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f Instituto Tecnológico de Tuxtepec, Tecnólogico Nacional de Mexico, 68350 San Juan Bautista Tuxtepec, Oaxaca, Mexico 
g Naturalis Biodiversity Center, Evolutionary Ecology Group, Sylviusweg 72, 2333 BE, Leiden, the Netherlands   

A R T I C L E  I N F O   

Keywords: 
Agroforestry 
Conservation 
Crop diversification 
Plant performance 
Sustainable land use 
Vanilla crop wild relatives 
Vanilla planifolia 

A B S T R A C T   

Vanilla is an important cash crop for many smallholder farmers around the tropics, and a highly appreciated 
spice used in a wide range of products. The crop species Vanilla planifolia is, however, facing a number of threats 
that are jeopardizing a stable vanilla supply. The neotropical realm holds at least 37 fragrant Vanilla species 
besides V. planifolia. These so-called Vanilla crop wild relatives (CWRs) possibly possess interesting traits for crop 
improvement and market diversification, but received meager attention so far. The aim of our study was 
therefore to provide insights into the cultivation potential of four Vanilla CWRs (Vanilla hartii, V. odorata, 
V. pompona and V. trigonocarpa) naturally growing within our study region in southern Costa Rica, by comparing 
their plant performance and aromatic profiles with V. planifolia and a commercially used hybrid, and this in two 
types of land use systems where vanilla could possibly be introduced. As such, we established six field sites in 
secondary forests (SF), adding economic value to these often undervalued ecosystems, and six in existing cacao 
plantations (CP), diversifying monocrop agrosystems. First, we measured plant survival, vitality and growth over 
a period of two years, and compared these plant performance traits among Vanilla species and land use systems 
using (generalized) additive mixed models. The models also enabled us to observe possible effects of additionally 
measured, site-specific environmental variables on vanilla plant performance. Second, we evaluated the aromatic 
potential of Vanilla CWR pods using high-performance liquid chromatography. We found that the hybrid had the 
highest overall plant vitality and growth, and this in both CPs and SFs, while V. planifolia was characterized by a 
rather low vitality, but high growth rates, and clearly performed inferior in SFs. The CWRs had a good overall 
vitality, and this in the two land use systems, but were characterized by lower growth rates compared to the 
hybrid and V. planifolia. The aromatic profiles of the Vanilla CWR pods indicated potential for market diversi
fication, with V. odorata highly resembling the profile of the commercially used species. The other CWRs had 
varied profiles, with especially V. hartii containing high anisyl contents interesting for niche markets. Based on 
our assessment of Vanilla CWR plant performance and aromatic profiles, we see potential for their integration 
within the two studied land use systems. Corresponding planting designs should, however, take into account 
species-specific light intensity preferences, monitor chemical properties and the presence of growth-promoting 
and disease-suppressive soil microbiota, and incorporate vanilla tutor and shade trees with optimal functional 
traits. We developed a possible vanilla cultivation design that could be implemented for further evaluation in 
terms of production feasibility.   
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1. Introduction 

Crop domestication, defined as the selection of crop species with 
valuable agronomic traits, has played a central role in modern civili
zation (Gepts, 2004; Chen et al., 2021). This selection process, however, 
greatly narrowed the genetic base of much of the cultivated germplasm – 
known as the “domestication bottleneck” (Tanksley and McCouch, 
1997; Meyer and Purugganan, 2013) – and resulted in a lower resilience 
to (a)biotic stressors (Ross-Ibarra et al., 2007; Van Heerwaarden et al., 
2011). A reduced genetic diversity has been observed in many modern 
crop species, and is exacerbated by the demand for high productivity 
and uniformity (Dempewolf et al., 2017). Besides, most crops were 
introduced in areas outside their center of origin, but only part of a 
crop’s diversity was brought over, confining the crops’ genetic base in 
these areas of introduction, and causing an additional “dispersal 
bottleneck” (Zeder et al., 2006). Crop wild relatives (CWRs), i.e. plant 
species that are genetically related to cultivated crops, retain high levels 
of genetic diversity, mainly due to their long evolutionary history across 
diverse environments (Maxted et al., 2006; Redden and Yadav, 2015). 
Consequently, they may possess traits that prove useful for crop 
improvement (Maxted et al., 2007; Vincent et al., 2013; Dempewolf 
et al., 2017). CWRs are commonly defined using the gene pool concept 
of Harlan and de Wet (1971). The primary gene pool includes wild 
populations of the species from which the crop was once domesticated. 
Secondary and tertiary gene pools refer to closely related species, 
whereby gene transfer to the cultivated germplasm is possible through 
conventional breeding or more advanced engineering techniques 
(Meilleur and Hodgkin, 2004; Maxted et al., 2006; Khan et al., 2020). 
Recently, and mainly due to rising problems within modern food pro
duction systems, there is a growing interest towards the use of CWRs in 
crop improvement and breeding to guarantee food security (Hodgkin 
and Hajjar, 2007; Yumurtaci, 2015; Goettsch et al., 2021). 

Vanilla, for example, is a highly appreciated spice derived from the 
fruits, better known as pods or beans, of species belonging to the orchid 
genus Vanilla. It is an important cash crop for several smallholder 
farmers around the tropics, but is facing many threats provoked by (i) 
genetic erosion of the crop species Vanilla planifolia Andrews, and (ii) 
vulnerable production systems that allow a rapid spread of pests and 
diseases (Schlüter et al., 2007; Bory et al., 2008; Flanagan and 
Mosquera-Espinosa, 2016). A number of studies underlined the urgency 
of developing a vanilla breeding program that encourages the integra
tion of Vanilla CWRs (e.g., Flanagan and Mosquera-Espinosa, 2016; 
Watteyn et al., 2020; Bramel and Frey, 2021; Chambers et al., 2021; 
Goettsch et al., 2021). Yet, the majority of incentives exploring the use of 
Vanilla CWRs to counteract aforementioned production problems took 
place outside the center of origin of the vanilla crop (Neotropics), and 
emphasis has mainly been laid on the primary CWR gene pool (e.g., 
Koyyappurath et al., 2015; Grisoni and Nany, 2021). The secondary or 
tertiary gene pools have received meager attention so far. They may, 
however, possess a broad spectrum of traits useful to overcome agro
nomic challenges, especially in times of climate change, as well as to 
diversify the vanilla market (Flanagan and Mosquera-Espinosa, 2016; 
Bramel and Frey, 2021; Perez Silva et al., 2021). 

The Neotropics host at least 37 fragrant Vanilla species besides the 
crop species Vanilla planifolia Andrews (Karremans et al., 2020). These 
secondary Vanilla CWRs are naturally growing in a variety of ecosys
tems, from primary to secondary forests, and from ridges to wetlands 
(Soto Arenas and Dressler, 2010). As such, each species may require a 
particular environmental setting (e.g., specific light intensities and soil 
characteristics, temperature and precipitation seasonality). Further
more, vanilla orchids are known to depend on certain microbiota for 
optimal seed germination and growth (Porras-Alfaro and Bayman, 2007; 
Johnson et al., 2021) – interactions that may be species-specific as well. 
Traditional cultivation methods generally integrate the vanilla crop in 
secondary forests or intercropping agroforestry systems (Osterhoudt and 
Dove, 2017; Hänke et al., 2018; Havkin-Frenkel and Belanger, 2018; 

Martin et al., 2020, 2022). The latter intents to mimic the environmental 
conditions vanilla plants depend on, and creates a buffer against (a)bi
otic stressors as well as market fluctuations (i.e. through the provision of 
a variety of crops). Nowadays, however, commercial vanilla plantations 
range from systems using living tutor trees that provide shade and va
nilla vine support, to greenhouses using shade cloths and artificial 
support poles (Havkin-Frenkel and Belanger, 2018; Osewold et al., 
2022). These uniform systems undoubtedly lead to higher production 
(Martin et al., 2021), yet, require more input to mimic the aforesaid 
interactions between vanilla plants and their environment, and tend to 
be more susceptible for diseases (e.g., root and stem rot caused by 
Fusarium oxysporum) (Flanagan and Mosquera-Espinosa, 2016). 

Considering future threats related to climate change, we emphasize 
the need for innovation at both crop species and system level, and see 
potential in the integration of Vanilla CWRs within resilient vanilla 
production systems. Due to the vulnerable or endangered status of most 
Vanilla CWRs on the IUCN red list (Bramel and Fey, 2021; Goettsch et al., 
2021), however, a combined approach of conservation and sustainable 
production will be key, as suggested by Flanagan and 
Mosquera-Espinosa (2016) and Watteyn et al. (2020), amongst others. 
Following their suggestions, wild Vanilla populations should be pro
tected within their natural habitat, while Vanilla CWRs could be culti
vated in the surrounding human-modified landscape (Fig. 1). For 
example, fallow lands could be reforested with the inclusion of vanilla as 
the main cash crop, monocrop agrosystems could be transformed to 
diverse agroforestry systems including vanilla, or vanilla could be 
cultivated in existing secondary forests to add economic value to these 
often undervalued ecosystems. Yet, to provide practical guidelines for 
the integration of Vanilla CWR within these plausible cultivation areas, 
we need to assess Vanilla CWR’s cultivation potential, which comprises 
an evaluation of their plant performance (i.e. survival, vitality, growth, 
production) as well as aromatic profiles (i.e. aromatic compounds of 
interest to the market). 

The aim of our study was therefore to provide insights into the 
cultivation potential of four Vanilla CWRs naturally growing within our 
study region in southern Costa Rica: Vanilla hartii Rolfe, V. odorata C. 
Presl., V. pompona Schiede and V. trigonocarpa Hoehne, by comparing 
their plant performance and aromatic profiles with the crop species 
V. planifolia and a commercially used hybrid (V. planifolia x V. pompona) 
x V. planifolia, and this in two of the aforementioned types of land use 
systems where vanilla could possibly be introduced (cacao plantations 
and secondary forests). We formulated the following three research 
questions: (i) Does vanilla plant performance vary among Vanilla species 
(and more specifically between the CWRs and the commercially used 
species), and is there a difference between the two selected land use 
systems?, (ii) Besides species and land use system, do site-specific 
environmental variables (e.g. light intensity, physicochemical soil 
properties, soil microbiota) affect vanilla plant performance?, and (iii) 
Are the aromatic profiles of Vanilla similar to the ones of the commer
cially used species – in other words, could they be of interest to the in
dustry?. The results from our study will be compiled into a cultivation 
design that integrates Vanilla CWRs, besides the commercially used 
species, within the studied land use systems. This design may serve as a 
stepping stone for further evaluation in terms of production feasibility, 
more specifically yields, costs and revenues, and eventually its appli
cation in other regions across the center of origin of aromatic Vanilla 
species (neotropics). 

2. Materials and methods 

2.1. Study area and species 

Our study took place in the Área de Conservación Osa (ACOSA) 
(Fig. 2A), a biodiversity hotspot in southern Costa Rica and home to at 
least seven fragrant Vanilla species (Karremans et al., 2020; Watteyn 
et al., 2020). ACOSA, classified as a conservation priority area 
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(Kohlmann et al., 2010), consists of two national parks (Corcovado and 
Piedras Blancas National Park) connected by the Golfo Dulce Forest 
Reserve and a biological corridor that serve as buffer zones around the 
protected areas (SINAC, 2018), and is surrounded by a fragmented 
landscape of human settlements and agricultural lands. Annual precip
itation ranges from 2500 to 6000 mm, and the average temperature is 
25 ◦C (Holdridge, 1967; Kappelle, 2016). We studied the performance of 
six Vanilla species, of which two are commercially used species in Costa 
Rica: Vanilla planifolia and a disease-resistant hybrid ((V. planifolia x 
V. pompona) x V. planifolia). The other four species are fragrant Vanilla 
CWRs naturally occurring within ACOSA: Vanilla hartii, V. odorata, 

V. pompona, and V. trigonocarpa. Likewise V. planifolia, they belong to 
Vanilla sect. Xanata and can be seen as secondary gene pool CWRs, as 
previous hybridizations demonstrated the possibility of gene transfer (e. 
g. V. planifolia x V. pompona). All are native to the Neotropics, but with 
distinct distributions (Watteyn et al., 2020). Species can be distin
guished via their leaves, stems, flowers and fruits (Soto Arenas and 
Dressler, 2010; Karremans et al., 2020). 

2.2. Experimental design 

The experimental design consisted of 12 field sites, of which six were 

Fig. 1. Conceptualization of the joint approach of Vanilla 
CWR conservation and sustainable cultivation in a land
scape of the neotropics (here: southern Costa Rica). Wild 
populations of Vanilla CWRs (i.e. the wild Vanilla gene 
pool) should be protected within their natural habitat, 
while simultaneously encouraging the integration of 
promising Vanilla CWRs in plausible cultivation areas 
within the surrounding, human-modified landscape, which 
could be existing agrosystems (e.g. cacao plantations) or 
secondary forests (i.e. forests that are naturally regenerat
ing after a significant disturbance), amongst others.   

Fig. 2. (A) Location of the 12 field sites across our study area ACOSA. (B) Planting design in traditional 3 m × 3 m cacao plantations (3 m × 3 m refers to the 
distance between cacao trees in the same and adjacent rows) (left) and naturally regenerated secondary forests (i.e. forests that are naturally regenerating after a 
significant disturbance such as a clearance for agriculture) (right). The numbers (1− 6) refer to the six vanilla rows per site, in which each row contains one individual 
of each Vanilla species, following a random planting design. In cacao plantations, Erythrina was planted as the vanilla tutor tree between the cacao rows. In secondary 
forests, a mix of forest tree species was used as vanilla tutor trees. (C) Demonstration of a random planting design of the different Vanilla species across the six rows. 
The squares represent a vanilla plant (and its tutor tree), colored by Vanilla species. 
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located in secondary forests (SF) (i.e. forests that are naturally regen
erating after a significant disturbance such as a clearance for agricul
ture) and six in cacao (Theobroma cacao L.) plantations (CP). The 12 
sites, spread across ACOSA (Fig. 2A), were selected based on the avail
ability of SFs and CPs, and farmers’ willingness to cooperate with the 
study. In each of the sites, six individuals per Vanilla species were 
planted in June 2019, totaling 36 plants per site. One week before 
planting, eight-nodded vegetative cuttings of the two commercially used 
species (V. planifolia and hybrid) and the four CWRs were collected from, 
respectively, local plantations and wild populations present in ACOSA. 
Cuttings were sealed to avoid potential proliferation of fungal and 
bacterial contamination during transportation from the collection to the 
field site. Each site consisted of six rows, and each row contained one 
individual per species (Fig. 2B-C). 

