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Abstract
The economically and ecologically important Brazil nut tree (Bertholletia excelsa) is suffering from deforestation and habitat
degradation, which could be counteracted by enrichment planting, i.e. increasing tree density in the forest. Therefore,
knowledge about the best environmental conditions for enrichment planting of B. excelsa is important. In this study, the effect
of irradiance on biomass growth and allocation (the relative growth rate (RGR), specific leaf area (SLA), leaf mass ratio (LMR),
leaf area ratio (LAR), root-shoot ratio (R/S ratio) and leaf thickness) was investigated for B. excelsa seedlings planted in an
enrichment program in the Madre de Dios region in the Peruvian Amazon. Furthermore, seedlings from nurseries and
plantations were compared with each other to investigate differences in biomass allocation. The effect of irradiance on growth
and biomass allocation was investigated with mixed effect models (MEMs) and a Structural Equation Model (SEM), whereas
differences in biomass allocation amongst different planted seedling groups were analysed with ANOVA. This thesis has
yielded two important results. MEMs showed that light had a significant positive influence on RGR, LMR and leaf thickness
and a significant negative influence on SLA. Second, comparison of biomass allocation showed significant differences between
the seedlings from the nursery and the seedlings from the fields. Based on this results, light conditions are crucial for enrichment
planting success. Outplanting performance can be improved by better preparing the seedlings for transplantation through
optimizing biomass allocation and length and by planting seedlings at optimal light conditions.
Keywords: forest conservation and management, Bertholletia excelsa, Brazil nut tree, non-timber forest product,
enrichment planting, biomass allocation, growth responses, light, mixed modelling, SEM, outplanting performance,
transplantation

iii

Introduction
Protect ecosystems with NTFPs
Due to a rapid increase of human demands, current rates of habitat degradation and deforestation endanger the future of forest
resources and ecosystems (Cardinale et al., 2012). Primary forests are decreasing and regenerating forests have become the
predominant form of forest cover in the tropics worldwide (Chazdon, 2014). To increase attention to the importance of
ecological life for society and to protect the forests, the economic valuation of ecosystem services is developed (Fisher et al.,
2009). The biggest value of the forest is attributed to timber, however non-timber forest products (NTFPs) can be worth a lot
as well (Belcher & Vantomme, 2003; Peres et al., 2003).
One way to increase the value of regenerating forests is through active restoration of NTFPs by enrichment planting, i.e.
increasing tree density in the forest, with for example Hevea brasiliensis (rubber), Spondias mombin (nut) and Manilkara spp.
(fruit) (Zuidema, 2003; Kainer et al., 1998; Holl & Aide, 2011; Gunter et al., 2011). Brazil nuts are in this context one of the
most important NTFPs as they are the only internationally traded seed collected almost exclusively from natural (regenerating)
forests (Peres et al., 2003; Chunhieng et al., 2004; Peña-Claros et al., 2002; Zuidema, 2003). In 2016, Brazil, Bolivia and Peru
exported US$205 million worth of Brazil nuts (Food & Agriculture Organisation, 2018), therefore the seeds are an important
income source for Brazil nut collectors (castañeros) in rural areas in the Amazon (Moraes et al., 1994; Peres et al., 2003).
However, future production of Bertholletia excelsa seeds is threatened by deforestation, habitat degradation and reduced
pollination services (Peres et al., 2003). Variation in fruit and seed production can partly be attributed to changes in annual
rainfall and drought patterns or seasonal temperature variables (Kainer et al., 2007). Additionally, B. excelsa can face a lack of
recruitment because of overharvesting or associated agouti hunting, one of the few animals that can open the Brazil nut fruits
and main disperser of the seeds (Peres et al., 2003). Consequently, population size cannot be maintained over the long term
(Peres et al., 2003). Protecting the Brazil nut production offers an opportunity to conserve nature and simultaneous to improve
the livelihoods of castañeros (SUSTAIN, n.d.; Pierce et al., 2003).

Plant adaptation to light conditions
In enrichment planting, seedlings can face problems after transplantation when water and sunlight availability are not similar
at the new planting conditions compared with the nursery (Grossnickle, 2012). Plants respond to environmental conditions
through changes in biomass growth and allocation to different plant parts (fig 1 and textbox 1) (Lambers et al., 2008; Poorter
& Nagel, 2000; Tyree et al., 1998; Canham et al., 1996). One of the most important requirements for plants, determining both
the growth rate and the biomass allocation, is light. Light gives energy to the plant to grow through the process photosynthesis
and gives informational signals that control the growth and development of the different parts of the plant to maximize the
energy uptake (text box 1) (Lambers et al., 2008). Plants in the shade invest in leaf growth to maximize the collection of
sunlight, while plants in the sun invest in root growth for water uptake, to compensate for higher transpiration losses (Lambers
et al., 2008; Tyree et al., 1998; Canham et al., 1996; Poorter et al., 2012). A growth analysis of plants of the same species
growing in different light conditions can provide insight into those plant responses (Lambers et al., 2008; pandey et al., 2017).
Biomass allocation can be investigated by calculating the specific leaf area (SLA), leaf mass ratio (LMR) or leaf area ratio
(LAR) (fig 1) or by calculating the root-shoot ratio (R/S ratio), which is the ratio of the total dry mass in the roots to the total
dry mass in the leaves of a plant (see fig 1 and text box 1 for further explanation) (Poorter & Nagel, 2000). Relative growth
rate (RGR) is determined as the rate of increase in plant mass (Lambers et al., 2008; Tyree et al., 1998).
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Figure 1.Conceptual framework showing the hypothesized effect of light on RGR and its components, leaf thickness and R/S
ratio. The plusses and minuses indicate a positive or negative effect.

