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Abstract: Theobroma speciosum is an Amazonian species of high ecological and potential economic value, and has
an untapped potential for agroforestry cultivation. The experiment, developed at the Experimental Shade House of the
Federal University of Pard in Altamira, tested the effects of several types of substrates with different compositions, in-
cluding varied proportions of biochar and inoculation with arbuscular mycorrhizal fungi (AMF), with the aim of testing
the species’ tolerance and growth under these conditions. The application of biochar alone did not improve growth of
seedlings, with higher concentrations of 30% being detrimental for the plants. The composition of 15% biochar with
AMF inoculation yielded larger seedlings after six months. Our results suggest that soil enrichment with a mixture of low
proportions of biochar and the inoculation of AMF may improve productivity in 7. speciosum and allow the inclusion of
the species in soils needing biochar-mediated pollution remediation even under extreme temperatures, although further
studies are needed to ascertain optimal soil amendment.

Keywords: Agroforestry; Amazonia; cacaui; forest restoration; soil amendment.

Resumo: Efeitos da adicao de biochar e fungos micorrizicos arbusculares ao substrato no crescimento de mudas
cultivadas de Theobroma speciosum: um experimento preliminar. Theobroma speciosum é uma espécie amazdnica
de alto valor ecolégico e potencial econdmico, com possibilidades ainda inexploradas para cultivo agroflorestal. Este
experimento, desenvolvido nos Viveiros da Universidade Federal do Pard em Altamira, testou os efeitos de vérios tipos de
substratos com diferentes composicdes, incluindo proporc¢des variadas de biochar e a inoculagdo com fungos micorrizicos
arbusculares (FMA), com o objetivo de averiguar a tolerancia e crescimento da espécie sob essas condi¢des. A aplica¢do
de biochar isoladamente ndo melhorou o crescimento das mudas, sendo que concentracdes mais altas, como 30%, foram
prejudiciais para as plantas. A composicdo com 15% de biochar e inoculagdo com FMA resultou em mudas maiores
apods seis meses. Nossos resultados sugerem que o enriquecimento do solo com uma mistura de baixas proporcdes de
biochar e a inoculagdo de FMA pode melhorar a produtividade de T. speciosum e possibilitar a inclusdo da espécie em
solos que necessitam de remediacdo de polui¢do mediada por biochar, mesmo sob temperaturas extremas. No entanto,
estudos adicionais sdo necessdrios para determinar a melhor forma de manejo do solo.

Palavras-chave: Agrofloresta; Amazdnia; cacaui; manejo de solo; restauracio florestal.
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Introduction

Cacaui, cocoahy or chocolatillo (Theobroma specio-
sum Willd. ex Spreng) is an Amazonian wild species
of cacao occurring in terra firme and varzea forests all
throughout the biome. As one of the most broadly dis-
tributed species of the genus, it occurs as far east as
the state of Maranhdo, in Northeast Brazil, with distri-
bution boundaries reaching Western Bolivia and Peru to
the west, the Brazilian state of Tocantins to the south, and
Venezuela to the north (Hokche et al., ; Jgrgensen et
al., ; Forzza et al., ). The species’ edible fruits
and flowers are an important source of food for local pop-
ulations (Paz et al., ) and fauna (Barbosa et al., ),
and has the potential both to be one of the substitutes of
T. cacao as a commercial source of chocolate due to its
high fat content (Martini & Tavares, ), and to serve
as a reservoir of genetic variability, and source of resis-
tant genes against common Theobroma diseases, to com-
mercial cocoa cultivars (Dardengo et al., ; Siviero
et al., ; Mar et al., ). Nevertheless, in many
Amazonian regions, smallholder farmers are incentivised
to increase density of traditionally commercial species of
Theobroma, such as cocoa T. cacao and cupuazu T. gran-
diflorum, leading to increased shading and biodiversity
loss, which can be mitigated by the agroforestry culti-
vation of rustic and wild species, such as T. bicolor and
T. speciosum (Lagneaux et al., ). The inclusion of
cacaui in agroforestry systems, instead of monocultures
or high-density commercial plantations, may provide bet-
ter protection against climate change, incidence of plant
diseases, loss of biodiversity and food system collapses,
while ensuring the provision of ecosystem services such
as the maintenance of pollinators and herbivorous insect
control, and more efficient water cycling (Jaimes-Suarez
et al., ).

