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Abstract

Romerillo (Retrophyllum rospigliosii), a vulnerable conifer native to the cloud forests of Ca-
jamarca, Peru, persists in small remnants at high altitudes in San Ignacio province, where
its integration into agroforestry systems may support both conservation and sustainable
production. This study aimed to model the growth of R. rospigliosii associated with coffee
(Coffea arabica L.) using diameter and height as indicators. Field data were collected over
18 months in two experimental plots and the study analyzed 329 individuals selected from
600 initially planted, with monthly monitoring to evaluate early growth and survival dy-
namics. The data were analyzed with nonlinear mathematical models, including Schu-
macher, Chapman-Richards, and Weibull, with model selection based on goodness-of-fit
and prediction statistics such as R?, AIC, and BIC. Results showed that Schumacher pro-
vided the best performance for height (R2=0.98, AIC =27,978.54), while Weibull (R?=0.80,
AIC = 27,204.63) and Chapman-Richards (R? = 0.80, AIC = 27,207.97) also yielded con-
sistent estimates. For diameter, Schumacher was the most accurate (R? = 0.92, AIC =
2627.87). Survival analysis revealed significant differences between plots (p = 0.011), with
higher survival at 1820 m (87.8% at 18 months) compared to 1540 m (77.3%). These find-
ings indicate that the Schumacher model is most suitable for growth estimation, while
altitude plays a critical role in survival, underscoring its importance in establishing R.
rospigliosii within coffee-based agroforestry systems.

Keywords: Podocarpaceae; native species; survival; growth models; cloud forests

1. Introduction

Retrophyllum rospigliosii is a South American conifer [1-4] of the Podocarpaceae fam-
ily, distributed in montane forests of Bolivia, Peru, Ecuador, Colombia, and Venezuela [5-
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8]. In northern Peru, it occurs between 1200 and 3750 m above sea level (m.a.s.l.) [8,9],
where in Cajamarca it forms a key component of cloud forests, although its populations
are scarce and fragmented [10]. The species is classified as a vulnerable species by the
International Union for Conservation of Nature (IUCN) due to habitat loss, extractive
pressure, and limited natural regeneration [11,12].

In addition to its ecological role, R. rospigliosii has economic importance for its timber
guality and adaptability to agroforestry systems with C. arabica [13]. However, its slow
growth [14,15], limited silvicultural knowledge, and absence of locally calibrated growth
models has restricted its inclusion in reforestation and forest management programs.

Forest growth dynamics is essential for estimating productivity and designing sus-
tainable strategies [16-21]. While robust models exist for species such as Swietenia macro-
phylla and Cedrela odorata [22,23], information for R. rospigliosii remains largely descriptive,
creating uncertainty in management planning. Cloud forests are also highly sensitive to
climate change [24-27], making reliable growth models for native species a priority for
conservation and climate-smart forestry [28-32].

In Cajamarca, the integration of native species into restoration and production sys-
tems is a priority [28,33-35]. However, without reliable information on growth trajectories
and productivity, planning and sustainability remain uncertain [36,37]. Despite its ecolog-
ical and productive importance, there is a clear knowledge gap: no studies have explicitly
addressed the early growth dynamics of R. rospigliosii in coffee-based agroforestry sys-
tems. This absence of baseline information limits the design of management strategies and
the integration of the species into restoration and production programs.

In this context, height is a fundamental variable for estimating tree volume [38], since
together with density and diameter at breast height, it allows the productivity of wood in
forest stands to be calculated [39,40]. However, growth is influenced by multiple factors,
many of which are difficult to measure and even more complex to determine [41]; accord-
ing to [42], it is unlikely that a single model can capture all the possible forms and rates of
a biological process as complex as tree growth [43]. Mathematical models have become
established as key analytical tools in the study of forest growth and production [41]. In
particular, the Chapman-Richards, Schumacher, Weibull, and Hosffeld I models have the
ability to simulate the sigmoidal growth of timber species and reflect the antagonistic dy-
namics between intrinsic physiological factors that stimulate growth and the environmen-
tal factors that limit it [44,45].

On the other hand, research has shown that the growth of many species does not
differ consistently between high- and low-fertility sites, and that survival does not appear
to be directly associated with either soil fertility or rainfall [46]. At each site, only a few
species show significant differences in survival within and between sites [47]. Reforesta-
tion trials, however, have shown that soil conditions can have a strong effect on growth
and survival. It is still unclear how the relative importance of soil conditions influences
survival and growth under different rainfall regimes and dry season lengths [48].

Therefore, the objective of this research was to model the early growth of R. rospig-
liosii associated with coffee (C. arabica L.) under agroforestry conditions, using diameter
and height as indicators, in order to generate baseline evidence for identifying growth
patterns and supporting the conservation and sustainable use of this vulnerable species.

Finally, we hypothesize that Chapman-Richards, Schumacher, and Weibull can rep-
resent the sigmoidal height and diameter growth of R. rospigliosii associated with coffee;
based on previous studies, Schumacher may perform particularly well, but model perfor-
mance is expected to depend on the response variable and plot conditions.
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2. Materials and Methods
2.1. Study Area

The research was conducted on two plots located in the village of San Pedro in the
district of San José del Alto in the province of Jaén, Cajamarca (Peru) (Figure 1). The dis-
trict of San José del Alto is located at an altitude of 1350 m above sea level, The topography
is rugged, with steep slopes and undulating terrain characteristic of the eastern foothills
of the Andes. The climate has two distinct seasons: a wet season from October to April
and a dry season from May to September. In 2020, the average annual rainfall was ap-
proximately 412 mm, with monthly maximums exceeding 190 mm in March and mini-
mums below 30 mm in July and August. Temperatures ranged from 19.8 °C (minimum)
to 32.4 °C (maximum), with an average relative humidity between 75 and 87% [49]. The
predominant soils are Leptosol-Regosol, with a moderately coarse texture, low organic
matter content, and limited fertility. These soils are vulnerable to erosion and degradation,
especially under agricultural practices such as slash-and-burn [50]. As for soil reaction
(pH) at altitudes of 1570, 1600, and 1800 m above sea level, the pH was 6.45, 6.05, and 5.79,
respectively [51].

Republic of Pern
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Alto district
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Figure 1. Location of the evaluated systems in the province of Jaén, Cajamarca region, Peru, South
America. Elevation data were obtained from the ALOS PALSAR mission and downloaded via the
Alaska Satellite Facility (ASF) Data Search Vertex portal (https://search.asf.alaska.edu/#/, accessed
on 15 November 2025).

2.2. Sampling and Measurement

In November 2022, 600 individuals of R. rospigliosii were established, with the plan-
tations distributed across two experimental plots under different agroforestry systems:
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Plot 1 at 1546 m above sea level (m.a.s.l), consisting of 200 trees in association with the
Marsellesa coffee variety; and Plot 2 at 1820 m.a.s.l., consisting of 400 trees associated with
the Geisha variety. For the analysis, 132 individuals were selected in Plot 1 and 197 in Plot
2 following Equation (1). The larger sample size in Plot 2 reflects its greater population
(400 trees), consistent with the mathematical behavior of the formula, which incorporates
population size, confidence level, and acceptable error. Thus, the difference in sample
sizes is not arbitrary but derived from the statistical calculation. The experimental design
considered non-probabilistic sampling for convenience, using good phytosanitary condi-
tions and the accessibility of individuals as selection criteria for the evaluation of daso-
metric variables, specifically total height and basal diameter. Given these characteristics,
the study is observational in nature, focusing on comparative evidence between plots ra-
ther than controlled experimentation. Therefore, the individuals selected were identifiable
and measurable plants without severe phytosanitary damage at the start of monitoring.

Consequently, estimates of survival, mortality, and growth were interpreted for estab-
lished plants and not for the initial establishment phase [52,53].

Figure 2 shows the directly measured dasometric variables: height in centimeters (a),
diameter in millimeters (b), of an individual established in the final field (c).

Figure 2. Dasometric variables measured in the field. (a) Measurement of height; (b) Measurement
of diameter; and (c) Individual established in the final field.

The growth of R. rospigliosii was monitored at regular monthly intervals over 18
months. This interval corresponds to the critical establishment phase, when most mortal-
ity and physiological adjustment occur. Monitoring during this stage provides scientifi-
cally informative evidence of site suitability, seedling quality, and management effective-
ness. Previous studies in tropical forests have shown that the establishment stage (typi-
cally 12-24 months) is decisive for long-term performance, as seedlings that survive this
stage tend to persist and maintain growth under agroforestry or restoration conditions
[54-56]. Thus, the 18-month horizon captures the dynamics of initial adaptation, quanti-
fies early growth rates, and generates baseline information essential for modeling and fu-
ture restoration planning.

3 Z?Npq
"TEIN—D+ Z%pq

M

where:

n: Sample size;

Z: Value of the normal distribution associated with the confidence level;
N: Size of the universe;

p: Probability of success;

q: Probability of failure (1 - p);
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e: Maximum acceptable estimation error.

2.3. Estimation of Dasometric Variables

The basal area (BA) of standing trees expressed in square meters or square centime-
ters [57], was calculated using Equation (2).

2

BA=rm+ @) @)

where:
BA: Basal area in (cm)?;
D: Diameter in (cm);
7t is the mathematical constant, approximately 3.1416.
The volume of standing trees was calculated using Equation (3).

V =BA*TH % FF 3)

where:
V: Volume (cm?3);
BA: Basal area (cm?);
TH: Total height (cm);
FF: Form Factor, based on [1-3].
The average annual increase (AAI) was calculated using Equation (4), based on [58].

Y
AAl = — @)
to
where:
Y;: Dimension of the variable considered;
to: Age from time zero in years.

For example, in the case of height, this is obtained using Equation (5):

height

AAl peighry = “age )
In this study, t, was defined as the age in years since planting, and Y; as the accu-
mulated increment from zero. It is also important to distinguish between the Mean An-
nual Increment (MAI) and Current Annual Increment (CAI). With only 18 months of
monthly data, the Average Annual Increase (AAI) was used as a simple exploratory indi-
cator of early growth. We acknowledge that derivative-based growth rates and seasonal
changes would provide more detailed insights, but such analyses require longer monitor-

ing periods and weather station data.

2.4. Data Analysis

Descriptive statistics were calculated for dasometric variables (height, diameter, ba-
sal area, and volume) in each plot, with the aim of characterizing the distribution and
magnitude of the data. Measures of central tendency (mean) and dispersion (standard
deviation) were determined, and it was observed that the average values of all variables
were consistently higher in Plot 2 than in Plot 1.

Before performing the statistical comparison between plots, the assumptions of nor-
mality were evaluated using the Shapiro-Wilk test [59], and the assumption of homoge-
neity of variances using Levene’s test [60]. The results indicate that most variables did not
meet the normality assumption (p <0.05), so the nonparametric Mann—-Whitney U test was
used to compare the differences between plots [61]. Statistical analyses were performed in
the Google Colaboratory environment.
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2.5. Growth Modeling

To model the height growth of R. rospigliosii during the first 18 months after planting,
we evaluated the fit of three mathematical models commonly used in forest growth stud-
ies: Schumacher, Chapman-Richards, and Weibull. These models are widely used to rep-
resent nonlinear growth trajectories and have proven effective in capturing early estab-
lishment dynamics in forestry research [62,63].

The models were fitted using nonlinear regression, with total tree height (m) as the
dependent variable and time since planting (months) as the independent variable. Struc-
tural parameters were estimated through an iterative optimization algorithm, minimizing
the residual sum of squares (RSS).

Model performance was assessed using complementary statistical criteria: adjusted
coefficient of determination (R2?), standard error of the estimate (SEE), Akaike information
criterion (AIC), and Bayesian information criterion (BIC). While R? and SEE provide de-
scriptive measures of explanatory power and precision, AIC and BIC penalize model com-
plexity and are considered the primary criteria for model selection, consistent with infor-
mation-theoretic approaches [64].

The formulas applied were:

RSS

2 _q_ 29 6
R? =1- = (6)
AIC = 2k — 2In(L) 7)
BIC =kxIn—2xIn(L) (8)

where RSS is the residual sum of squares, TSS is the total sum of squares, k is the num-
ber of estimated parameters, n is the sample size, and L is the maximum likelihood of
the model.

It is important to note that the models were calibrated exclusively with data from the
first 18 months, without external validation or parameter sensitivity analysis. This limita-
tion implies that the results reflect only the early establishment phase of the species and
should not be extrapolated to later growth stages. Future research should incorporate
longer monitoring periods and independent datasets to strengthen model robustness and
predictive capacity [65].

3. Results
3.1. Survival

The probability of plant survival showed consistent differences between the two
plots over the 18 months of monitoring. In the plot located at 1540 m.a.s.1. (plot 1), survival
decreased from 100% in the first two months to 77.3% at month 18. However, in the plot
established at 1820 m a.s.l. (plot 2), survival remained consistently higher, falling from
99.5% in the first months to 87.8% at month 18. Thus, towards the end of the evaluation
period, the higher altitude plot had approximately 10 percentage points of higher survival
than the lower altitude plot, suggesting that conditions at 1820 m a.s.l. were more favora-
ble for plant survival during the study period, reflecting the species” adaptation to cloud
forests within a context of climatic variability (Table 1).

Table 1. Monthly survival of plants in two plots at different altitudes over 18 months.

Month Plot 1 Plot 2
1 100.00 99.49
2 100.00 99.49
3 96.21 98.47
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4 93.18 96.45
5 90.15 96.45
6 88.64 94.42
7 88.64 94.42
8 86.36 93.40
9 85.61 91.37
10 84.85 90.86
11 82.57 90.35
12 80.30 88.83
13 79.55 88.32
14 79.55 88.32
15 78.78 88.32
16 78.78 88.32
17 77.27 88.32
18 77.27 87.82

Note: Survival (%) of individuals per month. Values represent the proportion of surviving trees
relative to the initial planting. Month 1 corresponds to the first survey (30 days after sowing); for
month 0, only the individuals in the sample were selected.

On the other hand, Figure 3 shows individuals in the nursery (a), individuals selected

in month 0 (b and c), and mortality recorded in some individuals at the end of the first
month (d-f).

Figure 3. Selection of individuals from the nursery, month 0, and the mortality rate in month 1. (a)
Individuals in the nursery; (b,c) Individuals selected in month 0; and (d—f) Mortality recorded in

some individuals at the end of the first month.
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Figure 4 shows the Kaplan—Meier survival curves that revealed differences between
the two plots. Plot 2, located at 1820 m.a.s.l., consistently showed higher survival rates
than plot 1 (1540 m.a.s.L.), ranging from values close to 100% in the first months to 87.8%
at month 18, compared to 77.3% for the lower altitude plot. The log-rank test indicated
that these differences in survival over time were statistically significant (p = 0.011).

Plot Plot 1 Plot 2
1.00
0.754
g
2
3
> 0501
=
8
<]
o
0.254
p=0011
0.00
0 5 10 15 20
Time (months)
Number at risk
- 1 132 123 113 105 0
o
o
1197 190 180 174 0
0 5 10 15 20

Time (months)

Figure 4. Survival of R. rospigliosii for 18 months in the field.

To improve the analysis, Figure 5 shows the Cox proportional hazards model (1 =
329, events = 54), where we identified initial basal diameter as the most robust predictor
of survival (HR = 0.0013, 95% CI: 8.6 x 10-0.21, p = 0.01), indicating that individuals with
greater initial vigor have a significantly lower probability of mortality during the estab-
lishment phase. In contrast, altitude (HR = 0.999, p = 0.40) and initial height (HR = 0.97, p
= (0.47) did not show statistically significant effects, although the trend suggests a slight
advantage at higher sites and in more developed seedlings. Coffee variety and pH could
not be estimated due to collinearity with the site factor. Model concordance (0.648) and
global tests (p < 0.001) confirmed that the included covariates consistently explained the
variation in survival. The Kaplan-Meier curve adjusted using the Cox model shows that
the confidence interval indicates that the estimate is statistically consistent, although with
some variability in recent months due to the reduction in the number of individuals at
risk. The table below reinforces this pattern, showing how the cohort size decreases over
time, reflecting cumulative mortality. Overall, the figure shows that the critical establish-
ment phase occurred in the first 12 months, when most mortality events were concen-
trated. These results highlight the importance of initial basal diameter as a selection crite-
rion in programs for establishing R. rospigliosii in agroforestry systems with coffee.
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Figure 5. Survival curves adjusted using the Cox proportional hazards model for Retrophyllum
rospigliosii in agroforestry systems with coffee. Note: The curve shows the cumulative survival prob-
ability of 329 individuals during the first 18 months of establishment. The shaded area corresponds
to the 95% confidence interval, and the table below indicates the number of individuals at risk in
each interval. The Cox model was statistically significant (p < 0.001), confirming that the included

covariates consistently explain the variation in survival.

3.2. Analysis of Structural Variables

Monthly assessments carried out over 18 months showed clear differences between
the two plots in all structural variables measured. In Figure 6a, the height of individuals
in plot 2 exhibited a higher median and interquartile range than plot 1, indicating more
sustained vertical growth. Similarly, diameter (Figure 6b) also had higher central values
in plot 2, which directly affects the increase in basal area (Figure 6c) and volume (Figure
6d).

(@) - | (b)

Centimeters
Centimeters

Plot | Plot 2 Plot 1 Plot 2

(c) . (d)

&

= -

Plot 1 Plot 2 Plot 1 Plot 2

Figure 6. Distribution of structural variables of R. rospigliosii was evaluated over 18 months in the

two plots. (a) Height of individuals; (b) Diameter; (c) Basal area; and (d) Volume.
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The growth trend of the variables is shown in Figure 7. A continuous increase could
be observed throughout the evaluation period, with well-defined upward trajectories for
height (a), diameter (b), basal area (c), and volume (d). For all variables, the values for plot
2 were consistently higher than those for plot 1, maintaining a clear separation during the
18 months of monitoring. This difference was most noticeable in volume, especially to-
wards the last months of evaluation.

() - (b)

8 10 20
Month Month

(© (d)
/ o

5
: / /
2 / /

—f— . //

_— 0 = =
= — = ==
— = e
—_— R
8 10 14 16 1€ 2 4 6 8 10 14 1
Month Month
Legend: Plot 1 Plot 2

Figure 7. Monthly trend of structural variables of R. rospigliosii over 18 months. (a) Height; (b)

Diameter; (c) Basal area; and (d) Volume.

On the other hand, to complement the structural growth analysis, the Average An-
nual Increase (AAI) values were calculated for height, diameter, and volume in three cu-
mulative periods: at 6, 12, and 18 months of evaluation. Table 2 shows the average AAI
values for each plot, located at different altitudes (1546 and 1820 m.a.s.l.). Progressive dif-
ferences were observed between the two conditions, with plot 2 generally recording
higher AAI values in volume and height, especially towards month 18. The tree does not
shrink; what decreases is the average growth rate per year, which is expected behavior in
forest species.

The apparent decrease does not indicate a reduction in tree size, but rather reflects
the mathematical behavior of the Average Annual Increment (AAI). As trees age, their
cumulative dimensions (height, diameter, and volume) continue to increase; however, the
annual average growth rate declines because each increment is distributed across a longer
time span, as shown in Table 2. This pattern is typical of forest species and has been con-
sistently reported in growth and yield studies.

Table 2. Summary of Average Annual Increment (AAI) averages by plot.

Age Plot 1 Plot 2
(Year) Height Diameter Volume  Height Diameter Volume
0.5 0.99 1.46 0.00002 1.05 1.40 0.00003
1 0.84 1.13 0.00004 1.02 1.40 0.00007
1.5 0.88 1.11 0.00009 1.06 141 0.00017

Note: Height (m), diameter (cm), and volume (m?). The apparent decrease reflects a reduction in the
average annual growth rate, and not in tree dimensions, which is expected behavior in forest spe-

cies.
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3.3. Statistical Analysis of Growth

The Quantile-Quantile plots in Figure 8 show the distribution of data relative to the
theoretical normal line for the structural variables in both plots. Panels Figure 8a—d corre-
spond to the values for height, diameter, basal area, and volume in plot 1, while panels
Figure 8e-h represent the same variables in plot 2. In general, there was a deviation from
the theoretical line, especially in the basal area and volume variables (panels Figure
8c,d,g h), suggesting a non-normal distribution in these cases.

.
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]
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&0.
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-1.5 -1.0 -0.5 0.0 0.5 1.0 15 -1.5 -1.0 —0.5 0.0 0.5 1.0 1.5 -1.5 -1.0 =0.5 0.0 0.5 1.0 1.5 -1.5 -1.0 =0.5 0.0 0.5 1.0 1.5
Theoretical quantiles Theoretical quantiles Theoretical quantiles Theoretical quantiles
250 .
(h)

S
3

Ordered values
0
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n
S
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Theoretical quantiles

1.5 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 -1.5 -1.0 0.5 0.0 0.5 1.0 1.5 -1.5 -1.0 -0.5 0.0 05 1.0 1.5
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Figure 8. Quantile-Quantile (Q-Q) plots of the structural variables of R. rospigliosii in two forest
plots. (a—e) Q-Q plots of height; (b,f) Diameter; (c,g) Basal area; and (d,h) Volume. Panels a—d cor-
respond to Plot 1, while panels e-h corresponds to Plot 2. Blue dots represent the observed data

points, and the red line indicates the expected distribution under normality.

In addition, Table 3 presents the results of the normality tests using the Shapiro-Wilk
test and the homogeneity of variances using Levene’s test, both applied to the data for
month 18, with the aim of evaluating the final effect of the agroforestry association on the
structural variables. In this final stage, we sought to determine whether the differences
observed between plots were statistically consistent. The results indicate a non-normal
distribution in several variables, particularly in diameter, basal area, and volume. In ad-
dition, heterogeneity of variances was identified, which justified the use of non-paramet-
ric tests for comparisons between plots.

Table 3. Analysis of normality and homoscedasticity of structural variables for the month of evalu-
ation (month 18).

Variable Plot Shapiro-Wilk (p) Levene
I
Diameter Egt ; 888(1)? 0.0188
Basal area EZ: ; 88888 0.0001
Volume EZE ; 8:8888 0.0001

https://doi.org/10.3390/f17020255
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Density

Density
-

Note: Results of the Shapiro-Wilk (p-values) and Levene’s test for homogeneity of variances. Sig-

nificant values (p < 0.05) indicate non-normal distribution or heterogeneity of variances.

Based on the non-compliance with the assumptions of normality and homogeneity
of variances, the Mann-Whitney U test showed statistically significant differences (p <
0.05) in all the variables evaluated. Figure 9 reinforces this difference, showing the density
curves for each variable per plot. In Figure 9a, it can be seen that the individuals in plot 2
had a distribution shifted to the right, with a greater number of occurrences concentrated
around 170 cm in height compared to plot 1. This pattern is repeated in diameter (b), basal
area (c), and volume (d), where the distributions in plot 2 tended toward higher values,
quantitatively and visually supporting the significant differences identified by the statis-
tical test.

(a) SO

100 150 100 %0 o os 10 15 0 15
Centimeters Centimeters

(c) I'lu|-la :.:,,,; (d) I’Iuti\'

- R

H H 200 P P
Square centimeters Cubic centimeters

Figure 9. Density curves of the structural variables of the two plots of R. rospigliosii in month 18.
(a) Height; (b) Diameter; (c) Basal area; and (d) Volume.

3.4. Estimated Models

The analysis of growth models applied to the dasometric variables of R. rospigliosii
showed relative differences in their performance (Table 4). The Schumacher model pre-
sented the R? highest values for height (0.98) and diameter (0.92), indicating greater de-
scriptive explanatory power for these variables. However, the information criteria (AIC
and BIC) favored Chapman-Richards and Weibull in several cases, particularly in volume
and combined relationships, where lower penalized fit values were observed.

For basal area and volume, all models showed limited performance (0.54 <R?<0.68),
reflecting the complexity of these variables and their high ecological variability. This re-
sult suggests that more specific models, such as local allometric equations or mixed mod-
els that include site factors, may be required to improve the predictive power. In the
height-diameter relationship, Schumacher achieved the highest R? (0.98), while Chap-
man-Richards and Weibull showed slightly lower values (0.90) but with lower AIC and
BIC, indicating a better balance between fit and parsimony. In the basal area—volume re-
lationship, Chapman-Richards and Weibull obtained the best results (R? = 0.99), surpas-
sing Schumacher (R?= 0.87).
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Table 4. Goodness-of-fit statistics (R?, AIC, BIC) for the growth models (Schumacher, Chapman-—

Richards, Weibull) were evaluated across dasometric variables.

Variables Schumacher Chapman-Richards Weibull
R? AIC BIC R? AIC BIC R? AIC BIC

Height 0.98 27,978.54 27,996.56 0.80 27,207.97 27,232.01 0.80 27,204.63 27,228.66

Diameter 092  2609.84  2627.87 0.75 1915.88  1939.91 0.74 191440  1938.44

Basal area 0.68  7470.03  7488.06 0.62 7382.14  7406.17 0.62 7470.03  7488.06
Volume 0.57 33,853.16 33,871.19 0.54 33,827.11 33,851.14 0.54 33,824.79 33,848.82
Height-Diameter 098 24,951.67 24,969.70 0.90 24,222.14 24,246.18 0.90 24,221.01 24,245.04

Basal area—Volume 0.87  3793.06  3811.08 0.99 -1846.81 -1822.78 0.99 7470.03  7488.06

Note: Adjustment statistics of the growth models (Schumacher, Chapman-Richards, Weibull). In-
dicators include R?, AIC, and BIC.

Figure 10 shows the growth patterns of R. rospigliosii during the first 18 months in
two plots, comparing the observed data with three models: Schumacher, Chapman-Rich-
ards, and Weibull. In plot 1 (panels a-b), more dynamic growth was observed in both
height and diameter, where Schumacher and Chapman-Richards fit the observed pattern
well, while Weibull tended to overestimate in the initial stages. In plot 2 (panels c—d),
growth was more gradual and stable, with Schumacher again showing the best fit, fol-
lowed by Chapman-Richards, while Weibull showed greater deviation. These results sug-
gest that Schumacher is the most robust model for describing the early growth of this
species under both conditions.

(a) (b)
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5 10 15 5 10 15
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T 504 a
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Model - - Observed Schumacher == Chapman_Richards =— Weibull

Figure 10. Growth patterns of R. rospigliosii after 18 months of planting. (a) Height; (b) Diameter;
(c) Basal area; and (d) Volume. Panels a-b shows height and diameter in Plot 1, and panels c—d
show height and diameter in Plot 2. Black dotted line = observed data; green, blue, and red solid
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lines = Schumacher, Chapman-Richards, and Weibull models, respectively. Schumacher provided

the best overall fit under both conditions.

Table 5 shows a comparison of three mathematical models of tree growth—Schu-
macher, Chapman-Richards, and Weibull —applied to the estimation of height (h) and
diameter (d) as a function of age (t). The Schumacher model stood out for its greater ac-
curacy, with coefficients of determination of R?=0.98 for height and R?=0.92 for diameter,
indicating a superior fit compared to the other models. In contrast, Chapman—-Richards
(0.80 and 0.75) and Weibull (0.80 and 0.74) had lower R? values, reflecting lower explana-
tory power. Overall, Table 5 shows that although all three models captured the dynamics
of growth, Schumacher offered the best statistical representation of the relationship be-
tween age, height, and diameter.

Table 5. Growth models and their performance.

Models Estimated Models (Height) R? Estimated Models (Diameter) R?
7.63725 6.868

Schumacher h = 1951028 * e”~ ¢ 0.98 d=125355%e" ¢t 0.92

Chapman-Richards  h = 1584 * (1 — ¢~ 0:00313+1)0.842 0.80 d = 36.1 % (1 — g~ 000127+ 1)0.781 0.75

Weibull

h =3905 * (1—e~000315:0™") 080  d =181 (1 — e~ 000109+()""") 0.74

Note: Estimated equations for height (h) and diameter (d) as a function of age (t). h = height, d =

diameter, and t = time (age).

4. Discussion

Survival results complement the growth findings, suggesting that altitude may influ-
ence establishment. The higher survival rate at 1820 m.a.s.l. suggests that microclimatic
conditions with higher humidity and lower thermal stress favor the persistence, with re-
ports for conifers and montane forests [66-69]. However, given the observational design
and the simultaneous differences between sites (coffee variety, soil, microclimate), these
patterns should be interpreted as site-specific associations rather than definitive causal
effects. This difference explains the higher values for height, diameter, and volume ob-
served at higher altitude, reinforcing the idea that survival is a prerequisite for sustained
growth and higher productivity in agroforestry systems [17,31].

The growth of R. rospigliosii in agroforestry systems varies significantly depending
on altitude and plantation age. At one year, the average annual increment (AAI) in height,
diameter, and volume varied in each plot with values of up to 1.02 m/year in height and
1.40 cm/year in diameter. Long-term studies have reported lower increments in planta-
tions at similar altitudes, where [70,71] found average increments of 0.66 m/year, 0.12
cm/year, and 0.012 m?/year at the same altitude, confirming a slowdown in growth over
time. In natural forests, the annual diameter increases range from 0.1 cm to 0.8 cm [72].
The comparisons suggest that growth rates in agroforestry systems may be moderately
higher than that of plantations and natural forests, but such differences must be inter-
preted cautiously, as they may reflect site-specific conditions rather than generalizable
trends.

It is well-established that trees slow down their growth as they age [73], with species
showing greater increases in height and diameter during the first years of life [74]. Tree
spacing also plays a critical role, as reduced competition for light, water, and nutrients
promotes better initial growth [75]. These determinants are consistent with the broader
literature on early growth modeling, which emphasizes the importance of initial vigor
and resource availability [62,63].

Beyond the descriptive Kaplan—Meier curves, the Cox proportional hazards model
provided additional insights into the determinants of survival. The analysis confirmed
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that the initial basal diameter was the most robust predictor of survival (HR = 0.0013, p =
0.01), indicating that individuals with greater initial vigor had a significantly lower prob-
ability of mortality during establishment. In contrast, altitude and initial height did not
show statistically significant effects, suggesting that within the altitudinal range studied
(1540-1820 m), microclimatic differences were less decisive than seedling morphology.
Coffee variety and soil pH could not be independently estimated due to collinearity with
site factors, underscoring the need for replicated designs to disentangle ecological drivers.
These findings are consistent with reports that seedling vigor strongly predicts establish-
ment success in agroforestry and restoration contexts [76,77].

Schumacher’s model proved to be the most accurate for estimating growth in height
and diameter R? (0.98, 0.92). Its effectiveness lies in its ability to describe sigmoid growth
patterns, characteristic of slow-growing tree species and ecosystems with resource limita-
tions. Previous studies confirm its suitability for conifers such as P. lumholtzii and P. strobi-
formis; recent applications to R. rospigliosii also highlight its predictive capacity [78]. This
model is particularly useful for species that exhibit an initial phase of accelerated growth,
followed by a progressive slowdown as trees reach maturity [17].

The Chapman-Richards model, although acceptable, has shown a lower accuracy R?
of 0.80 and 0.75. It is a more suitable model for species with uniform growth over time, as
reported for P. leiophylla, P. lumholtzii, and P. strobiformis [79-81]. In contrast, the Weibull
model presented the lowest adjustment values (R? = 0.80 for height, 0.74 for diameter).
While widely used to describe size distributions in forest populations [82-86], it does not
capture individual growth variation with sufficient accuracy, which explains its limited
applicability to R. rospigliosii. Beyond the R? values, the comparison of growth models
(Tables 4 and 5) showed that each approach has relative advantages depending on the
variable analyzed. Schumacher’s model showed the highest R? values for height (0.98) and
diameter (0.92), reflecting greater descriptive explanatory power. However, the infor-
mation criteria (AIC and BIC) favored Chapman-Richards and Weibull in several cases,
particularly in volume and combined relationships, where lower penalized fit values were
observed. This confirms that selection of the optimal model should be based on the bal-
ance between fit and parsimony, rather than on isolated indicators such as R? [64].

The relatively low R? values in variables such as volume and basal area reflect the
complexity of ecological processes and the inherent variability in forest systems, which is
consistent with previous studies in forest modeling [62,63]. Despite these limitations, the
inclusion of the estimated equations (Table 5) provides transparency and reproducibility,
allowing the models to be applied in practical contexts. Overall, the results suggest that
Schumacher is more suitable for describing height and diameter dynamics, while Chap-
man-Richards offers a better fit in volume and combined relationships, and Weibull is an
intermediate alternative with acceptable stability. These interpretations remain explora-
tory and restricted to the establishment phase.

The study considered a two-plot design and non-probabilistic sampling, decisions
motivated by the need for comparison at the micro level and by logistical constraints in
the field, where the number of independent units conditions the inferential scope [87]. To
prevent overly generalized inferences, the results were interpreted as comparative evi-
dence between plots, with assumptions verified (normality and homoscedasticity) and
performance evaluated at month 18, supplemented by temporal analyses where appro-
priate [88]. Unequal sample sizes, defined by sample calculation, were also used, thus
avoiding forcing an artificial balance and applying models consistent with the actual data
structure. In the survival analysis, Kaplan—-Meier and log-rank were used as a descriptive
basis, and the inference was reinforced with a Cox proportional hazards model, which
allows for a more robust comparison of risks [89].
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Future studies should extend this evidence beyond the two-plot design, testing rep-
licated sites across broader altitudinal and management gradients and extending moni-
toring beyond the establishment phase to quantify when growth deceleration occurs and
whether initial advantages persist. At the same time, the integration of microclimate meas-
urements and additional predictors of vigor would help to unravel covariate factors and
improve the modeling of survival risk while validating and recalibrating the Schumacher
function for operational use.

This research provides a practical framework for assessing the initial growth of Ret-
rophyllum rospigliosii in coffee-based agroforestry systems. The findings document site-
specific evidence during the establishment phase and offer modeling tools that allow for
growth trajectories under different treatments to be projected and compared. Taken to-
gether, these results facilitate early management considerations but should not be extrap-
olated to long-term productivity or generalized ecological implications without replicated
trials and extended monitoring.

5. