 (24.15%) could be classified as
natural enemies and 3138 (30.61%) as phytophagous insects. Natural
enemies were dominated by spiders (79.72%), whereas phytopha-
gous insects were dominated by aphids (49.20%). Ants represented
21.98% of all caught arthropods and 92.6% of all Hymenoptera, but
were not classified as either predatory or phytophagous since most
of them have omnivorous diets in our study area (Ocampo-Ariza
et al., 2023). Finally, beetles represented 11.54% of all collected ar-
thropods (n=1183; see Appendix S3 for a summary table of total
abundances of all arthropod families collected).

Arthropod abundance increased with graft age, and was signifi-
cantly higher in non-grafted trees (52.56 +3.49 arthropods) than in
either young (25% lower=239.27 +3.06 arthropods) or old grafted
cacao (12% lower=46.31+3.58 arthropods; Figure 1A; Table 1). Our
model predicted an arthropod richness decrease of ca. 22% (4.8 less
species) in 3-month-old grafted cacao in comparison to non-grafted
cacao trees. When grafted cacao reached 6 months old, that is old
grafted cacao, the difference to non-grafted trees was predicted by
the model to decrease by only 12% (2.8 species), pointing to a rapid
recovery in the arthropod community (Figure 1B). The same patterns
were observed for the diversity of the arthropod community, that is
the Hill-Shannon Diversity index, for which young grafted cacao had
on average 18% fewer effective species (2.6 effective species) than
non-grafted trees, whereas old grafted cacao only had 13% fewer
effective species (1.9 effective species). Notably, the dominance of
arthropod communities (i.e. the Hill-Simpson index) remained com-
parable (between 8.9 and 10.6 effective species on average) among
graft ages (Figure 1B), pointing to comparable community structures
among all grafted cacao trees.

3.2 | Grafting and cacao yield

Cacao yield was predicted to be on average 47% higher (an increase
of ca. 272kg/ha) in plantations with grafted trees than on non-
grafted areas in our study in 2021/2022 (Figure 1C; Appendix S4).

3.3 | Effects of grafting, shade-tree cover and
distance to forest on selected arthropod groups

We found that arthropods were significantly more abundant and di-
verse in the rainy season than in the dry season, and this effect did
not significantly differ among graft ages. Similarly, we found more
arthropods, morphospecies and diverse communities at night than
during the day, without significant differences among graft ages.
Distance to forest did not impact the abundance of arthropods,
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(B) displays patterns in multiple diversity metrics assessed through Hill numbers: Richness (the number of species per tree); diversity (the
number of functional species using the Hill-Shannon diversity index) and dominance (the number of functional species using the Hill-
Simpson dominance index). (C) displays difference in annual yield per hectare between non-grafted agroforests and grafted plots of ca.

0.14 ha within them during 2021 and 2022. For the graft age category, non-grafted trees were used as the intercept in the model. Significant

effects are indicated by different letters (a, b) on top of dotplots.

but it increased arthropod species richness and diversity, and it
decreased community dominance, expressed in a higher number
of effective species (estimated by the Hill-Simpson index) far from
the forest (Appendix S5). At high shade-tree covers, the diversity of
arthropod communities on non-grafted trees and old grafted cacao
decreased. The opposite pattern was observed for young grafted
cacao, on which arthropod diversity increased by 50% between
unshaded cacao trees and cacao trees covered by 80% canopy of
shade-trees (Table 1; Appendices S2 and S5).

We found that graft age affected the abundance of spiders, nat-
ural enemies and beetles, which were significantly less abundant in
young grafted cacao than in non-grafted cacao trees (Figure 2A-C).
However, 6 months after grafting, that is in old grafted cacao, the
abundances of all arthropod groups were not significantly differ-
ent to those in non-grafted trees (Figure 2A-F). The abundance of

aphids, phytophagous insects and ants showed no significant change
due to grafting.