In experimental settings, 7. speciosum showed high
sensitivity to contaminated soils from abandoned small-
scale gold mining operations, although diameter growth
and survivorship of seedlings was improved by the addi-
tion of pure and enriched biochar (Roman-Dafiobeytia et
al., ). Biochar, the product of controlled pyrolysis of
organic waste products from farms or industry, has a neg-
ative carbon output and has been hailed as a solution for
carbon sequestration in soil (Roberts et al., ), as it
can be stable in the soil for the long term (H. Wang et al.,

). The use of biochar soil amendment as remedia-
tion has been proven efficient to immobilise contaminants
in soils with excessive zinc (Kumar et al., ), lead
(Yesto et al., ), arsenic (Fristak et al., ), nickel
and chromium (Duwiejuah et al., ), perfluorooctanoic
acid — PFOA (T. Wang et al., ) and microplastics (De-
bab et al., ). Biochar amendment has also been used
to restore soil quality in disused landfills, and improved
soil pH, organic matter, total organic carbon, water con-
tent, and bioavailable nitrogen and phosphorus, leading

to an increase in species richness and diversity, and bet-
ter plant growth, besides allowing for a change in the soil
communities of bacteria and arbuscular mycorrhizal fungi
— AMF (Chen et al., ; Kumar et al., ).

Amendments with both biochar and inoculation with
AMF have been used to reduce root rot disease in aspara-
gus Asparagus officinalis plantations (Elmer & Pignatello,

), to improve growth of kangkong Ipomoea aquatica
and stonecrop Sedum alfredii in cadmium-contaminated
soils (Hu et al., ), to suppress root disease in tomatoes
Solanum lycopersicum (Akhter et al., ), to increase
production and decrease cadmium transfer from contam-
inated soils in maize plantations (Liu et al., ), and
to improve drought tolerance in chickpea Cicer arietinum
(Hashem et al., ) and okra Abelmoschus esculentus
plants (Jabborova, Annapurna, et al., ).

The synergetic actions of biochar and AMF in correct-
ing soil quality, improving bioavailability of soil nutrients
and reducing root disease, however, must be examined be-
fore applying the technique in different species of culti-
vated plants, to ascertain correct combinations and mea-
sure beneficial effects in plant growth (Figueira-Galan et
al., ;T.Lietal., ;: Wen et al., ; T.Zhao et al.,

). To this end, and considering the ecological and po-
tential economic importance of 7. speciosum, we devised
a preliminary experiment to verify the performance of
soil amendments with different proportions of biochar and
AMF, alone or in combination, on the growth of T specio-
sum seedlings in a controlled environment. Given the
results achieved in other agricultural species, our exper-
iment aimed at ascertaining the performance of T. specio-
sum under soil amendment conditions with biochar and
AMF, and we expected that seedling growth would ben-
efit from the combined use of biochar and AMF, when
compared to unaltered soil, in a shade house condition.

Methods

Location and environment

The experiment was conducted at the experimental
shade house (3°12°44.16” S, 52°12°48.86” W) of the Al-
tamira Campus of the Federal University of Pard (UFPA),
city of Altamira, state of Pard, Brazil. The shade house
is a plant nursery structure to regulate light exposure,
made of garden shade mesh over pillars that filters 50%
of sunlight (Fig. 1), were several species of Amazonian
plants are grown. Luminosity, temperature and humidity
at the shade house varied between months (Table 1), but
only temperature varied significantly (Kruskal-Wallis: x2
=16.907, DF =7, p = 0.02), with May and October being
the only pair of months to show a significant difference
(Dunn’s test: z-score = 3.221, p = 0.018, Fig. 2). There
was no significant difference of luminosity, temperature
or humidity within the shade house at the same moment.
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Figure 1: A - Experimental shade house at the Altamira Campus of the Federal University of Pard, in the city of Altamira, Pard, Brazil.
B — Theobroma speciosum seedlings growing in seedling polyethylene bags, with different types of substrates.

Table 1. Minimum (Min), maximum (Max) and average plus standard deviation (Mean+SD) measurements by
month of luminosity (in lux), temperature (in °C) and humidity (in %) of the experimental shade house at the
Altamira Campus of the Federal University of Pard, in the city of Altamira, Pard, Brazil.