Vanilla being a climbing orchid, needs a so-called tutor tree. 
Following the traditional method, 1.70 m long Erythrina cuttings were 
planted as nitrogen-fixing tutor trees between the cacao rows in the CPs. 
No cacao trees were used as vanilla tutor trees as cacao flowers and thus 
fruits are being developed on cacao trees’ trunks and branches (cauli
flory), hence the presence of a vanilla vine growing around the branches 
would interfere with cacao production. CPs were between four and six 
years old, followed a traditional 3 m x 3 m planting design (3 m spacing 
between cacao trees in the same and adjacent rows) (Fig. 2B – cacao 
plantation), and were characterized by the presence of shade trees that 
also produce additional food commodities (not shown in figure). The 
shade provided by former trees allowed us to directly integrate the va
nilla cuttings after tutor tree planting, whereas tutor trees are usually 
planted one year ahead if implemented on a cleared land. Within the 
SFs, we selected vanilla tutor trees among the tree species available in 
the field site. Selection was based on the following characteristics: (i) 
trees with a diameter at breast height (DBH) ≥ 5 cm and no peeling 
bark, and (ii) trees that allowed us to roughly generate 6 rows within the 
field site (Fig. 2B – secondary forest). The vanilla cuttings were planted 
by placing the lower three nodes onto the soil and covering it with onsite 
available organic material. The upper five nodes were tied up onto the 
tutor tree using biodegradable jute twine to avoid strangulation. The 
planting order of the different Vanilla species varied among the rows to 
avoid potential edge-effects (Fig. 2C). 

2.3. Cultivation potential of Vanilla CWRs 

2.3.1. Vanilla plant performance 

2.3.1.1. Plant performance traits. For two consecutive years, we 
collected trait data related to the performance of the vanilla plants. More 
specifically, we recorded plant survival and measured variables related 
to plant vitality, growth and flowering during three periods, starting six 
months after planting (December 2019, June 2020 and December 2020). 
We selected these specific moments as they correspond with the dry 
(December) and rainy (June) season. An overview of the measured plant 
performance traits can be found in Table 1. Considering vanilla plants 
(at least of the commercially used species V. planifolia and the hybrid) 
generally start to flower three to four years after planting (Havkin-
Frenkel and Belanger, 2018), we did not expect to observe any flowering 
within the timeframe of our study. However, flowers were detected at 
the end of 2020 (last monitoring period) and throughout 2021 for the 
CWR species V. hartii, V. odorata, and V. pompona, of which the number 
of inflorescences and flowers were recorded. 

2.3.1.2. Site-specific environmental variables. We evaluated a number of 
site-specific environmental variables to better understand their potential 
effect on vanilla plant performance besides the effect of Vanilla species 
and land use system (detailed overview in Supporting Material A – 
Table S1). The variables measured at site level were elevation (m), slope 
(%), onsite tree species diversity, soil bacterial diversity and soil 

chemical properties (pH, acidity, saturated acidity, organic matter, 
macro- and micronutrients). The examined variables at vanilla plant 
level were relative photosynthetic active radiation, and tutor tree spe
cies, height and diameter at breast height. 

For the variables related to the soil, 25 random bulk soil samples 
(0–10 cm depth) were collected from each site in 2019 and 2020. A 

Table 1 
Overview of the measured Vanilla plant performance traits related to plant 
survival, vitality (planted cuttings and newly developed shoots) and growth as 
well as the variables derived from the measured vitality and growth traits. All 
traits was measured during each of the three measurement periods: December 
2019, June 2020, December 2020.   

Trait Score / index 

Survival    
Plant survivala (a) Dead 

(b) Alive 
Vitality   
1. Planted cutting General condition of the planted 

cuttingb 
(a) Necrosis 
(b) No necrosis 

2. Newly developed 
shoot 

Herbivore damagec (a) Strong 
(b) Medium 
(c) 
Insignificant  

Pathogen presencec (a) Strong 
(b) Medium 
(c) 
Insignificant  

Leaf discolorationc (a) Strong 
(b) Medium 
(c) 
Insignificant  

Missing leaves Count  
Missing shoot apices Count 

Growth    
Roots (a) Absent 

(b) Present  
New shoot (a) Absent 

(b) Present  
Number of new shoots Count  
Number of internodes per shoot Count  
Internode length cm  
Internode diameter mm  
Leaf aread cm2 

Derived variables    
Percentage missing leaves 
(= # missing leaves / # internodes) 

%  

Percentage missing shoot apices 
(= # missing shoot apices / # new 
shoots) 

%  

Total shoot length 
(= sum of internode lengths per shoot) 

cm  

Total vine length 
(= sum of internode lengths of all 
shoots) 

cm  

Mean internode length cm  
Mean internode diameter mm  
Total leaf area cm2  

Mean leaf area cm2  

a If we encountered the planted cutting in a very bad condition (e.g. nearly 
dead), but a new shoot was observed, the individual was marked as alive. b We 
ensured that the planted cuttings, at least visually, were in good health at the 
start of the experiment (i.e. absence of externally visible pathogens or herbivory, 
healthy colored leaves and stems), and measured the presence of necrosis during 
each of the three measurement periods to examine the vitality of the planted 
cuttings over time, as new shoots and roots are developed from these cuttings. c 

The variables herbivory damage, pathogen presence and leaf discoloration were 
scored using pictures as an example (Supporting Material A – Fig. S1). d The leaf 
area of six medium-sized leaves. Note: during the first measurement period, we 
removed three medium-sized leaves from each vanilla plant and measured their 
dimensions. The leaf area was calculated using Image 1.53 n (Schneider et al., 
2012) and a linear regression model was built per species to predict leaf area 
with leaf length and width, allowing us to continue with non-destructive leaf 
area measurements. 
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composite soil sample was obtained by mixing the 25 samples per site, 
and large woody litter was removed from the soil samples. Air-dried 
samples were then sieved to be stored at 4 ◦C for analysis of soil 
chemical properties, and at − 20 ◦C for metabarcoding analysis of soil 
microbiota. The latter implied the extraction of DNA from 250 mg of soil 
sample, in triplicate, using a DNeasy PowerSoil Kit (Qiagen) and the 
MM400 homogenizer (Retsch GmbH, Haan, Germany), following the 
manufacturer’s guidelines. The V4 region of bacterial 16S rRNA gene 
was amplified using the barcoded primers F515 and R806, as described 
previously by Caporaso et al. (2011). Libraries were sequenced on the 
Illumina NovaSeq 6000 using 2 × 250 bp paired reads, with 100,000 
reads per sample (Novogene Corporation Inc., Sacramento, CA). Primer 
and adapter sequences were removed with Cutadapt (Martin, 2011), 
ASVs were inferred with DADA2 (R package DADA2, Callahan et al., 
2016), and taxonomic assignment was performed with a naive Bayesian 
classifier (Wang et al., 2007) and the SILVA SSU r138.1 database (Quast 
et al., 2012). For alpha diversity analysis, inferred ASVs were 
pre-processed by (a) removing the ASVs classified as "Chloroplast", 
"Mitochondria", or "Eukaryota", and (b) filtering out the ASVs not 
assigned to Bacteria or Archaea. The filtered raw counts were normal
ized by scaling with ranked subsampling (Beule and Karlovsky, 2020). 
We calculated and compared diversity indices among site and land use 
system (R package phyloseq, McMurdie and Holmes, 2013; R package 
vegan, Oksanen et al., 2020), and identified dominant bacterial phyla of 
which their relative abundances significantly differed among sites (R 
package ALDEx2, Fernandes et al., 2013) (detailed methodology in 
Supplementary Material B – Text S1, Fig. S1-S2). From this, the relative 
abundance of these soil bacterial phyla as well as the soil bacterial di
versity (Shannon-Wiener index) were added as predictor variables in 
subsequent vanilla plant performance models. Moreover, we applied a 
principal component analysis (PCA) with scaled variables (Legendre and 
Gallagher, 2001) to the dataset containing the soil chemical properties 
to examine potential correlations and reduce the dimensionality of this 
dataset (detailed methodology in Supplementary Material B – Text S1, 
Fig. S3). As a result, the first and second axis, respectively associated to 
soil acidity (pH, Fe, Ca, K, saturated acidity) and nutrient cycling (e.g. 
Mg, organic matter, P) were added as predictor variables (“soil pca1′′

and “soil pca2′′) in subsequent vanilla plant performance models. 
The onsite tree species diversity was assessed by identifying and 

counting all trees with a DBH ≥ 5 cm, besides the trees used as vanilla 
tutor trees. Tree species were identified in the field with the help of two 
local botanists. In case of doubtful identification, leaves and branches (if 
possible also flowers and fruits) were collected, and species were iden
tified using plant identification keys. Alpha diversity metrics were 
calculated and compared among site and land use system. Additionally, 
to explain potential effects of the vanilla tutor trees and on-site (shade) 
trees on vanilla plant performance, we collected functional tree trait 
data from the TRY (Kattge et al., 2020) and BIEN (Maitner et al., 2018) 
databases. For each species, we gathered information on the following 
available traits, which relate to nutrient cycling and nutritional quality, 
and may affect plant performance (Lavorel and Grigulis et al., 2012; 
Díaz et al., 2016): leaf carbon (C), leaf nitrogen (N), leaf phosphorous 
(P), specific leaf area (SLA), leaf dry matter content (LDMC), leaf 
thickness, lamina fracture toughness, leaf C:N ratio, leaf C:P ratio, leaf N: 
P ratio, and leaf lignin. The community-weighted means (CWM) of each 
of the functional tree traits as well as the functional tree diversity were 
calculated at site level (R package FD, Laliberté et al., 2014) (detailed 
methodology in Supplementary Material B – Text S1, Figs. S4–5). From 
this, the onsite (shade) tree species diversity (Shannon-Wiener index), 
the CMWs of the functional traits of the shade trees, and the functional 
trait values of the vanilla tutor trees were added as predictor variables in 
subsequent vanilla plant performance models. 

2.3.1.3. Vanilla plant performance models. First, a factorial analysis of 
mixed data (FAMD) (R package FactoMineR, Lê et al., 2008; R package 

FactoExtra, Kassambara and Mundt, 2017) was used to reduce the 
complexity of the dataset encompassing the measured vitality and 
growth traits of the newly developed shoots. We examined potential 
correlations among the traits and analysed their contribution to the 
observed variation within the dataset (detailed methodology in Sup
plementary Material B – Text S2, Fig. S6-8). Based on the FAMD, axes 1 
and 2 were used as proxies for, respectively, the growth and vitality of 
the newly developed shoots, in vanilla plant performance models. We 
then applied generalized additive mixed models (GAMMs) (R package 
mgcv) (Wood, 2017) to evaluate the effects of the predictor variables of 
interest, Vanilla species and land use system, as well as site-specific 
environmental variables (elevation, slope, relative light intensity, soil 
bacteria diversity, relative abundance of certain soil bacteria phyla, soil 
chemical properties pca1 and pca2, onsite tree species diversity, and 
functional tree traits of both vanilla tutor and shade trees), on plant 
survival, vitality of the cuttings, vitality of the shoots and growth. As 
such, we developed four models representing these vanilla plant per
formance traits: survival model, vitality cutting model, vitality shoot 
model, growth model. GAMMs allowed us to (i) account for the corre
lation structure in our data by including the random effect of site as well 
as of measurement period, and (ii) to model nonlinear relationships 
between response and predictor variables. We allowed the model fitting 
to penalize predictor variables (covariates) to 0 so that covariates 
weakly associated with the response variable (i.e. plant performance 
traits) could be completely removed from the model, resulting in model 
selection through joint penalization of multiple model terms (Wood and 
Augustin, 2002; Marra and Wood, 2011). To view the relationship be
tween the predictor and explanatory variables, we plotted the partial 
response curves (R package mgcViz) (Fasiolo et al., 2020) showing the 
relationship of the partial residuals of the response variable on the linear 
predictor scale and the explanatory variables. 

2.3.2. Aromatic profiles of Vanilla CWR pods 
Two pods per Vanilla species (including the crop species V. planifolia, 

hybrid and CWRs; all belonging to the aromatic section Xanata) were 
collected for aromatic compound analysis. Pods of the hybrid were 
harvested from the same plantation that provided the vegetative cut
tings, and pods of the CWRs were harvested from the wild populations 
from where we collected the cuttings (Supporting Material C – Table S1). 
No pods of V. planifolia could be harvested due to the absence of flow
ering V. planifolia plantations within our study area. As such, we used 
V. planifolia pods available at Instituto Tecnológico de Tuxtepec, where 
subsequent analysis was carried out. All pods were harvested just before 
complete maturation, i.e. nine months after pollination, as the aromatic 
compounds are mainly developed during the last months of fruit growth 
and accumulated as glycosides (Palama et al., 2009). The collected pods 
were freeze-dried to minimize possible enzymatic degradation, and 
stored at − 20 ◦C until analysis. We followed the methodology described 
in Pérez-Silva et al. (2021) to analyze the aromatic compounds via 
high-performance liquid chromatography (HPLC) analysis, using an 
Agilent 1260 Infinity II series apparatus equipped with a Diodo array 
detector HS (G7117C), Multicolumn Thermostat (G7116A), Quaternary 
Pump unit (G7111B) and Autosampler (G7129A). Separation and 
quantification were performed on ZORBAX Eclipse XDB-C18 column 
(250 × 4.6 mm i.d, 5 µm particle size). The mobile phase involved a 
mixture of the solvents: A (HPLC-grade water), B (HPLC-grade meth
anol) and C (10–2 M H3 PO4). The column temperature was of 30 ◦C and 
the volume of injection was 10 µL. the detection of the components was 
made to 230 nm for vanillin, vanillyl alcohol, p-hydroxybenzyl alcohol 
(p-HB alcohol) y anisyl alcohol; 254 nm for vanillic acid and 
p-hydroxybenzoic acid (p-HB acid); and 280 nm for anisaldehyde and 
p-hydroxybenzaldehyde (p-HB). Solutions of the compounds 
(1–100 mg/l) were separately prepared in the mobile phase and injected 
into the HPLC-DAD system to build the calibration curve. For each 
species, the average contents of glucovanillin and aglycones released by 
hydrolysis were calculated, and the aglycones were grouped per family 
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(vanillyl, p-hydroxybenzyl (pHB) and anisyl) (Table 2). The vanillin 
potential was determined by adding the content of free vanillin and 48.4 
% (i.e., ratio of vanillin/glucovanillin molecular weights) of the content 
of glucovanillin directly determined by HPLC (without enzymatic hy
drolysis) – the same protocol as described in Pérez-Silva et al. (2021) 
was applied. Finally, a PCA was carried out to visually explore the dif
ferences and similarities among the Vanilla species, based on the aro
matic profiles derived from HPLC-DAD quantifications. 

All statistical analyses were performed using R version 4.1.1. 

3. Results 

3.1. Vanilla plant performance 

3.1.1. Comparison of plant performance among Vanilla species and land 
use systems 

Although not significant, we observed a difference in plant survival 
(survival model, AIC = 373.26, Supporting Material D – Table S1) 
among the Vanilla species in the two land use systems. More specifically, 
the survival probability of V. hartii and V. trigonocarpa was slightly 
higher in SFs compared to CPs, while V. planifolia seemed to survive 
better in CPs (Fig. 3A). The other species (hybrid and CWRs V. odorata 
and V. pompona) had similar survival probabilities in both systems. The 
survival of the hybrid was the highest among all species, both in CPs and 
SFs. The vitality of the planted cuttings (vitality cutting model, AIC =
807.73, Supporting Material D – Table S2) of the hybrid and the CWRs 
was significantly higher compared to the crop species V. planifolia 
(Fig. 3B). The cuttings of V. planifolia showed the lowest vitality in SFs, 
whereas the vitality of the planted cuttings of the other species did not 
differ between the two land use systems. The vitality of the newly 
developed shoots (vitality shoot model, AIC = 2913.97, Supporting 
Material D – Table S3) of the hybrid and V. pompona was significantly 
higher compared to the other species (V. planifolia and CWRs V. hartii, 
V. odorata and V. trigonocarpa), and this in both land use systems 
(Fig. 3C). Vanilla planifolia had a lower shoot vitality in SFs compared to 
CPs, whereas the other species performed similar in both systems. The 
overall growth rate (growth model, AIC = 3612.5, Supporting Material 
D – Table S4) of the commercially used species (crop species V. planifolia 
and the hybrid) was higher compared to the four CWRs, but with dif
ferences between the two land use systems (Fig. 3D). Vanilla planifolia, 
the hybrid and V. odorata grew significantly better in CPs, while the 
growth of the other three CWRs was similar in CPs and SFs. The CWR 

V. trigonocarpa had the lowest growth rate in both land use systems. 
Overall, Vanilla planifolia performed less in SFs compared to CPs, and 

had the lowest plant vitality of all species, while the hybrid and CWR 
V. pompona showed the highest plant vitality. The growth rate of the 
CWRs was lower compared to the crop species V. planifolia and the 
hybrid, but this difference was only significant in CPs. The hybrid 
showed the best overall plant performance in both land use systems, 
taking into account plant survival, vitality and growth. Finally, we also 
found that the cutting vitality significantly affected the vitality and 
growth of the newly developed shoots (Supporting Material D – 
Table S3-S4), whereby a high vitality of planted cuttings positively 
affected plant vitality and growth. 

3.1.2. Effects of site-specific environmental variables on vanilla plant 
performance 

Relative light intensity affected vanilla plant survival, vitality and 
growth, yet, the effect varied among Vanilla species (Fig. 4). The survival 
probability of the crop species V. planifolia, the hybrid as well as the 
CWRs V. pompona and V. trigonocarpa increased with light intensity, yet 
survival probabilities decreased again at light intensities above ± 40 %, 
except for V. trigonocarpa. There was no significant effect of light on the 
survival probability of the CWRs V. hartii and V. odorata, yet V. hartii’s 
survival seemed to slightly decrease with light intensity. Light nega
tively affected the vitality of V. hartii cuttings, while the cuttings of the 
hybrid and V. odorata performed best with light intensities between 20 
% and 40 % and 15–25 %, respectively. Vanilla planifolia cuttings per
formed best between 20 % and 40 %, although not significant. Light 
positively affected both the vitality and growth of the shoots of 
V. planifolia and the hybrid, while it did not have a significant effect on 
the shoot vitality or growth of the CWRs. 

The other site-specific variables had varied effects on plant perfor
mance (Supporting Material D - Fig. S1). Soil acidity (“Soil PCA1′′) had a 
negative effect on plant survival, while soil organic matter (“Soil PCA2′′

– not shown in figure) did not affect vanilla plant performance. Soil 
bacterial diversity had a positive effect on the vitality of the planted 
cuttings, and the relative abundance of certain soil bacterial phyla 
affected vanilla plant performance in different ways. Bacteroidota and 
Firmicutes positively affected plant survival, and Bacteroidota also had a 
positive effect on plant growth. Nitrospirota positively affected cutting 
vitality and plant growth, and Verrucomicrobiota had a positive effect 
on the vitality of both cuttings and shoots. Acidobacteriota and Acti
nocateriota positively affected vanilla plant growth, and there seemed to 

Table 2 
Mean contents of main phenolic and anisyl compounds analysed by HPLC expressed in g⋅100 g− 1 dry weight in mature vanilla pods of the different Vanilla species and 
hybrids.  

Vanilla spp. Vanillin potentiala Vanillyl family   

Glucovanillin Vanillinb Vanillic acid Vanillyl alcohol 
V. hartii 0.000 0.000 0.000 0.000 0.338 ± 0.011 
V. helleri 0.861 ± 0.001 0.085 ± 0.001 0.820 ± 0.018 0.000 0.089 ± 0.003 
Hybrid 4.654 ± 0.091 0.901 ± 0.003 4.218 ± 0.093 0.077 ± 0.002 0.143 ± 0.002 
V. odorata 5.553 ± 0.078 7.861 ± 0.165 1.748 ± 0.036 0.088 ± 0.008 1.333 ± 0.081 
V. planifolia 6.731 ± 0.046 13.748 ± 0.069 0.076 ± 0.002 0.182 ± 0.010 0.232 ± 0.006 
V. pompona 0.000 0.000 0.000 0.000 0.000 
V. trigonocarpa 0.022 ± 0.003 0.000 0.022 ± 0.003 0.128 ± 0.003 0.877 ± 0.006  

Vanilla spp. p-hydroxybenzyl family Anisyl family Total aromatic content  

pHBc pHB acidd pHB alcohole Anisyl alcohol Anisyl acid  
V. hartii 0.000 0.000 0.757 ± 0.036 4.757 ± 0.195 0.000 5.851 ± 0.241 
V. helleri 0.035 ± 0.004 0.025 ± 0.002 0.645 ± 0.023 0.193 ± 0.007 0.340 ± 0.016 3.155 ± 0.103 
Hybrid 0.298 ± 0.024 0.032 ± 0.001 0.240 ± 0.008 0.112 ± 0.003 0.000 5.556 ± 0.131 
V. odorata 0.015 ± 0.001 0.036 ± 0.004 0.328 ± 0.014 0.127 ± 0.003 0.000 7.480 ± 0.027 
V. planifolia 0.219 ± 0.022 0.078 ± 0.006 1.007 ± 0.004 0.000 0.000 8.449 ± 0.005 
V. pompona 0.000 0.000 1.570 ± 0.092 1.584 ± 0.011 0.000 2.189 ± 0.055 
V. trigonocarpa 0.000 0.015 ± 0.005 2.167 ± 0.011 0.000 0.000 3.209 ± 0.002 

a0.484 times the content of glucovanillin added to the free vanillin content. b Quantification after enzymatic hydrolysis. cpHB = 4-hydroxybenzaldehyde. dpHB acid 
= 4-hydroxybenzoic acid. epHB alcohol = 4-hydroxybenzyl alcohol. Note: the high vanillin and low glucovanillin content in the pods of the hybrid was due to the high 
level of pod maturity when harvested. 
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exist an optimum Armatimonadota abundance for plant vitality. Among 
the functional traits of the vanilla tutor and shade trees, we observed 
significant effects of the leaf C:N ratio, SLA, and leaf toughness. In 
general, increasing SLA of both tutor and shade trees negatively affected 
plant survival and growth. Leaf toughness had a positive effect on the 
vitality and growth of the newly developed shoots, while we observed 
varied effects of leaf C:N ratio on vanilla plant performance. We 
observed a significant effect of the random effect terms site and mea
surement period, indicating that vanilla plant performance is possibly 
influenced by site- and period-specific variables that were not captured 

by our models. 

3.1.3. Flowering of Vanilla species 
Within the timeframe of this study, we were able to observe the first 

flowering period of some Vanilla species. More specifically, the CWRs 
V. hartii, V. odorata and V. pompona started to flower during the third 
measurement period (< 2 years after planting). The flowering V. hartii 
plants had on average 12.00 ± 4.95 flowers per plant (1.80 ± 0.84 in
florescences / plant), while flowering V. odorata and V. pompona plants 
had on average 12.70 ± 10.00 (2.00 ± 1.58 inflorescences/plant) and 

Fig. 3. Predicted effects of Vanilla species and land use system on (A) vanilla plant survival, (B) the vitality of the planted cuttings, (C) the vitality of the newly 
developed shoots, and (D) vanilla plant growth (i.e. growth of the newly developed shoots); grouped according to crop species, hybrid or CWR. 

Fig. 4. Predicted effect of relative light intensity (%) on vanilla plant survival, vitality of the planted cutting, vitality of the newly developed shoots and vanilla plant 
growth, colored by Vanilla species. 
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20.70 ± 16.40 (2.86 ± 2.12 inflorescences / plant) flowers per plant, 
respectively. 

3.2. Aromatic profiles of Vanilla CWR pods 

The average contents of glucovanillin and aglycones released by 
hydrolysis (grouped per family: vanillyl, p-hydroxybenzyl (pHB) and 
anisyl) are given in Table 2. The first and second PCA axis explained 64.3 
% of the total variation within the dataset (Supporting Material C - 
Fig. S1). The first axis was correlated with vanillin potential, pHB acid, 
vanillic acid on the one hand, and anisic alcohol on the other hand. The 
second axis was correlated with pHB alcohol and total pHB. Vanilla 
pompona and V. hartii were clearly separated at the left end of the first 
axis, as the pHB acid content and vanillin potential were below the 
detection threshold, whereas the vanillin-rich species, V. planifolia, 
V. odorata and the hybrid, were found at the very right end. The high 
anisyl alcohol content in V. hartii and V. pompona further explains their 
left-sided position along the first axis. The lower vanillin potential and 
pHB acid content of V. helleri and V. trigonocarpa explains their more 
centric position. The second axis mainly separated V. trigonocarpa, 
V. planifolia and V. pompona due their higher pHB alcohol content, with 
the latter found in all species but in different quantities. Vanilla odorata 
and the hybrid contained all compounds except for anisyl acid. Apart 
from vanillic acid, Vanilla helleri contained all of the examined com
pounds, yet, in rather small quantities. 

4. Discussion 

4.1. Cultivation potential of Vanilla CWRs 

Based on our assessment of Vanilla CWR plant performance and ar
omatic profiles, we see potential in the integration of CWRs within the 
two studied land use systems (CPs and SFs) that may serve as vanilla 
cultivation areas surrounding natural forests possibly holding wild Va
nilla populations. Corresponding planting designs should, however, take 
into account species-specific light intensity preferences, monitor the 
presence of soil microbiota and chemical properties, and select vanilla 
tutor and shade trees with optimal functional traits, amongst others. 
Furthermore, three Vanilla CWRs started to flower less than two years 
after planting, coinciding with the flowering period of their wild pop
ulations (personal observations). Since plants in commercial V. planifolia 
plantations generally start to flower three to four years after planting, 
this observed earliness (i.e., the display of early flowering phenotypes) 
could be a highly desirable trait for breeding programs, yet requires a 
more in-depth investigation. 

4.1.1. Vanilla plant performance 
The six Vanilla species had nearly similar survival probabilities in 

both land use systems. The hybrid showed the highest overall plant vi
tality and growth, and this in both CPs and SF, while V. planifolia was 
characterized by a rather low vitality, but high growth rates, and clearly 
performs inferior in SFs. The CWRs had a good overall vitality, and this 
in the two land use systems, but were characterized by lower growth 
rates compared to the commercially used species. The observed trends 
may be explained by past selections of fast-growing V. planifolia geno
types, which resulted in a reduced genetic variability in the cultivated 
V. planifolia lineages and plants being more susceptible to abiotic and 
biotic stressors (Bhai and Thomas, 2000; Bory et al., 2008; Pinaria et al., 
2010; Adame-García et al., 2015). On the contrary, CWRs continue to 
evolve in the wild, developing traits to survive in changing environ
ments (Dempewolf et al., 2017). The CWR V. pompona and its hybrid 
with V. planifolia, for example, are known to be highly resistant against 
fungal diseases and droughts (Theis and Jimenez, 1957; Grisoni and 
Nany, 2021). This resistance is linked to the formation of lignified hy
podermal cell walls and the production of phenolic root exudates 
(Koyyappurath et al., 2015), and possibly explains the high vitality of 

V. pompona and the hybrid observed in our study. From our observa
tions, we recommend to further evaluate species-specific resistance of 
Vanilla CWRs against (a)biotic stressors, especially stressors expected to 
occur under climate change, using controlled experiments that simulate 
extreme climate conditions and pathogen attacks, amongst others. 