Similar to the entire arthropod community, we found that time of
the day and season significantly impacted the abundance of the six
arthropod groups that we assessed. However, distance to forest only
had a significant positive effect on the abundance of predatory ar-
thropods (both spiders and other natural enemies); whereas we could
not find a significant effect of shade-tree cover on the abundance
of any of the arthropod groups we assessed (Table 2; Appendix S5).

4 | DISCUSSION

Developing management strategies that minimize trade-offs be-
tween biodiversity and crop yield in tropical agriculture is essential
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TABLE 1 Averaged effects of graft age, distance to forest and shade-tree cover above cacao trees in best model solutions with AAIC<2
on the abundance, morphospecies richness and two diversity metrics (diversity and dominance) of arthropods found on cacao trees in Piura,

Peru.
Arthropod abundance Richness Diversity Dominance
Predictors IRR p IRR p Estimates p Estimates p
Intercept 46.01(38.51-54.98) <0.001 14.86 <0.001 8.86(7.47-10.49) <0.001 6.22(5.22-7.41) <0.001
(13.12-16.83)
Graft age (young) 0.75(0.64-0.89) 0.001 0.78(0.71-0.86) <0.001 0.81(0.71-0.93) 0.002 0.84(0.70-1.00) 0.053
Graft age (old) 0.86(0.73-1.01) 0.074 0.88 (0.80-0.97) 0.008 0.87(0.76-1.01) 0.065 0.91(0.76-1.09) 0.310
Season (rainy) 1.57 (1.37-1.81) <0.001 1.81(1.67-1.97) <0.001 1.85(1.66-2.06) <0.001 1.74 (1.51-2.01) <0.001
Time (night) 0.83(0.72-0.95) 0.007 1.18(1.09-1.28) <0.001 1.44(1.31-1.59) <0.001 1.52(1.31-1.76) <0.001
Distance to forest (m) 1.07 (0.97-1.18) 0.153 1.13(1.04-1.24) 0.005 1.03(0.86-1.22) 0.774 1.18(1.08-1.30) <0.001
Shade-tree cover (%) 1.03(0.95-1.12) 0.443  1.01(0.96-1.07) 0.638 1.18(1.05-1.33) 0.007
Graft age 1.19 (1.05-1.34) 0.005
(young)x distance to
forest
Graft age 1.23 (1.08-1.40) 0.002
(old) x distance to
forest
Graft age 0.81(0.69-0.95) 0.009
(young)x shade-tree
cover

Graft age (old) x shade-
tree cover

0.78 (0.66-0.92) 0.003

Note: Bold numbers highlight predictors with significant effects, and grey cells indicate predictors which were excluded in the averaged model.

Abbreviation: IRR, incidence rate ratios.

to increase the sustainability of agricultural practices. Here, we
show that cacao grafting has high benefits for smallholders farm-
ers in restoring and increasing agroforest yields, while maintaining
arthropod biodiversity in agroforests. Therefore, grafting offers
a socio-ecologically sustainable alternative to mitigate threats to
smallholder incomes associated to yield loss, and to reduce the risk
of old cacao agroforest abandonment and further forest encroach-
ment in tropical areas. Based on this evidence, we suggest prior-
itizing the rehabilitation of old and abandoned cacao agroforests
through grafting.

In contrast to our expectations, grafting was not related to a se-
vere decline of arthropod diversity and abundance. Young grafted
cacao trees had significantly fewer arthropods than non-grafted
cacao trees, but only 3months later, arthropod abundance was not
statistically different from that in non-grafted trees, pointing to-
wards a quick recovery of arthropod communities after grafting.
Moreover, the number of effective species calculated through the
Hill-Simpson dominance index was not significantly different across
graft ages or in comparison to non-grafted trees, which likely in-
dicates that the species composition and community structure on
young grafted cacao was only slightly affected (Jost, 2006). The
initial decrease in arthropods on young grafted cacao may be ex-
pected as a result of the simplified architecture of these trees, with
an open canopy and reduced feeding, resting and refuge resources
available for arthropods (Lawton, 1983). Being surrounded by other

large trees, including older cacao trees and shade-trees, likely pro-
moted a quick recolonization of grafted trees (Cromartie, 1975;
Klein et al., 2002). Recolonization may take longer if grafted cacao
were dominating the agroforest or were isolated from older trees.
However, our experimental design fits the typical reality for small-
holders, as progressive grafting is locally believed to be the best way
to rejuvenate cacao without sacrificing income before grafted cacao
become productive, which may take ca. 2years.