Luminosity (Lux) Temperature (°C) Humidity (%)
Month Min Max Mean+SD Min Max Mean£SD | Min Max Mean£SD
April 465.7 861.3 616.3x161.1 | 30.5 35.9 344423 | 447 71.7 58.3£9.9
May 3737 1548.3 596.9+296.3 | 34.5 42.0 38.9+£2.3 | 40.3 70.0 51.3+8.5
June 3477 612.0 437.4465.2 | 3577 478 38.2+34 | 30.7 73.0 53.6+13.3
July 296.3 884.7 569.3+152.6 | 29.6 47.8 37.9+4.6 | 30.7 71.0 53.0+12.2
August 3623 915.7 608.3+141.5 | 30.2 41.9 36.7£3.7 | 40.0 70.0 56.9+10.3
September 368.3 1002.3 737.1£237.3 | 30.7 39.8 355432 | 423 703 55.6+9.0
October 351.0 19127 723.1+438.2 | 27.8 41.1 343439 | 457 813 60.8+9.9
November 537.7 1064.7 738.3£212.5 | 33.5 41.6 37.443.1 423 2843 77.6+83.7
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Figure 2: Boxplot of the differences in temperature (in °C) from April to November 2024 at the experimental shade house at the
Altamira Campus of the Federal University of Pard, in the city of Altamira, Pard, Brazil. Boxes represent interquartile ranges (IQR),
whiskers represent data range, thicker horizontal lines represent the median, and the circle represents an outlier > 1.5 IQR.
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AMTF cultivation

AMF spores were cultivated using a 1:1 (v/v) mixture
of local black soil and sand, serving as a base for inocu-
lum development. Maize seeds previously disinfected by
30-second immersion in 2.5% sodium hypochlorite were
then planted in 3-litre pots containing the substrate mixed
with spores of arbuscular mycorrhizal fungi (AMF), gen-
era Glomus sp., Acaulospora sp. and Rhizophagus sp.,
acquired from the microbiology laboratory collection at
UFPA, Altamira Campus. The pots were kept in a green-
house for 60 days to encourage spore multiplication, after
which period the aerial parts of the plants were removed,
and the pots were sealed and maintained without irrigation
for 30 days to stimulate fungal sporulation. Subsequently,
the substrate containing the spores was stored under re-
frigerated conditions (4-8°C) prior to inclusion in the ex-
periment.

Soil preparation and seedling acquisition

A 1:1(v/v) mixture of local black soil and
construction-grade sand was prepared, according to modi-

fications to Guerra et al. ( ), and served as control, be-
ing denominated Substrate T1. Five other substrates (T2
to T6) were prepared by incorporating enriched biochar
and/or AMF inoculated substrate to the T1 mixture, with
soils T2 and T3 without AMF addition and with, respec-
tively, 15% and 30% of biochar, while soils T4, TS and T6
received the addition of 20g of AMF inoculated substrate
and, respectively, none, 15% and 30% of biochar (Table
2). The biochar used was of the commercial brand Biochar
Brasil®, made by the pyrolysis of wood waste from refor-
ested Eucalyptus sp. at 650°C for eight hours, with added
chemical elements (Supplementary Table S1). Substrate
mixtures were placed in 2.5-liter polyethylene seedling
bags and received Theobroma speciosum seedlings pro-
vided by the Federal University of Pard (UFPA), Altamira
Campus, which were transplanted at 30 days after germi-
nation. The pH of each substrate was tested at the end of
the experiment (November 2024), and again ten months
later (September 2025), with the help of a waterproof pH
meter from Hanna Instruments®, model PH21.

Table 2. Types of substrates used in the experimental cultivation of Theobroma speciosum seedlings, with
their respective proportion of biochar (in %), hydrogenionic potential (pH), and absence (N) or presence (Y) of

arbuscular mycorrhizal fungi (AMF).

Substrate Initial number of seedlings Final number of seedlings Proportion of biochar (%) pH Presence of AMF
T1 (Control) 10 10 0 745 N

T2 10 10 15 883 N

T3 10 10 30 940 N

T4 10 10 0 863 Y

T5 10 9 15 888 Y

T6 10 10 30 9.19 Y

Total 60 59

Soil characteristics: field capacity and water retention
in experimental substrates

To ascertain the characteristics of water retention in
the six substrates used in the experiment, we measured the
field capacity (FC) with the standard field method (Souza
etal., ). Samples of 100 mL of each of the six types
of substrates were taken from the cultivation bags, ho-
mogenised and sieved to remove large particles. The sam-
ples were placed in plastic funnels fitted with filter pa-
per, positioned over graduated cylinders, and had 100 mL
of distilled water slowly added to each sample, allowing
complete infiltration. The material was left to rest for two
hours to allow the drainable fraction to flow out. After this
period, the volume of water retained by the substrates was
quantified, obtained by the difference between the volume
of water applied and the volume drained. Field capacity
(FC) was then calculated using the formula:

FC = Wg VlOO

Where: FC = field capacity of the soil, in percentage
of the soil volume tested; WR = water retained, calculated
by subtracting the volume of water collected in the gradu-
ated cylinder from 100 mL; and SV = soil volume tested,

measuring at 100 mL.

To estimate water retention capacity on a gravi-
metric basis, 100g samples of each one of the six sub-
strates were weighed immediately after saturation with
100mL of distilled water (wet mass, or WM) and then
dried at room temperature until a constant mass was
reached (dry mass, or DM). From these values, the gravi-
metric water content was determined according to the
equation (Teixeira et al., ):

_ WM-DM=%100
GW(C = WM-_DM=100

Where: GWC = Gravimetric water content (in %);
WM = wet mass (g); DM = dry mass (in g).

The results of both tests can be verified on Table

Experimental design

A randomised block design was employed, consist-
ing of control (T1) and five treatments (T2 to T6) with ten
replicates (R1 to R10) each, totalling 60 plants. Seedlings
were measured before transplantation to the growing bags
on 26 April 2024 (baseline time, henceforth called M0),
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and the total seedling height in centimetres (from the soil
to the apical bud), diameter of the stem in millimetres and
number of leaves in each individual were recorded. Mea-
surements were repeated on 27 July, three months later (or
M1), and again on 11 November 2024 (M2), a little over

six months after transplantation. All seedlings were freely
watered twice daily, in the morning and in the afternoon.
Of the 60 seedlings transplanted, all but one (T5R10) sur-
vived the experiment. For further analysis, TSR10 was
removed from the data.

Table 3. Results of tests of field capacity (FC) with drained volume water after application of 100 mL of
distilled water in 100 mL soil samples, and wet mass (WM) and dry mass (DM) and gravimetric water content
(GWC) after application of 100mL of distilled water in 100g soil samples of the six types of substrates used in
the experimental cultivation of Theobroma speciosum seedlings at the Federal University of Pard, Altamira.

Substrate Drained water volume (mL) Field Capacity (FC)in % Wet mass (WM)ing Drymass (DM)ing Gravimetric Water Content (GWC) in %
T1 (Control) 58 42 137.04 89.33 53.40
T2 57 43 138.90 93.22 49.00
T3 71 23 121.93 93.56 30.32
T4 81 19 119.24 93.34 27.74
T5 76 24 123.56 94.49 30.76
T6 79 21 119.34 93.65 27.43
Data Analyses test the significance of the fixed effect, we compared the

All statistical analyses and graphs were produced
using RStudio version 2024.09.1+394 (RStudio Team,

) and R-4.4.2 for Windows “Pile of Leaves” (R Core
Team, ).

To select the measurements adequate to model the
effects of substrates on plant growth, we tested the nor-
mality of distribution of height, diameter and number of
leaves using the Anderson-Darling test (Anderson & Dar-
ling, ) on the R package nortest (Gross & Ligges,

), and checked for correlations within the measure-
ments using the Spearman rank correlation coefficient
(Zar, ) and a linear model with the base R package
(R Core Team, ). To handle the random effects of in-
dividuals and repeated measures over time, and to account
for the nested nature of substrate fixed effect, we fitted a
linear mixed-effects model (LMM) using restricted maxi-
mum likelihood (REML) estimation (Harville, ). To

™

T2

LMM to a null model (containing only random effects) us-
ing a likelihood ratio test (LRT) via an analysis of variance
(ANOVA) framework. The LRT was based on models re-
fitted with maximum likelihood (ML) to ensure compara-
bility of fixed effects. Both tests were performed with the
R package Ime4 (Bates et al., ). The R? for the LLM
was calculated with the package performance (Ludecke et
al., ) and, as post hoc tests, we applied an estimated
marginal means (EMM) test using the package emmeans
(Lenth, ). Kruskal-Wallis tests were used for the
basic analysis of luminosity, temperature and humidity,
and a Dunn’s test with Holm-Bonferroni correction was
applied post hoc in the significant result (Dinno, ).
Data was organised with the help of the package dplyr
and graphs were constructed on ggplor2, both part of the
package tidyverse (Wickham et al., ). All p-values
were adjusted post hoc by the Holm-Bonferroni method
(Holm, ).
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Figure 3: Boxplots of the height, in centimetres, of 59 seedlings of Theobroma speciosum planted in six different substrates and
measured at baseline (MO), after three months (M1) and after approximately six months (M2). T1 is control. Thicker horizontal lines

represent means; red dots represent outliers.
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Results

The three measurements taken from the seedlings
changed over time and presented diverse configurations
in different substrates. Height increased in all substrates,
with the spread appearing more restricted in substrate T6,
although the initial measurements in MO did not display
a large spread, with very few outliers, while substrate T4
presented the larger range in variation (Fig. 3). Diameter
also grew in all substrates, with seedlings in the control
substrate T1 appearing to have the same restricted spread
effect, with a few outliers, and TS showing the larger mean
after six months (Fig. 4). Number of leaves per seedling
showed the least growth over time, with some individuals
having fewer leaves after six months in the control sub-
strate and T6, and averages remaining very close in all
three points in time (Fig. 5).