The performance of the different Vanilla species varied with light 
intensity. Vanilla hartii performed better with limited light availability, 
while the plant performance of the hybrid and V. planifolia was posi
tively affected by light intensity, reaching an optimum between 20% and 
50%, after which their performance decreased – as previously observed 
by Puthur (2005) and Díez et al. (2017) in V. planifolia. Although less 
pronounced, the plant performance of V. pompona and V. trigonocarpa 
was also positively affected by light, why the latter did not seem to affect 
V. odorata. The observed responses of the CWRs to light could be due to 
the fact that V. hartii and V. odorata naturally occur in the understory of 
old-growth forests, whereas V. pompona and V. trigonocarpa are found in 
secondary forests and even wetlands (Householder et al., 2010; Soto 
Arenas and Dressler, 2010; Watteyn et al., 2020). We only examined the 
effects of onsite light availability. To fully understand species-specific 
responses to light, a broader light spectrum should be considered. 

Besides Vanilla species, land use system and light availability, we 
also observed certain effects of the additionally measured environ
mental variables on vanilla plant performance. Soil bacterial diversity 
positively affected vanilla plant survival, and the abundance of some 
bacterial phyla affected vanilla plant performance. Microorganisms play 
an important role in nutrient cycling, primary production, litter 
decomposition and climate regulation (Van Der Heijden et al., 2008; 
Delgado-Baquerizo et al., 2016), and they have been associated with 
plant health and growth (Garbeva et al., 2004; Chaparro et al., 2012; 
Harman and Uphoff, 2019; Bertola et al., 2021). For example, we 
observed a positive effect of the relative abundance of Bacteroidota, 
Firmicutes and Verrucomicrobiota – bacterial phyla that previously 
have been associated with vanilla disease-suppressive soils (Xiong et al., 
2015, 2017) – on vanilla plant survival and vitality. Furthermore, Bac
teroidota play an important role in soil mineralization (Fierer et al., 
2007), and Nitrospirota, Actinobacteriota and Acidobacteriota have 
been recognized as plant growth-promoting bacteria (Kielak et al., 2016; 
Kalam et al., 2020; Yoneda et al., 2021), explaining the positive effect of 
these bacterial phyla on vanilla plant growth. Unfortunately, we were 
not able to analyse fungal diversity and composition within the time
frame of this study. Xiong et al., (2015, 2017) and Sandheep and Jisha 
(2014), however, showed that Mortierella and Trichoderma are pathogen 
suppressors, and a range of mycorrhizal fungi (e.g., Ceratobasidium, 
Thanatephorus, Tulasnella) have been associated with vanilla plant 
growth (Porras-Alfaro and Bayman, 2007; Flanagan and 
Mosquera-Espinosa, 2016; Johnson, 2021). We also observed a negative 
effect of soil acidity on vanilla plant survival, which is in accordance 
with past studies examining optimal soil properties and management for 
the vanilla crop (e.g., La et al., 1998; Osorio et al., 2014; Xiong et al., 
2017). Some of the measured functional traits of both vanilla tutor and 
shade trees (e.g., leaf C:N ratio, SLA, leaf toughness) affected vanilla 
plant performance, which may be explained by the fact that tree func
tional traits have varied (indirect) effects on soil microbiota and nutrient 
cycling (Gillespie et al., 2021). Tree traits may also respond to light 
availability. For example, SLA decreases with light availability (Błasiak 
et al., 2021), which may explain the observed negative effect of SLA on 
vanilla plant performance, as light rather positively affected plant per
formance. As such, the selection of adequate vanilla tutor as well as 
shade trees may be a focal point in the design of vanilla agroforestry 
systems, as previously observed in cacao plantations (Sauvadet et al., 
2019). We recommend to further examine potential feedback loops 
between soil chemical properties, functional tree traits and soil micro
biota, jointly affecting vanilla plant performance, as this could greatly 
enhance our understanding of the functionality of vanilla agroforestry 
systems. 

Lastly, we would like to elaborate on the positive effect of healthy 
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vanilla cuttings on the vitality and growth of newly developed shoots, as 
it indicates the importance of acquiring healthy material when starting a 
vanilla plantation (see Azofeifa-Bolaños et al., 2019). We particularly 
observed a low vitality of V. planifolia cuttings. Although Grisoni and 
Nany (2021) recommended a V. planifolia variety (“Handa”) as being 
highly resistant and with superior agronomic traits, and 
Azofeifa-Bolaños et al. (2014) established germplasm collections for the 
improvement of vanilla plant breeding in Costa Rica, the V. planifolia 
plants used in our study and derived from a local plantation did not seem 
to resemble the abovementioned features. We therefore emphasize the 
need to improve the exchange of healthy and certified vegetative ma
terial for commercial planting. Since our observations were based on 
visual assessments, we suggest to evaluate the presence of pathogens 
through molecular studies (e.g. presence of Fusarium oxysporum through 
16S and ITS rDNA metabarcoding – Adame-García et al., 2015 and 
Carbajal-Valenzuela et al., 2022), especially prior to the exchange of 
material. 

4.1.2. Aromatic profiles of Vanilla CWR pods 
The crop species V. planifolia, the hybrid and the CWR V. odorata had 

the greatest vanillin potential. The high vanillin content of V. planifolia 
conforms its historical path as the widely used crop species. The vanillyl 
and pHB compound contents in the V. planifolia pods used in our study 
were higher compared to previous studies of P é rez Silva et al. (2021), 
endorsing the formerly recognized variability in the aromatic potential 
of this crop species. Although V. odorata is the paternal parent of V. 
xtahitensis – a species cultivated in Indonesia and with unique aromatic 
features (Brunschwig et al., 2017; Favre et al., 2022) – this is the first 
study that quantified the aromatic potential of V. odorata itself. Vanillyl, 
pHB and anisyl compounds were found in both the hybrid and 
V. odorata, indicating their potential for market integration and thus 
diversification. Moreover, our findings regarding the hybrid – widely 
cultivated in Costa Rica but not found on the international market 
(Havkin-Belanger et al., 2018) – correspond with former observations of 
Pérez-Silva et al. (2021). Anisyl alcohol was the major compound in 
both V. hartii and V. pompona, and is highly appreciated compound in 
specialty markets such as cosmetics, as previously recognized by Mar
uenda et al. (2013) and Pérez-Silva et al. (2021) for V. pompona. Vanilla 
helleri contained a high diversity of compounds but in small quantities, 
and V. trigonocarpa had the highest pHB alcohol content, explaining its 
rather fruity type odor. 

Although our explorative study provided novel insights into the di
versity of aromatic compounds present in Vanilla CWR pods, it had some 
limitations: (i) only two pods per Vanilla species were analysed, and (ii) 
pods were harvested from wild populations (for the CWRs) or planta
tions (V. planifolia, hybrid). To provide solid recommendations on the 
aromatic potential, and thus market potential, of Vanilla CWRs, more 
pods should be analysed and ideally be harvested from our experimental 
field sites (i.e. similar conditions to allow comparison among pods). 
Additional research should also quantify the aromatic compounds pre
sent in cured pods to fully capture the species’ aromatic potential, using 
a combination of HPLC and gas chromatography-mass spectrum (GC- 
MS) analysis. Moreover, the HPLC chromatograms showed peaks that 
may correspond to non-aromatic fatty acids or other, non-identified 
aromatic compounds. We must recognize that the integration of CWRs 
into the market will only be possible through adaptations in interna
tional regulations, as the latter currently only allow the commerciali
zation of V. planifolia, V. pompona, V. x tahitensis and the hybrid, and are 
solely qualifying vanilla pods by means of their vanillin potential. 