The decreased arthropod diversity on young grafted cacao
was due to a lower abundance of beetles, spiders and other pred-
atory and parasitic arthropods. Beetles are known to be sensitive
to land-use change and shade thinning in cacao agroforestry sys-
tems (Bos et al., 2007; Clough et al., 2010), and this insect order
includes several taxa specialized in exploiting resources from lig-
nified plant tissue (e.g. Heyborne et al., 2003), which is greatly
reduced in young grafted cacao. Spiders, which partly rely on
specific plant structures and shaded environments to attach their
webs or hide during hunting (Goncalves-Souza et al., 2011; Lopes
Rodrigues et al., 2014), as well as other natural enemies were sig-
nificantly less abundant in young grafted cacao, compared to non-
grafted trees. This finding supports results of studies showing the
vulnerability of predatory groups to disturbances such as land-
use change or a decrease in shade cover (e.g. Klein et al., 2002;
Perfecto et al., 1996). Moreover, it supports the theory of trophic
island biogeography (Holt, 2009), according to which predators
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are more prone than their herbivorous prey to disappear due to
landscape-level changes in habitat availability and isolation, con-
sidering their high trophic position and their often lower abun-
dances. Nevertheless, this decrease was only temporary and the
abundance of both spiders and other natural enemies became
comparable to non-grafted cacao with increasing age of the
grafted trees.

In contrast to natural enemies, phytophagous insects were just
as abundant on young grafted cacao as on old grafted cacao or
non-grafted trees. This is probably due to the increased amount
of meristematic tissue on cacao grafts, which provides an easy
source of food for many herbivorous species (e.g. Espirito-Santo
et al., 2007). At the same time, the stable populations of herbivo-
rous sap-sucking insects such as aphids and scale bugs may explain
why ants, known for their mutualism with these insects (Carroll &
Janzen, 1973; Clough et al., 2017), were just as abundant on old
and young grafted cacao, and on non-grafted trees. Nevertheless,
since grafted trees retained large portions of the original trunk of
the non-grafted tree, it is also likely that mostly sessile insects such
as aphids, as well as social insects such as ants simply remained
on the tree and moved towards the new grafted tissue. Moreover,
since the largest proportion of ants are ground nesters (Borror
& Delong, 1955), changes in vegetation structure may have little

effect on the number of foraging workers that reach cacao trees
searching for food.

Beyond the effects of grafting, we found that distance to forest
had a positive impact on arthropod species richness and diversity.
This might be due to the lower abundance and predatory activity
of insectivorous birds with increasing forest distance (as shown by
Ocampo-Ariza et al., 2022), coinciding in with the peak of abundance
of arthropods in the rainy season found in our study. High shade-
tree cover resulted in a decrease in arthropod diversity on grafted
trees. This supports findings from Indonesian cacao agroforestry
(Steffan-Dewenter et al., 2007), as high temperatures and low hu-
midity enhance the activity of most of the ectothermic insects, and
the availability of resources such as flowers and fresh plant material
(Ferreira da Costa & Gongalves, 2023; Horak & Rébl, 2013).

As expected, cacao grafting significantly improved crop yield by
ca. 47% already less than 2years after grafting in comparison to ad-
jacent non-grafted agroforest plots. Most likely, the large yield gap
between the controls and the grafted trees is derived from the use
of higher-yielding and compatible genetic materials for the grafts
(Vansynghel et al., 2023; Zavaleta et al., 2022) and the increased
vitality of the young tissue, supported by a grown and developed
root system in the rootstock (Rivard & Louws, 2008). Our yield esti-
mates for grafted trees may be slightly higher than the final harvest,
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because of fruit losses due to pests (e.g. squirrels, ants, and other
insects) and fungal diseases. But these losses are very low in our
region (<10%; Vansynghel et al., 2022).

Cacao vyield is especially dependent on the compatibility of ge-
netic materials, which directly influences pollination and fruit-set
success (Vansynghel et al., 2023). Hence, the selection of com-
patible genotypes is an essential element for success. In our case,
grafting material was carefully selected to guarantee an increase in
fruit-set and quality through the use of native genotypes of Gran
Blanco de Piura, known for their unique sensorial characteristics
and premium prices for national and international markets (Thomas
et al., 2023; Tscharntke et al., 2023). However, proper plantation
management is crucial both to guarantee the survival and tending
of grafts, which maximizes associated yield gains. Here, we report
exclusively on yield gains in grafted compared to non-grafted trees
in well-managed cacao agroforests. It remains to be tested how dif-
ferent management intensities may affect these benefits. Moreover,
more work is needed to determine whether the additional income
derived from high-yielding grafts compensates for the monetary in-
vestments related to grafting (selection and acquisition of grafting
material, technical assistance for grafting and management, etc.).
But it is likely more cost-effective than establishing a new plantation
and acquiring new land and thinning forest for such purpose.

Our study showcases the value of grafting as a biodiversity-
friendly measure for improving crop yield and quality of old cacao
plantations with dwindling yields and/or suboptimal sensorial quality
traits. The establishment of new cacao plantations and agroforests
in encroached forests is known to be a main driver of forest loss and
further degradation of forest patches (e.g. Kalischek et al., 2023).
Given the continuous increase in cacao demand worldwide, and the
resulting growth in cacao crop area in the last 20years (FAO, 2023),
it is increasingly urgent to develop strategies that allow smallholder
farmers to meet income needs and demand without compromis-
ing tropical forest area. Grafting provides an easily implemented
strategy to rejuvenate cacao trees, with success rates of over 90%
(Suryani, 2021). In our study area, grafting is carried out by trained
persons who provide the service across the Norandino Ltda. coop-
erative (E. Espinoza, 2024, pers. comm.). This may limit accessibility
due to associated costs. However, grafting can also be performed
directly by farmers after short trainings, or even following available
manuals (Zavaleta et al., 2022). Likely, the most limiting factor for the
success of large-scale grafting approaches is the availability of graft-
ing material from genotypes desired by producers. Addressing this
will require a special focus on the development and maintenance of
working collections which may serve as sources for such initiatives
(Ceccarelli et al., 2022; Lavoie et al., 2023; Tscharntke et al., 2023).

Since we found that cacao grafting appears to have no long-term
negative effects on arthropod biodiversity, it may be considered an
agroecological intensification management strategy that increases
crop yield without compromising ecological functions (Tscharntke
et al., 2012). As such, it adds up to and may be combined with other
recently proposed strategies to ecologically intensify cacao pro-
duction, such as hand pollination (Vansynghel et al., 2023; Wanger

et al., 2021). Moreover, grafting may promote a significant improve-
ment and diversification of the genetic materials used in smallhold-
ing cacao crops around the world, which may in turn support both
the conservation of native genetic diversity from the species, and
the resilience of the crops to future disturbances such as climate
change (Ceccarelli et al., 2021, 2022; Tscharntke et al., 2023).

In conclusion, our study highlights the innovative application of
cacao grafting as an effective and sustainable method to rejuvenate
old, unproductive cacao trees. This technique not only significantly
boosts crop yield, but also enables the use of genetic diversity from
native cacao and supports rapid recovery of arthropod biodiver-
sity, demonstrating its dual benefits for agricultural productivity
and ecological resilience. This approach offers valuable insights and
actionable strategies for policymakers and practitioners aiming to
enhance the sustainability of tropical agriculture. Upscaling this
management strategy will rely on more detailed studies building on
our approach to quantify the benefits of cacao grafting at different
spatial and temporal scales.
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