Information box. How to calculate LAR, LMR, SLA, RGR and NAR.
Abbreviation
RGR
SLA
LMR
LAR
NAR

Explanation
Relative growth rate
Specific leaf area
Leaf mass ratio
Leaf area ratio
Net assimilation rate

RGR = LAR * NAR

Unit
g g-1 year-1
cm2 g-1
g g-1
cm2 g-1
g cm-2 year-1

(formula 1)

LAR is the amount of leaf area per unit total plant mass. LAR consists of two components: SLA and LMR. SLA
is the amount of leaf area per unit leaf mass. LMR is the fraction of the total plant biomass allocated to the
leaves.
LAR = SLA * LMR

(formula 2)

NAR is the rate of increase in plant dry mass per unit leaf area. For calculating the RGR (gram/year), the increase
in dry plant mass (MP2-Mp1) needs to be calculated by successive weighting of different plants.
RGR =

(𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃 2 − 𝑙𝑙𝑙𝑙𝑀𝑀𝑃𝑃 1 )

(formula 3)

(𝑡𝑡2 − 𝑡𝑡1 )

The RGR can be used to calculate an estimate of the mean NAR for the time-interval (t2 – t1):
𝑁𝑁𝑁𝑁𝑁𝑁 =

𝐿𝐿𝐿𝐿 (𝑑𝑑𝑑𝑑𝑃𝑃 )
𝑑𝑑𝑑𝑑

/(

𝐴𝐴𝐿𝐿

𝑀𝑀𝐿𝐿

×

𝑀𝑀𝐿𝐿

𝑀𝑀𝑃𝑃

)

(formula 4)

MP is the total dry plant mass, AL is the leaf area, ML is the dry leaf mass
Text box 1. Calculation of RGR, LAR, SLA, LMR and NAR from Lambers et al., 2008 and Vernon & Allison, 1963.
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Aims and hypotheses
Currently, enrichment planting of Brazil nut trees has been carried out at relatively small scale and has barely been monitored,
hence knowledge about success remains limited. If measured, irradiance is often scaled in small light ranges, lines or gaps and
not measured at maximal light conditions (Zuidema, 2003; Peña-Claros et al., 2002; Kainer et al, 2007; Kainer et al., 1998;
Myers et al., 2000). In this study, light data was measured in a quantitative index of shading and carried out in collaboration
with a large-scale enrichment planting program in the Madre de Dios region in Peru, aiming to determine growth and biomass
allocation responses of B. excelsa seedlings to irradiance after enrichment planting. Furthermore, investigated are the
differences in biomass allocation of B. excelsa seedlings in the nursery to those in the plantations as indication of the preparation
of the seedlings to transplantation. Knowledge on management practices contributes to improve enrichment planting schemes
and can therefore enhance population sizes of B. excelsa in the long term, improving the livelihoods of the castañeros and
conserving natural ecosystems.
Subsequently,
1.
-

It was hypothesized that light had a positive effect on the
RGR of B. excelsa seedlings because of an increase in the photosynthetic rate
R/S rate because of an increase in the biomass to the roots to compensate for the water loss by higher water uptake
and a decrease in the leaf biomass to minimize the water loss by evaporation
leaf thickness because of an increase in the cell layers and chlorophyll to protect against irradiance

and a negative effect on the
2.

SLA because of a decrease in surface area of the leaf under higher light conditions and because the increase in leaf
thickness causes an increase of leaf mass per leaf area
LMR because of a decreased leaf growth
LAR because LAR is defined by LMR and SLA which are both hypothesized to be negatively influenced by light
It was hypothesized that when B. excelsa seedlings in the nursery were not well prepared to the environmental
conditions in the fields, their biomass allocation would not be similar to the biomass allocation of seedlings from the
fields.
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Materials and Methods
Study Species: The Brazil nut tree
Bertholletia excelsa is a long-lived light demanding pioneer species from the family Lecythidaceae, growing mainly in the
lowlands of the Brazilian, Peruvian and Bolivian Amazon (Peña-Claros et al., 2002). B. excelsa grows in non-flooding areas
with rainfall ranging from 1450 to 3400 mm/year and a dry season of 2-7 months (Moraes et al, 1994). B. excelsa, also called
the ‘cornerstone of Amazonian conservation’ shows a high contribution to the aboveground carbon storage in forests of
southwestern Amazonia (Guariguata et al., 2017; Galia Selaya et al., 2017). The tree may attain heights of up to 50 meters and
a circumference of over 9 meters (Zuidema, 2003). The ball-shaped fruits are filled with 10 to 25 Brazil nuts (Peres et al.,
2003). These valuable seeds are harvested and traded, or the oil is extracted and used in a wide variety of products, mostly in
the USA, Asia and Europe (Peres et al., 2003; Chunhieng et al., 2004). The tree relies on large-bodied bees for pollination and
gene flow (Zuidema, 2003). B. excelsa is classified in the IUCN red list as vulnerable and is illegal to fell due to its ecological
and socioeconomic value (Wildscreen Arkive, n.d).

Study Area
The Madre de Dios region (12°53'S 69°10'W) in southeast Peru contains more than 2.6 million ha of the most biologically
diverse, carbon dense Brazil nut-rich forest (Tambopata National Reserve, 2019). Mean annual temperature is 25 °C, mean
annual precipitation 2221 mm/year and the wet season lasts from December to March (Climate-data, 2015). The climate in the
study area is classified as tropical savanna climate, Aw, the vegetation as lowland Amazonian rainforest consisting mainly of
disturbed areas differing in successional stage (Tambopata National Reserve, 2019). In the study area, different enrichment
planting sites were established between March and June 2018 by a local foundation and organisation North of Puerto
Maldonado around the villages Alegria and Planchon (appendix 1) in cooperation with local concessionaires as beneficiaries.

Involved projects, foundations and organisations
This study was done in collaboration with SUSTAIN, Fondo de Promoción de las Áreas Naturales Protegidas del Perú
(PROFONANPE) and Instituto de Investigaciones de la Amazonía Peruana (IIAP). SUSTAIN is a research project of the
university ETH Zurich and CIFOR that aims to identify the ecological, social and economic sustainability of the Brazil nut
supply chain from Madre de Dios to Switzerland (SUSTAIN, n.d.). SUSTAIN arranged the collaboration with PROFONANPE
and IIAP. IIAP contributes to research on conservation of natural resources of the Peruvian Amazon and owns an experimental
station with nurseries close to the city of Puerto Maldonado where Brazil nut seedlings are germinated all year round.
PROFONANPE is a private environmental foundation contributing to the conservation of biodiversity in Peru. One of the
projects of PROFONANPE is enrichment planting of B. excelsa. The seedlings are first raised in the nurseries from IIAP,
bought by PROFONANPE and given to preselected castañeros. Part of these were the seedlings used in this study.

Study design
Data from 14 different enrichment planting fields in the Madre de Dios region in Peru was collected between September and
November 2018. The fields were enriched with 50 or 100 B. excelsa seedlings, planted at least 10 m apart and 30-50 cm into
the soil, with nets as individual fences to protect against herbivory (F. Chiriboga Arroyo, pers. comm, April 20, 2018). Light
intensity was measured for 5 random seedlings per field before removing them for growth analysis. Site age, defined as the
time since planting, ranged from 3 to 8 months with an average of 5.6 months (appendix 2).

Field measurements
A commitment document (Acta de compromiso, appendix 3) was created in which on behalf of SUSTAIN 3 seedlings per
harvested seedling was promised to compensate the castañeros. This document was signed by Fidel Chiriboga, the castañero,
me and my field assistant. I always carried with me an explanation of my study written in Spanish (appendix 4).
A random number table was used to select 5 random seedlings (appendix 5). With the Lieberman method, light intensity was
quantified by measuring the amount of shade per seedling, using the surrounding trees (Lieberman et al., 1989). Distances and
heights were measured using a Nikon laser ‘Forestry Pro’ (Specification: waterproof 6x21 6) or a tapeline. The Lieberman
method calculates the angle (α) using the sin-1 of the height of a tree (w) divided by the distance from top seedling to top tree
(y) (appendix 6). The value of the light condition (G) is calculated using the formula: G = ∑sin (α1 + α2 +…+ αn). Every tree
that influences the light intensity of the B. excelsa seedling was included. Outcomes ranged from 0 (full light) to 12 (little light)
(appendix 7). A disadvantage of the Lieberman method is that it does not consider the size of the branches and leaves of the
tree. This might have led to an under- or overestimation of the parameter value. In my study, fields were divergent in light
conditions, therefore the Lieberman method was a suitable method to measure light intensity.
To calculate the RGR, changes in total dry weight between seedlings from the fields and seedlings from the nursery were
calculated. The average of 10 seedlings from the nursery with an age of 4 months was measured (time=1). Time=2 were the
measurements of the field seedlings.

Laboratory work
In the experimental station of IIAP, leaf thickness was measured at 4 random points per leaf using a micrometer. Leaf area was
calculated using pictures with the program ImageJ (Abràmoff et al., 2004). Seedlings were dried, separated in paper bags, for
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48 hours at 70 °C. Thereafter, the dry biomass of all different plant parts; the roots, nut, stem and leaves were weighted. Based
on the leaf area and dry mass of the different plant parts the RGR, SLA, LMR, LAR and R/S ratio were calculated.

Data analysis
A total of 70 data points was available for statistical analyses (5 seedlings x 14 fields). An ANOVA test was performed with
the aov command in R studio to investigate the differences in light levels between the 14 fields (Chambers et al., 1992),
followed by a post hoc test with the pairwise.t.test command. Important to keep in mind is that light was measured with the
Lieberman method, where a high G means low light and a low G high light.

Statistical analysis
Hypothesis 1 part 1
To investigate the influence of different light conditions on the biomass growth and allocation of planted B. excelsa seedlings,
mixed effect models (MEMs) were used, carried out using R studio version 3.5.2. RGR, SLA, LMR, LAR, R/S ratio and leaf
thickness were the test variables. ‘light’ (G) and ‘time spent in the field’ (time) were the fixed effects. ‘Biomass present when
harvested’ (biomass) was considered as a fixed effect only for leaf thickness because biomass was used in the calculation of
the other test variables. Fields was the random effect. All fixed effects were standardized with the scale function in R studio
(Eager, 2017). An interaction effect between light-time was included. For leaf thickness, the starting model included also the
interaction between time-G and biomass-G.
MEMs were made in R studio using the lme4 package (Bates et al., 2014). A starting model including all explanatory variables,
interaction terms, slope and intercept effects was constructed (appendix 10). Backwards selection was applied manually using
the Akaike Information Criterions (AIC). If the AIC values of two models differed less than 4 points after dropping a variable,
the most complete model was selected. It should be noted that sometimes the AIC was very similar for G or time as explaining
variables, but not for both in the same model. First all models were fitted using Maximum Likelihood estimation (ML), the
final model was refitted using Restricted Maximum Likelihood (REML). Models were validated by the visual inspection of the
distribution of the residuals vs the fitted values of the model and a Shapiro-Wilk normality test was done to test for normality.
SLA and R/S ratio were log transformed. For the final model was investigated which fixed effect was having a significant
(p<0,05) effect on the test variable. The visualisation of the predicted relationship between the fixed and random effects and
the test variable was made with the ggplot package (Wickham, 2016). The marginal and conditional R2 values were calculated
with the MuMln package (Nakagawa & Schielzeth, 2013).