4.2. Proposition of a cultivation design with Vanilla CWRs 

We see potential in a combined cultivation of commercially used 
Vanilla species (V. planifolia, hybrid) and Vanilla CWRs within the 
evaluated land use systems (CP, SF), yet current systems will require 
some adaptations to account for species-specific light intensity 

preferences, to provide optimal soil microbial and chemical properties, 
and to integrate appropriate vanilla tutor trees. For example, the culti
vation of a mix of Vanilla species in existing cacao plantations will 
require a spatial transformation of the cacao planting design (3 m ×

3 m). We already noticed some competition for light between the cacao 
trees and the incorporated vanilla tutor trees (Erythrina), which may 
negatively affect crop management on the long-term. The specific light 
preferences of the different Vanilla species, together with cacao trees’ 
light requirements, will entail a precise design and corresponding 
management (e.g., pruning). Regarding the secondary forests, we 
observed a couple of drawbacks, such as randomly spread vanilla tutor 
trees – typical for naturally regenerated forests (Zhang et al., 2020) – 
and the lack of suitable tutor tree branching patterns. These limitations 
prevent a proper guidance of vanilla vines from one tree to another (i.e. 
vanilla curtains) or within the same tree (i.e., up- and downwards 
coiling). Correct vine management is vital to facilitate manual pollina
tion and harvest, as well as to ensure sufficient ventilation (Havkin-
Frenkel and Belanger, 2018). We therefore recommend the following: (i) 
Implementation of so-called vanilla agroforests on fallow lands, 
whereby a mix of (shade) tree species are selected and distributed in 
accordance to Vanilla species-specific light preferences, and vanilla tutor 
trees are incorporated in the understory. Tutor trees should enable a 
proper vine management and possess favorable traits (e.g., low 
branching pattern, non-peeling bark, specific functional tree traits, 
amongst others), and could even provide additional products such as 
fruits or nuts (Osewold et al., 2022). (ii) Integration of vanilla in existing 
secondary forests, whereby vanilla tutor trees are planted inside the 
forest instead of using the onsite available trees as tutor trees. The 
available trees function as shade trees, and possibly need to be managed 
to enable optimal light conditions. The latter option is already imple
mented by some farmers (e.g., in Madagascar – Osewold et al., 2022). 
Yet, it may not be the preferred option, as the cultivation of crops within 
forests has received quite some criticism in the past, due to its negative 
effect on forest biodiversity and associated ecosystem services (Aerts 
et al., 2011; Martin et al., 2020). Finally, in both land use systems, soil 
properties should be carefully monitored over time to ensure optimal 
soil acidity and stimulate the presence of growth-promoting and 
disease-suppressive microbiota. 

Following these conclusions, we propose the following cultivation 
design that integrates the six Vanilla species within the evaluated land 
use systems (Fig. 5): 

Yet, the design vastly needs further evaluation in terms of feasibility. 
The following aspects related to management, production, as well as 
biodiversity should be examined, and ideally be compared with inten
sively managed vanilla monocultures: (i) Optimal light conditions and 
spatial distribution of Vanilla species and other (additional) crops. (ii) 
Calculations of yield, production costs and revenues associated with the 
cultivation of different Vanilla species, and in the proposed systems. This 
should include data on flowering patterns (e.g. flowering periods, 
number of inflorescences and flowers), fruit development (e.g., per
centage of aborting or deformed fruits, fruit capacity per plant), market 
integration and prices, as well as costs related to manual pollination, 
harvest and management. For the latter, one should take into account 
the multiple flowering periods of certain Vanilla species and the po
tential lack of flowering synchronization among species. (iii) Evaluation 
of the functionality of the proposed systems not only in terms of pro
ductivity but also biodiversity and ecosystem functioning, to benefit 
farmers and nature alike (following the methodology of Wurz et al., 
2022, who compared yield and biodiversity in fallow-derived or 
foret-derived vanilla agroforests of Madagascar). 

Besides the need to further evaluate the feasibility of this approach, 
we need to recognize the certain threat for admixture between the wild 
Vanilla gene pool and vanilla cultivars – as has been observed with coffee 
(Aerts et al., 2013). Potential risks could, however, be minimized by 
only allowing the use of local species in the cultivation areas neigh
boring natural forests, thereby serving as a buffer with the areas that 
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may include improved cultivars. Genotyping Vanilla populations will 
enhance our knowledge on existing genetic diversity present within the 
wild gene pool, and improve the development of appropriate in situ and 
ex situ conservation as well as cultivation schemes at local and regional 
scales. 
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Léotard, G., 2020. A reappraisal of Neotropical Vanilla. With a note on taxonomic 
inflation and the importance of alpha taxonomy in biological studies. Lankesteriana 
20 (3), 395. 

Kassambara, A. and Mundt, F., 2017. "Package ‘factoextra’." Extract and visualize the 
results of multivariate data analyses. 

Kattge, J., Bönisch, G., Díaz, S., Lavorel, S., Prentice, I.C., Leadley, P., Tautenhahn, S., 
Werner, G.D., Aakala, T., Abedi, M., Acosta, A.T., 2020. TRY plant trait 
database–enhanced coverage and open access. Glob. Change Biol. 26 (1), 119–188. 

Khan, A.W., Garg, V., Roorkiwal, M., Golicz, A.A., Edwards, D., Varshney, R.K., 2020. 
Super-pangenome by integrating the wild side of a species for accelerated crop 
improvement. Trends Plant Sci. 25 (2), 148–158. 

Kielak, A.M., Barreto, C.C., Kowalchuk, G.A., Van Veen, J.A., Kuramae, E.E., 2016. The 
ecology of Acidobacteria: moving beyond genes and genomes. Front. Microbiol. 7, 
744. 

Kohlmann, B., Roderus, D., Elle, O., Solís, Á., Soto, X., Russo, R., 2010. Biodiversity 
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Besse, P., Grisoni, M., 2021. Quantification of the aromatic potential of ripe fruit of 
Vanilla planifolia (Orchidaceae) and several of its closely and distantly related 
species and hybrids. Eur. Food Res. Technol. 247 (6), 1489–1499. 

Pinaria, A.G., Liew, E.C.Y., Burgess, L.W., 2010. Fusarium species associated with vanilla 
stem rot in Indonesia. Australas. Plant Pathol. 39 (2), 176–183. 

Porras-Alfaro, A., Bayman, P., 2007. Mycorrhizal fungi of Vanilla: diversity, specificity 
and effects on seed germination and plant growth. Mycologia 99 (4), 510–525. 

Puthur, J., 2005. Influence of light intensity on growth and crop productivity of Vanilla 
planifolia Andr. General and Applied. Plant Physiol. 31 (3–4), 215–224. 

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Glöckner, F.O., 2012. 
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