To understand what drove the differences between
substrate groups, we needed to choose a measure of
growth using one or more of the measurements taken, as
long as they met the assumptions for statistical modelling
(Haase, ). Height (Anderson-Darling: A = 1.0545, p
= 0.036) and number of leaves (Anderson-Darling: A =
0.9487, p = 0.048) did not present a normal distribution
even after transformations by natural log and square root.
Stem diameter, however, presented a normal distribution
(Anderson-Darling: A = 0.57889, p = 0.262). As plant
height and stem diameter were highly correlated (Spear-
man’s correlation: rho = 0.870, p < 0.001), stem diame-
ter was chosen as the measure of plant growth in our ex-
periment. A linear regression model between height and
diameter confirmed that stem diameter was a significant
predictor of plant height (F1,175 = 494.9, t = 22.25, p <
0.001, R? adj. = 73.7%). While there is some variability
unexplained by diameter, the residuals are relatively small
compared to the range of height values, further confirm-
ing the robustness of stem diameter as a proxy for plant
growth (Fig. 6, Table 4).

Effect of Substrate on Seedling Growth

We fitted a linear mixed-effects model to explore
the effect of substrate on the diameter of T. speciosum
seedlings, while accounting for random variation by in-
dividual and through time. The results show a significant
effect of Substrate TS, with a positive and substantial es-
timate (1.43), indicating a clear increase in diameter rela-
tive to the reference substrate. Other substrate types (T2,
T3, T4, and T6) did not show significant effects on diam-
eter, as their estimates had t-values near zero, suggesting
no clear deviation from the control substrate, T1.

Model residuals had homogenous variance (Levene
Test: Fso = 0.6358; p = 1), and did not show any patterns
when plotted against fitted values, or when grouped by
random factors (Supplementary Figs. S1, S2 and S3).
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mfﬁ.*ﬁ

—
_+

T5 T6

l$|
M***$$ ﬁ*

Diameter (mm)

T

M2 Mo M1 M2

Mo M1
Time Point

Figure 4: Boxplots of the diameter of the stem, in millimetres,
of 59 seedlings of Theobroma speciosum planted in six differ-
ent substrates and measured at baseline (M0), after three months
(M1) and after approximately six months (M2). T1 is control.
Thicker horizontal lines represent means; red dots represent out-
liers.

T2 T3

L] [

T4 T5 T6

Mo M1 M2 Mo M1 M2 Mo M1 M2
Time Point

Number of leaves

Figure 5: Boxplots of the number of leaves per individual of 59
seedlings of Theobroma speciosum planted in six different sub-
strates and measured at baseline (MO0), after three months (M1)
and after approximately six months (M2). T1 is control. Thicker
horizontal lines represent means; red dots represent outliers.

Height (cm)

75 10.0 125
Diameter (mm)

Figure 6: Scatterplot with regression line of the linear regression
model of the total height (in centimetres) and stem diameter (in
millimetres) of 59 seedlings of Theobroma speciosum planted in
six types of substrates and measured in three moments in time.
Shaded grey area represents CI = 95%.

The likelihood ratio test comparing the full model
(with substrate as a fixed effect) to the null model (random
effects only) was significant (p = 0.035), indicating that
including substrate in the model substantially improved
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the fit (Table 5). These results suggest that substrate type,
particularly Substrate TS, plays an important role in in-
fluencing plant diameter growth. Random effect variance,
however, indicated that the variance explained by the sub-
strate only was about 5% (Marginal R2=0.049), with most

of the variation in diameter growth being explained by in-
dividual differences, when corrected for time (Conditional
R2 =0.914). Albeit small, the effects of substrate do im-
prove the model and may have significant impact in prac-
tical settings.

Table 4. Results of the linear regression model of the total height (in centimetres) and stem diameter (in
millimetres) of 59 seedlings of Theobroma speciosum planted in six types of substrates and measured in three
moments in time.

Coefficient Estimate Std. Error t-value p
(Intercept) 1.0246 2.4553 0.417 0.677
Diameter 7.2276 0.3249 22246  <0.001
Statistic Value

Residual Standard Error 8.227

Multiple R-squared 0.7388

Adjusted R-squared 0.7373
F-statistic 494 .4

p (F-statistic) < 0.001

Table 5. Summary of results of a linear mixed-effects model (LMM) using restricted maximum likelihood
(REML) estimation, with confidence intervals (CI), of the effects of six types of substrates on 59 seedlings of
Theobroma speciosum, and likelihood ratio test (ANOVA) of the model against a random-effects-only model
(null model). Substrate is a fixed effect, individuals and time are random effects.

Effect Estimate Std. Error t-value 2.5% CI 97.5% CI
sig01 (Ind.) 0.6327375 0.9958833
sig02 (Time) 0.8123784  4.5418840
sigma (Res.) 0.5739589  0.7427755
Intercept 6.88067 1.12223 6.131  4.3685562  9.3927725
Substrate T2 0.25667 0.40999 0.626  -.5242604  1.0375937
Substrate T3 -0.04733  0.40999 -0.115 -.8282604  0.7335937
Substrate T4 0.65667 0.40999 1.602  -0.1242604 1.4375937
Substrate T5 1.42859 0.42122 3.392 0.6262663  2.2309189
Substrate T6 0.40200 0.40999 0.981  -0.3789270 1.1829270
Conditional R2 0914
Marginal R2 0.049
Random Effect Variance Individual 0.6999

Time 3.5261
Likelihood Ratio Test (p-value) 0.035

Table 6. Measurement of pH of the six types of substrates used in the experimental cultivation of Theobroma
speciosum seedlings at the Federal University of Pard, Altamira, measured after the experiment and ten months
later with a waterproof pH meter from Hanna Instruments®, model PH21, and the difference over time.

Substrate pH (28 Nov 2024) pH (23 Sep 2025) Difference in pH
T1 (Control) 7.45 6.27 -1.18

T2 8.83 7.53 -1.3

T3 9.40 8.06 -1.34

T4 8.83 7.38 -1.45

TS 8.88 6.95 -1.93

T6 9.19 8.68 -0.51
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Post hoc Estimated marginal means (EMMs) indi-
cated that TS had the largest average diameter (8.31 +
1.13), while T3 had the smallest (6.83 + 1.12). Pairwise
comparisons showed T5 was significantly larger than T1
(estimate =-1.43, SE =0.42, p=0.0158) and T3 (estimate
=-1.48, SE =0.42, p=0.0115). Substrate T5 also had the
highest confidence interval bounds (Supplementary Table
S2), despite still overlapping with the other substrates, in-
dicating a visible effect (Fig. 7). The estimated diameter
differences were most prominent between control T1 and
TS, T3 and T5, and TS and T6 with only the first two be-
ing significant (T1 — T5: t-ratio = -3.392, p = 0.016; T3
—T5: t-ratio = -3.504, p = 0.012). The substrate T5, with
15% biochar and AMF inoculum, performed better than
both control T1 and the substrate T3, with 30% biochar
(Fig. 8).

Changes in substrate pH

The pH of the six experimental substrates changed
from the end of the experiment to ten months later. Imme-
diately after the end of the experiment, on 28 November
2024, all substrates were alkaline, with soil T1 (control)
almost neutral (pH 7.45), and the others with increasing
alkalinity corresponding to the amount of biochar added.
After ten months, on 23 September 2025, all soils had a
slight decrease in pH, with larger differences appearing in
substrates T4 (no biochar and with addition of AMF) and
T5 (15% biochar with addition of AMF). The measure-
ments of pH and the different over time can be seen on
Table 6.

Discussion

Theobroma speciosum is commonly found throughout
the Amazonia biome within ferra firme and dry vdrzea
forests, where it is frequently collected by local popu-
lations, but it is also cultivated by smallholder farmers
in spontaneous orchards and agroforests from seeds col-
lected in the wild or exchanged between growers due to
its high commercial value (Lagneaux et al., ). Be-
sides being a potential substitute for 7. cacao in choco-
late production due to its fat seed reserves and phylo-
genetic proximity to the commercial variety (Martini &
Tavares, ; Sousa-Silva & Figueira, ), the ca-
cauf is hailed as a source of antioxidants and nutritional
supplements (Mar et al. 2021), being the only species
among 20 of the genus Theobroma to have significant
levels of quercetin-3-0-glucoside (Mar et al., ), a
flavonoid with significant anti-leishmanial effects (Igbal
et al., ). Furthermore, the species appears to be less
affected by widespread Theobroma fungal diseases such
as witches’ broom, dry rot, cushion gall, pod rot, black
pod and Acremonium brown spot, despite still being sus-
ceptible to leaf anthracnose cause by Colletotrichum sp.
(Siviero et al., ). However, as a wild species with do-
mestic cultivation restricted to rustic methods, there is a
dearth of agricultural research on T. speciosum.
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Figure 7: Estimated diameter of 59 seedlings of Theobroma
speciosum planted in six types of substrates, after correcting for
random factors of individual plants and three moments in time.
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Figure 8: Estimated difference in diameter of 59 seedlings of
Theobroma speciosum planted in six types of substrates, after
correcting for random factors of individual plants and three mo-
ments in time.

Our study, as the first in this topic, is pioneering the
understanding of this important species, especially its in-
teractions with new methods of soil amendment that will
become increasingly necessary in the future. The role
of biochar soil amendment in correcting pollutant con-
tamination is crucial to the Amazon region due to the
widespread soil pollution coming from urban settlements
and industrial activities, especially mining, which deposits
mercury in unsafe levels near waterways (Medeiros et al.,

; Fernandes et al., ; Matos et al., ). Further-
more, biochar associated with AMF inoculation in soil ap-
pears to increase drought resistance in several agricultural
species (Hashem et al., ; Jabborova, Annapurna, et
al., ; Jabborova et al., ; Chauhan et al., ),
and species with potential to be included in agroforestry
and sustainable agricultural systems, such as the cacauf,
need urgent research to combat threats to local and global
food systems (Gomez-Zavaglia et al., ; Wijerathna-
Yapa & Pathirana, ; Zurek et al., ).

In our study, 7. speciosum seedlings grew as expected
in the six-month interval under a 50% shading net, both
in height and diameter, showing no signs of etiolation,
thus confirming the adequacy of luminosity conditions
(Armarego-Marriott et al., ). Despite very high peaks
of temperature in the period, reaching an average maxi-
mum of 47.8°C in June and July, continuous growth con-
firmed the resistance of the species to high temperatures.
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Only one specimen died during the period, again show-
ing the species’ resilience for agricultural purposes. As
climate change increases temperatures worldwide, crop
losses of traditional agricultural species can reach over
50%, as very few can resist temperatures above 40°C
without major physiological changes (Saeed et al., ).
Diversifying food systems to include species naturally re-
sistant to higher temperatures can ensure food security in
extreme weather (Hertel et al., ).

All experimental substrates were well-tolerated by
the seedlings, despite a large increase in soil pH where
biochar was added. Biochar is well-known for amelio-
rating pH in acidic soils (Chintala et al., ; Moshar-
rof et al., ; Zhang et al., ), with even stronger
effects in controlled environments (Singh et al., ),
but the alkalinisation of the already slightly-alkaline lo-
cal soil (pH 7.45) did not appear to have an overall detri-
mental effect in seedling growth, except in the extremely
alkalinised T3 substrate (pH 9.40), amended with 30%
of biochar and lacking AMF inoculation, which had the
smallest growth of all experimental substrates. Detrimen-
tal effects of excessive biochar amendment were reported
in several species, including reduction of yield, alkalini-
sation, nutrient precipitation, excess nitrogen and sodium,
and changes in soil microbiota (Mukherjee & Lal, ;
Sun et al., ; Brtnicky et al., ). Many of these
problems can be corrected with the concomitant use of
fertilisers, as shown in ornamental Viola plants (Regmi
et al., ), but it is sensible to examine each soil, and
species requirements, before amending soils with biochar,
given its very long permanence in the ground (Joseph et
al., ). The inoculation of AMF is also known to in-
crease pH and is often used as remediation to soil acidity
(S. Zhao et al., ; T. Zhao et al., ), a result re-
peated in our study in substrate T4, which, even without
biochar, was more alkaline than the control substrate T1.

When the pH of the substrates was rechecked after
ten months, there was a decline in the pH, especially in the
substrate TS5, with AMF inoculation and 15% biochar, and
T4, with AMF and no biochar. This decline in pH can be
explained by the watering regime of the experimental cul-
tivation, and the natural decomposition of organic matter.
As the plants received free watering twice a day, it could
have led to leaching of base cations, as it happens in areas
with heavy rainfall, like the Amazon basin, where soils
are generally acidic due to this effect (Tusar et al., ).
This indicates that the synergies between biochar, water
availability and nutrients potentially affect soil pH in the
long term, and frequent monitoring is needed to avoid ex-
cessive soil acidification.

The amendment with biochar increased slightly the
field capacity of substrate T2 (15% biochar without AMF)
in relation to substrate T1 (control), while all others had
smaller FC percentages than T1. Also, the gravimetric wa-
ter content (GWC) of all amended substrates was lower
than the control, with substrate T6, with 30% biochar
and AMF inoculation, presenting the lower percentage of
GWC, at 27.43%. Three recent reviews of the relation
between biochar amendment and water retention in soils,
mainly in agricultural settings, showed a large variation

between several water-related measurements and biochar
application. For example, a meta-analysis of 37 papers
on biochar and water soil retention in both experimental
and field conditions showed a strong effect of soil tex-
ture, with an increase in water retention and availability
in coarse, sandy soils in experimental conditions and neg-
ligible effects in soils with more clay, as these have fewer
spaces between particles in which biochar can lodge and
retain water (Edeh et al., ). A similar result was found
in another systematic review of 176 distinct experiments,
with higher increase in water availability and retention of
loosely-compacted, coarse and sandy soils and negligi-
ble results, or even decreased percentages, in soils with
higher compaction (Razzaghi et al., ). A study on
sandy soils repeated the results, with an increase in water
retention percentages in loosely-compacted soils, which
benefitted from biochar amendment to create resilience to
droughts (L. Li et al., ). Similar soil-dependent ef-
fects on water retention and hydraulic conductivity was
found in a study with maize: AMF inoculation increased
water retention in sandy soils, while improving drainage
in more compacted substrates (Pauwels et al., ). In
our research, the substrates were a 1:1 mixture of fine sand
and black, fine soil high in organic matter, which, as found
in the reviews, do not appear to have significant increases
in FC and GWC after biochar amendment, due to fewer
spaces in which biochar particles can be lodged, and may
have a decrease in FC and GWC after AMF inoculation,
due to higher evaporation and water use by the plants.

In our experiment, a significant diameter growth in-
crease was found in seedlings planted on substrate T35,
with 15% biochar and AMF inoculum. Positive results
were found with the use of moderate biochar amend-
ment (1-15%) and AMF inoculation (Mickan et al., ;
Hashem et al., ; Solaiman et al., ; Meng et al.,

). A study in the tropics found optimum concentra-
tions of biochar to increase leafy vegetables production
to be 20-30% (Shen et al., ), and concentrations as
high as 100% were tested on the germination of agricul-
tural seeds, with concentrations between 10% and 25%
showing positive effects for different species (Carril et al.,

). In our study, the lack of positive effects in the soil
treated with higher concentrations of biochar may indicate
that these are not adequate for this species, although these
effects may be offset by the presence of AMF in the soil,
including in soils that appear to have lower water retention
and availability, such as substrate TS5 (Kakouridis et al.,

). Further research is necessary to ascertain the best
concentrations and combinations of biochar and AMF to
increase growth in 7. speciosum seedlings.

There were no significant differences in the number of
leaves in the T. speciosum seedlings, although an increase
of leaf number in biochar-amended soils was found in gin-
ger Zingiber officinale (Jabborova, Wirth, et al., ),
groundnut Arachis hypogaea (Yusif et al., ) and to-
bacco Nicotiana tabacum (Yang et al., ); these ef-
fects were found only in concentrations < 5% and ceased
in higher values. Two scenarios may explain the lack of
increase in the number of leaves in our experiment: the
first is that 7. speciosum is a slow growth species (Bar-
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bosa et al., ), needing a longer time than our experi-
ment to stabilise under 50% shading conditions, as found
in slow-growing maple Acer saccharum seedlings culti-
vated under low luminosity (Bonser & Aarssen, );
the second is that biochar concentrations were too high
for the species, and the number of leaves were registered
still during the initial phase of biochar amendment (up to
six months), as biochar ages in the soil and changes both
its composition and microbiota, with better long-term re-
sults in several crops after one biochar application (Joseph
et al., ).

Conclusion

Overall, our study showed that soil amendment with
biochar is well tolerated by T. speciosum seedlings even
in high concentrations, and there are synergies between
moderate concentrations of biochar and arbuscular mycor-
rhizal fungi that enhance growth of seedlings in controlled
conditions. This opens the possibility of using the cacaui
as an agroforestry species, diversifying food production
even in soils that need remediation against pollutants and
in the event of higher temperatures and less water avail-
ability.
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