Hypothesis 1 part 2
The conceptual diagram shows that the variables of the MEMs are interconnected, which influences the size of the coefficients
found. In a structural equation model (SEM) the significance and strength of a relationship can be analysed in the context of
the complete model. The standardized path coefficients indicate the direct effect of a variable on another variable while holding
the other relations constant (implemented in the R package semPlot [Epskamp, 2015]; Dion, 2008). Path coefficients are based
on series of regressions. In this model, 4 series of regressions were made: SLA~G, LMR~G, LAR~SLA+LMR and
RGR~LAR+G. SEMs also test the overall correctness of the whole path model. Given the relatively small sample size (70),
the robust Chi-square statistic is less reliable and the model-fit index Comparative Fit Index (CFI) was used in addition as it is
less sensitive to sample sizes (Schermelleh-Engel et al., 2003). For the model fit, the robust Chi-square should be >0.05 and
CFI >0.9, which was the case. The robust Chi-square is a correction of the Chi-square value in SEM by the nested data, which
was needed to obtain a non-significant p-value (implemented in the R package lavaan.survey [Oberski, 2014]) (Savalei, 2014).
Other widely applied model-fit indexes like RMSEA and the TLI were also tested, however those did not indicate an excellent
model fit.

Hypothesis 2
I compared SLA, LMR, LAR, R/S ratio, leaf thickness and dry weight of the cotyledon between 4 groups of seedlings; one
with 4 months-old seedlings growing in the nurseries (10 individuals, time=0) and the second, third and fourth group with
seedlings that were planted in the field since on average 4, 5.5 and 7 months. Differences amongst groups were tested with
ANOVA if variances were homogeneous, or Kruskal-Wallis tests as a non-parametric alternative (SPSS Statistics Version 25).
Tukey HSD and Dunn-Bonferroni post hoc tests were thereafter respectively used to see where the differences laid.
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Results
Light conditions differed significantly among fields (F(2,13)=38.41, p=<0.05), but were rather homogeneous within most fields
(appendix 7 and 8). Dry weight of plant parts differed quite strongly among seedlings. Dry weight tended to be higher for plants
in high light and for older plants (fig 2).

Figure 2. Dry weight of the 70 seedlings divided into aboveground and belowground parts, plotted against the light
conditions (left) and the months the seedlings grew in the field (right). DW stands for dry weight.

Hypothesis 1 part 1: Biomass growth and allocation
Final mixed effect models (MEMs) and the output of all the significant explaining variables of the final models are presented
in table 1 (see appendix 9 and 11 for correlations between explanatory variables and results from Shapiro-Wilk normality tests
respectively). Table 2 contains the explained variances for the random (variance by fields), fixed effects (marginal variance),
residuals (variance by residuals), and the final MEM (conditional variance).
Table 1. Results of MEMs, coefficients and p-values for the relative growth rate (RGR), the LOG of specific leaf area (SLA),
leaf mass ratio (LMR), leaf area ratio (LAR), the LOG of root/shoot ratio (R/S ratio) and leaf thickness. Significant effects
(p<0.05) are coloured in black and non-significant effects are coloured in grey. Blank cell means a variable was not included
in the model. The explaining variables are standardized.
Test
variable

Final model

G

Time

RGR

G+time+G*time

-0.43
(p=0.002)

0.22

Log SLA

G

LMR

G

LAR

G+time+G*time

0.08
(p=0.008)
-0.04
(p=0.027)
-4.25

-0.34

Log R/S
ratio
Leaf
thickness

G+time+G*time

0.07

0.08

Biomass+G*
biomass+G*time

0

0

Biomass

0.02
(p=0.000)

Interaction
effect

Intercept

G*time
0.28
(p=0.041)

0.5

Random
slope for
G
Yes

4.99

No

0.23

Yes

1.6

32.17

Yes

0.07

1.09

Yes

-0.01
G*time
(p=0.009)
0.02
G*biomass
(p=0.000)

0.19

Yes

Table 2. Variance explained by the random effect fields and variance explained by the residuals of the model. The R2 of the
model is categorized into two types, the marginal R2 and the conditional R2. The marginal R2 is the variance explained by fixed
effects. The conditional R2 is the variance explained by both the fixed effects as the random effect Fields.
Test variable

R2 by fields

R2 by residuals

R2 model:
variance

RGR

Int= 0.109
slope= 0.064
0.011

0.267

0.394

R2 model:
conditional
variance
0.633

0.019

0.193

0.483

logSLA

marginal
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LMR
LAR
R/S ratio
Leaf thickness

Int= 0.001
Slope= 0.002
Int=23.47
Slope= 30.15
Int= 0.029
Slope=0.043
Int= 0.00
Slope= 0.00

G

0.009

0.147

0.376

192.43

0.046

0.253

0.222

0.016

0.258

0.000

0.334

0.548

G

Figure 3. Prediction of the relationship between the standardized variable G and RGR, logSLA, LMR and leaf thickness with
random intercepts and random slopes for the different fields. The different colours indicate different fields. The black lines
visualize the interaction effect between G and a secured amount of time: time=7 for the straight line, time=5.5 for the dotted
line and time=4 for the striped line. The grey area is the 95% confidence interval of the community level prediction.
Light had a positive effect on RGR with an average increase of 0.7 g g-1 year-1 (fig 3). Field 1 and 12 had a different intercept
and field 5 and 6 a different slope than the average. Appendix 7 and 13 show low light availability in fields 5 and 6 and time
since planting was only 4 months. In field 1 and 12 light availability was high. Table 2 shows quite some variation was explained
by the model. It was not possible with ggplot to show the confidence interval around this model, because of the interaction
effect. Light had a negative effect on SLA (fig 3). Table 2 shows quite some variation was explained by the model. Deviant
field 14 show low light conditions, 7 and 13 high light conditions. Unexpectedly, light had a positive effect on LMR Field 10,
13, 14 are very similar to the average, while field 3, 6 and 7 are more different. Neither LAR or R/S ratio were significantly
driven by any of the explanatory variables and the data variance explained only a small fraction of the models (table 2). Light
had a positive effect on leaf thickness trough the interaction terms. Because the slopes of the interaction terms are very small,
it was possible to show the confidence interval. Variation was explained for a large fraction by the model.
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Hypothesis 1 part 2: Simultaneous relationships
Standardized path coefficients with absolute
values <0.10 indicating a small effect for LAR on
RGR, 0.30-0.50 a medium effect for light on LMR
and SLA on LAR and >0.5 a large effect for light
on SLA and RGR and LMR on LAR (fig 4 and
appendix 12). The estimated total effect of G on
RGR
is
-0.54
(-0.51+(-0.35*0.99*0.17)+
(0.51*0.29* 0.17)). Thus, in terms of standardized
units, the direct effect of G on RGR was lower than
the total effect of G on RGR (-0.51 vs -0.54).
The SEM calculated the standardized regression
coefficient or R2 for those four parameters: for
SLA: 0.269, LMR: 0.113, LAR: 0.967 and for
RGR: 0.318. It is the explained variance, a
measure of how strongly each predictor variable in
the model influences the dependent variable. LAR
was high because it was only influenced by two
measured values. More variance was explained for
RGR than SLA and LMR and more for SLA than
LMR.

Figure 4. Result of the path analysis. The full lines indicate significant
relations (p<0.05) and the dotted lines indicate non-significant
relations. The numbers around the arrows are standardized path
coefficients. This model explains 32% of the RGR (R2).

All the relationships were significant, except LAR
~ RGR. The Chi-square statistic robust estimator
of the p-value was >0.05: 0.067. The CFI value
was >0.9: 0.961 for the robust estimator and 0.906
for the ML estimator, indicating a good model fit.

Hypothesis 2: Adaptation through time
Figure 5 shows that seedlings need time to adapt to environmental conditions. All the Kruskal-Wallis tests and the ANOVAs
were significant, showing that there were significant differences across groups (table 3). The results of the post-hoc tests show
that there were more differences between the t=0 time group combinations than between the other time-group combinations.
The adaptation of the biomass allocation was less strong after 4 and 5.5 months.
Table 3. Results of SPSS outcomes of the ANOVA and Kruskall-Wallis tests
Test variable

ANOVA

Dryweight cotyl

F(3,75)=3.979

Kruskal-wallis

P value
0.011

2

SLA

X (3)=19.052

0.000

LMR

X2(3)=15.021

0.020

LAR

X2(3)=12.72

0.005

2

X (3)=16.426

R/S ratio
Leaf thickness

F(3,75)=11.945

0.001
0.000
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Figure 5. Boxplots of test variables (dryweight cotyledon, SLA, LMR, LAR, R/S rate and leaf thickness) and the four time groups
(t=0, 4, 5.5, 7). Different letters above the boxplots indicate the significant differences between the groups based on Post hoc
tests. Similar letters mean no significant difference between median of the groups. Made in R studio version 3.5.2, letters added
manually.

9

Discussion
This thesis focussed on Brazil nut seedling responses after enrichment planting by comparing biomass growth and allocation
under different light conditions and between seedlings growing in the nursery and in the fields. I will evaluate these responses
supported by the results after evaluating the methodological strengths and limitations of this research. I will evaluate to what
extent the results agree with previous studies and end with recommendations for future research and enrichment planting of B.
excelsa seedlings.

Methodological strengths and limitations
This is one of the few studies evaluating enrichment planting activities for Brazil nut trees and the first that investigated
enrichment success with a growth analysis. A difficulty of research to growth analysis is to obtain permission to harvest enough
seedlings and to compensate for the loss, therefore in this study sample size was smaller than recommended. Furthermore, it
was not possible for most of the models to include final dry weight in the full model, because the biomass was calculated in
these values. However, it would have been good to include more information on initial ontology because a certain plant form
can also be the consequence of its initial plant size. Another limitation was that the ‘time since planted’ used for the RGR and
time group calculations was based on collected, sometimes inexact, verbal information about planting dates from the castañeros.
For 12 seedlings a negative RGR was found, which means that biomass of the seedling was smaller than the average biomass
of the seedlings from the nursery. Further inspection of these seedlings showed that all had very small or few leaves likely
because of too much or too little light, or herbivores (e.g. ants or rodents) had partly eaten the seed or the roots. The weight of
the cotyledon for all the seedlings with a negative RGR was smaller than the average weight of the cotyledons, which indicates
that these seedlings had had a higher need for the reserves in the cotyledon. Brazil nut seedlings are unable to survive long
periods in a dense understory, once their initial seed reserves have been exhausted (van Rijsoort et al., 1993). Therefore, lack
of light can cause slowly dying of the seedling and too much light can cause water stress and dropping of leaves. I did not
investigate the effect of light conditions on the mortality of seedlings. However visual inspections showed higher seedling
mortality under high light conditions.

Effect of irradiance on biomass growth and allocation
As hypothesized, this study showed that light conditions were significantly positive for RGR and leaf thickness (indirect via
the interaction term) and significant negative for SLA. Unexpectedly, light conditions were significantly positive for LMR and
non-significant for LAR and R/S ratio.
Growth
In other studies, the RGR of B. excelsa seedlings also increased with higher light availability, however these values for RGR
were higher than the values found in this study (Poorter, 1999; Myers et al., 2000; Zuidema et al., 1999; van Rijsoort et al.,
1993; Zuidema, 2003). In a study of Zuidema et al. (1999), the RGR was highest for the 100% light level. Poorter (1999) found
that RGR was highest at intermediate light levels (25-50% light). In controlled experiments, B. excelsa seedlings growing under
different light levels were found to have highest biomass in the range of 10-100% light (Poorter 1999; Zuidema, 1999).
Adaptation to new environmental conditions after transplantation strongly limit the RGR.
What caused the relatively low RGR compared to
previous studies?

RGR (g g-1 year-1)

Furthermore, after comparison with other studies,
I found a positive effect of initial planting size on
RGR. In other studies, initial seedling height was
higher than the seedlings from this study (fig 6).
The increase of growth with initial seedling size
can be caused by a diminished cotyledon
predation when transplanted to natural
conditions, an important cause of death for small
seedlings (Zuidema, 2003). On the other hand,
Zuidema et al. (1999) found that seedlings larger
than 60 cm need more time to adapt after
transplantation. Zuidema et al. (1999) concluded
that optimal seedling height when planted was
40-60 cm. Poorter (1998) and Hayashida-Oliver
et al. (2001) found similar results (fig 6).
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Initial height of seedling when planted in the field
Figure 6. Relationship between RGR and initial height of seedlings when
planted in the field. Points from left to right: this study (red dot), Poorter
(1998), Poorter (1998), Zuidema et al., (1990), Hayashida-Oliver et al.,
(2001) and Zuidema et al., (1990) (blue dots).

The MEM showed that the interaction effect of light and time also significantly influenced RGR. Because seedlings need to
acclimatize in the field, initially more energy of the plant goes into changing the biomass allocation. After adaptation, more
energy can be invested in the growth of the seedling. Next to light and time, for example water and nutrients can influence
RGR. Zuidema & Boot (2002) showed that survival of seedlings was lower in a dry year than in a normal year. In this study,
seedlings were planted between March and June. The wet season in the Madre de Dios region ends in March-April, therefore
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the seedlings should all be planted April latest. I cannot exclude that there have been differences in water availability between
the fields that potentially have influenced the results. Soil variables like soil moisture, soil pH and nutrients or management
actions from the castañeros like fertilization, anti- herbivore measurements, fire damage, seedling origin, etcetera (Grubb, 1996)
can also have influenced the results.
Allocation
The predicted average value of SLA, based on the formula of the MEM (146.9 cm2 g-1) is comparable with results of other
studies of tropical species, ranging around 120 cm2 g-1. For temperate species the SLA values are a lot higher, indicating a
higher tolerance and adaptation to lower light conditions (Tyree et al., 1999). These results are consistent with the strong
correlation between SLA and leaf thickness found in this research (Pearson correlation coefficient r=-0.7, p=0.000). Several
other studies of seedlings of other tropical tree species have shown that the SLA of leaves decrease in plants grown under full
sunlight (Zuidema et al., 1999; Azevedo, 2014; Popma & Bongers, 1988, Veenendaal et al., 1996). In high light conditions,
leaf loss was higher while the rate of leaf gain was lower or negative (Azevedo, 2014).
Unexpectedly, a significant positive effect of light was found for LMR. Gyimah & Nakao (2007) found a negative relationship
between light and LMR in their study about growth responses to light of seedlings of tree tropical species. Interestingly, they
found a positive relationship between light and allocation to the roots. The LMR found for high light conditions was 0.36 g g1 and for low light conditions 0.49 g g-1. In this study, the predicted value of LMR was on average 0.23 g g-1. The positive
relationship found in my study can partly be explained by the allocation of biomass to roots, because in most studies the LMR
and allocation to the roots are consistent (Gyimah & Nakao, 2007). I did not find a significant effect of light on the R/S ratio.
It could be that water stress or predation of ants or agoutis decreased the amount of biomass found in the roots or that I have
not completely succeed to remove all the root parts when harvesting a seedling. Furthermore, the positive relationship can be
explained by the leaf thickness, which increased with light availability and increases the biomass of the leaves. Kelly et al.
(2009) also found a positive relationship between light and LMR. They investigated the growth and physiological responses of
six rainforest tree species to light conditions and found the highest LMR for most of the 6 investigated rainforest tree species
for high light availability (Kelly et al., 2009). This study found an LMR ranging on average from 0.34 g g-1 for high light
conditions to 0.26 g g-1 for low light conditions (Kelly et al., 2009). In addition to these LMR values, this study also found no
effect of light on biomass allocation to the roots. This might explain the similarity of LMR values between my study and the
study of Kelly et al. (2009).
The trend of LAR and light conditions found in my study is not similar with results of other studies. In a study of Popma &
Bongers (1988), tropical rain forest species showed a negative effect of light on LAR. Popma & Bongers (1988) however found
differences between species in LAR, depending on the shade tolerance of the species. The relationship between light and LAR
can be explained by the behaviour of its two components: SLA and LMR, both showing a different trend with light. Values of
LAR based on this study ranged between 39.35 cm2 g-1 for high light conditions and 26.83 cm2 g-1 for low light conditions. For
Poorter (1999), values for high light levels were similar, however the LAR value for low light conditions were very different:
31 cm2 g-1 and 64.5 cm2 g-1 respectively.
Popma and Bongers (1988) found similar results for R/S ratio as this study. In their study to the growth and biomass allocation
of Hawaiian rainforest species of Pattison et al. (1998), R/S ratio did not show consistent trends across light treatment for any
of the species except one. Values ranged between 0.1 and 0.45. My values of R/S ratio were on average 0.36. Low values of
R/S ratio can indicate conditions of high nutrient availability or a lack of competition.

Simultaneous relations
Multiple regression like MEMs are ideal if variables are all directly measured. Clear hypotheses with enough evidence to
support the interpretation that a variable has a causal effect on another variable are necessary. In this study, this prerequisite
can be met. However, not all the relationships analysed with MEM were directly measured as shown by the conceptual diagram.
Furthermore, latent variables (unmeasured, underlying causes) can influence the relationships between values (Grace, 2006).
Therefore, SEM can provide insights into a whole system of interactions with direct and indirect interactions and relative
strengths of pathways. SEM represents a different way of analysing data by examining networks of causal relationships.
Therefore, SEMs and MEMs are difficult to compare (Grace, 2006). In this study, the direction of the relationships was similar
for both models, even as most of the significant relationships. SEM found additionally a non-significant relationship between
LAR and RGR and the indirect relationship between G and LAR was significant. Some coefficients of the MEM correspond
to path coefficients and others do not. An explanation for the differences can be the influence of the latent variables. It is not
realistic to hold SLA~LAR constant when evaluating LMR~LAR because LAR it was directly calculated from SLA. Therefore,
the collective effects are of interest. Another explanation is that SEM only modelled G while MEM also included time as
explanatory variable. In the SEM, G explains 32% of the RGR, which means that other explaining variables explain the other
68% of RGR. The match between model and data indicated by the chi-square value of the SEM in this study indicates that the
conceptual diagram was correct.

Adaptation after transplantation
The differences between the seedlings in the nursery and the seedlings in the field can be explained by a lack of light and an
abundance of water in the nursery. In addition to this, the nursery from the IIAP plants the B. excelsa seedlings in v-shaped
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tubes. In these tubes, limited space is available to develop a suitable root system. It might be better to give the seedling more
soil space to be able to develop a sufficient root system. The boxplot of the cotyledon shows that the dry weight of the cotyledon
first decreases and then increases in the last time group. Zuidema et al. (1999) showed in their experiment that low values of
RGR in the shaded treatments were accompanied by positive values of relative use of the cotyledon, indicating a net use of the
cotyledon reserve. This indicates that in my research the cotyledon reserves were used for biomass allocation. After some time,
lignification of the cotyledon causes the dry weight to increase again.
Similar to my results, Villar-Salvador et al. (2004) did an experiment with drought hardening of seedlings and concluded that
outplanting performance was related to changes in plant size and biomass allocation induced by nursery treatments. A high R/S
ratio and small shoot sizes have been considered drought resistance traits. Other studies also found that the morphology and
especially the root system of seedlings was sensitive to irradiation and watering in the nursery growing period (Andrés et al.,
2011; Davis & Jacobs, 2005). Grossnickle (2012) argues that it is important that nurseries create seedlings with plant attributes
that allow for the best chance of success once a seedling is planted in the field. He also found that even though seedling losses
are in many situations attributed to animal grazing, disease or insects, in many cases the real cause is planting poor quality
seedlings.

Enrichment planting
Over the long term, enrichment planting of a NTFP may serve forest conservation while supporting human economic activities
and gives farmers an alternative to land conversion (Belcher & Schreckenberg, 2007). Examples of successful NTFP planting
are rattan in combination with rubber trees as support in Malaysia and Indonesia or Açaí in the Amazon, which has greatly
increased the value of forests there (Gunter et al., 2011; Paquette et al., 2009). However, enrichment planting also includes
high costs, therefore in some situations the benefits may be unclear.

Recommendations for future research
In this research, I only investigated enrichment planting performance for light conditions and time in the field and discussed
that also initial height of seedlings when planted, date of planting and other explaining variables as water availability, soil and
silvicultural interventions by the castañeros are important (Kainer et al., 1998). Therefore, in future research it is important to
also include the effect of those other explaining variables on the performance of B. excelsa. Also, optimal height growth and
mortality are important to include to investigate performance of seedlings. Finally, research is needed to the best preparing
conditions in nurseries for future planting.

Management advises
It is important to understand the requirements of B. excelsa seedlings to light conditions because the responses of the plants to
those conditions determine the success of enrichment planting. B. excelsa seedlings perform better under high light conditions,
however the optimum might be under the maximal light conditions. In this study, seedlings in fields 1 and 12 showed the
highest RGR, both with high light conditions of G < 2 (appendix 13). This were the best fields for enrichment planting.
Literature states that the optimal height of B. excelsa seedlings when planted in the fields was 40-60 cm. I advise to wait with
transplanting until this optimal height is reached. Furthermore, the seedlings need to be prepared to transplantation to minimize
adaptation in biomass allocation and mortality rates. Subjecting the seedlings to mild water stress can improve the
acclimatisation responses. It might be better not to plant the seedlings in the v-shaped tubes with limited space for root
development. Last, management strategies like planting date, planting practices, site preparation and vegetation management
are important for the success of enrichment planting and moreover good monitoring will improve management practices.

Conclusions
The results of this thesis have yielded two important results. First, light increases the biomass growth and allocation of B.
excelsa seedlings. Therefore, optimal light conditions are crucial for enrichment planting success. Second, seedlings from the
nursery are not well prepared to the environmental conditions in the field. For optimal success, seedlings should have an optimal
length and biomass allocation before transplantation. In this way, enrichment planting of B. excelsa can increase the value of
the forest while simultaneously supporting social development of people dependent on the Brazil-nut market and thus
contributing to the conservation of natural ecosystems.
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Appendix 1

Figure i. Map with the locations of the measured fields in the Madre de Dios region of Peru. Created with ArcMap
(2019).

Appendix 2
Table i. Information about the 14 different fields: time the seedlings grew in the fields on the moment of harvest,
the location and the owner.
Field

Time in the field (months)

GPS-location

NAME CASTANERO

1

7

12°14′04.33″S 69°03′36.22″W

Manuel Gamarra Fuentes

2

5

12°07′49.1″S 69°04′53.65″W

Justa Castro Quispe

3

6

12.085977°S, 069.065279°W

Sara Hurtado Orosco

4

3

12°04′23.8″S 69°01′03.27″W

Manuel Escalante Huaman y Gulio Instalaron

5

4

12°12′00.65″S 69°02′15.81″W

René vargas pineda

6

4

12°00′38.83″S 69°12′30.66″W

Basilides mamani puma

7

5.5

12°09′23.11″S 69°03′28.06″W

Eulogio quispe Chani

8

6.5

12°09′35.76″S 68°55′49.23″W

Luisa Ohoa Puma

9

6.5

12°06′02.51″S 69°19′45.28″W

Domingo quispe pinedo

10

5.5

12°14'14.2"S 69°13'13.7"W

carlos moreno fuller

11

7

12°07'40.6"S 69°17'41.7"W

Miliska guerra vargas

12

8

12°05'58.7"S 69°19'50.7"W

Franklin quispe gomes

13

6

12°05'53.9"S 69°19'48.0"W

Paulino quispe Ramirez

14

5

12°11'36.4"S 69°16'14.1"W

Felicitas Macochoa

i

Appendix 3
ACTA DE COMPROMISO

ACTA DE COMPROMISO

El PROYECTO SUSTAIN, aliado del Proyecto Castañas de El PROYECTO SUSTAIN, aliado del Proyecto Castañas de
Profonanpe, se compromete con el socio castañero que Profonanpe, se compromete con el socio castañero que
suscribe esta ACTA DE COMPROMISO, a:
suscribe esta ACTA DE COMPROMISO, a:
•
•

Entregarle 3 plantones por cada plantón retirado de su
parcela agroforestal (dando un total de 15 plantones),
durante los meses de diciembre 2018 y febrero 2019.
Sembrar los 15 plantones entregados en los sitios que
indique el socio, ubicados dentro de la misma parcela
agroforestal.

En señal de conformidad, firman esta acta de compromiso,
el día____ de____ de______:

Fidel Chiriboga
Proyecto Sustain

Socio Castañero:

•
•

Entregarle 3 plantones por cada plantón retirado de su
parcela agroforestal (dando un total de 15 plantones),
durante los meses de diciembre 2018 y febrero 2019.
Sembrar los 15 plantones entregados en los sitios que
indique el socio, ubicados dentro de la misma parcela
agroforestal.

En señal de conformidad, firman esta acta de compromiso,
el día____ de____ de______:

Fidel Chiriboga
Proyecto Sustain

Socio Castañero:

ii

Appendix 4
Nombre:

Jiska Schaaf

Edad:

24

Estudio:

Msc Conservación del Bosque

Universidad, país:

Universidad de Wageningen, Hollanda

Propósito de la investigación: Para mi tesis de maestría investigo las condiciones ideales de iluminación
para las plántulas de nuez de Brasil. Para eso mido las condiciones de luz y hago un análisis de
crecimiento. Para eso necesito algunas plantas. Utilizo estas plántulas para calcular cuánto han crecido
las plántulas desde la siembra y bajo qué condiciones de iluminación tienen que ajustarse más. La
cantidad de plántulas que invierten en el crecimiento de la hoja o en la raíz depende de las condiciones
de iluminación. También mediré el grosor de la hoja de varias plántulas. Los resultados de mi
investigación contribuirán a un mejor conocimiento sobre las condiciones ideales para plantar plántulas
de árboles de castaña.
Esta investigación es en colaboración con: SUSTAIN, Fondo de Promoción de las Áreas Naturales
Protegidas del Perú (PROFONANE), Instituto de Investigaciones de la Amazonía Peruana (IIAP) y la
Universidad de Wageningen.
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Appendix 5
Random number table
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Appendix 6

Figure ii. Method used to calculate the light intensity that the B. excelsa seedling receives.

Appendix 7

Figure iii. Boxplot of the light conditions (G) for the 14 investigated fields in the Madre de Dios region, Peru. The outcome
of the post-hoc test is shown in appendix 4.

Appendix 8
Table ii. Outcome of the post-hoc test for the different light conditions in the field. The X indicate significant
differences.
Field 1
Field 2
Field 3
Field 4
Field 5
Field 6
Field 7
Field 8
Field 9
Field 10
Field 11
Field 12
Field 13
Field 14

Field 2

Field 3

X
X
X
X
X

X
X
X

Field 4

Field 5

X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X

Field 6

Field 7

Field 8

Field 9

Field
10

Field
11

Field
12

Field
13

X
X
X
x

x

x

X

X
X
X
X
X

X
X

X

x

X
X
X
X
x

x

X
X
X
X
X
X
X
x

X
X

x

X

X

x
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Appendix 9
Table iii. Outcome of the Pearson correlation test between the explanatory variables
Explanatory variables
Time ~ G
Biomass ~ G
Biomass ~ time

Pearson correlation coefficient
-0.76
-0.51
0.55

Appendix 10
Table iv. Starting models for the MEMs
Test variable
RGR
Log SLA
LMR
LAR
Log R/S ratio
Leaf thickness

Starting model
lmer(RGR~SG*Stime +(SG|fFields)
lmer(logSLA~SG*Stime +(SG|fFields)
lmer(LMR~SG*Stime +(SG|fFields)
lmer(LAR~SG*Stime +(SG|fFields)
lmer(logRSrate~SG*Stime +(SG|fFields)
lmer(AVLeave.thickness~(SG*SCALDWTOT)+(Stime*SCALDWTOT)+(SG*Stime) +(SG|fFields)

Appendix 11
Table v. Outcomes of the Shapiro-Wilk normality tests for the 6 models. Models are normally distributed when the
outcome is not significant.
Y
RGR
logSLA
LMR
LAR
Log R/S ratio
Leaf thickness

Shapiro-Wilk normality test
0.9844
0.4491
0.2885
0.7742
0.2703
0.8432

Appendix 12
Table vi. Outcome of the SEM
Relation
LightRGR
LightSLA
LightLMR
SLALAR
LMRLAR
LARRGR
SLA~SLA
LMR~LMR
LAR~LAR
RGR~RGR
G~G

Est. std.
-0.512
0.511
-0.349
0.289
0.993
0.174
0.739
0.878
0.033
0.672
1

Std. err.
0.114
0.109
0.130
0.045
0.025
0.124
0.111
0.091
0.009
0.111
0

z-value
-4.478
4.689
-2.681
6.384
40.49
1.407
6.643
9.660
3.525
6.029
-

Pr>|t|
0.000
0.000
0.007
0.000
0.000
0.160
0.000
0.000
0.000
0.000
-

ci.lower
-0.736
0.297
-0.604
0.200
0.945
-0.068
0.521
0.700
0.015
0.453
1

ci.upper
-0.288
0.724
-0.094
0.378
1.041
0.417
0.957
1.056
0.051
0.890
1
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Appendix 13

Figure iv. Field 1, 6 and 12 respectively
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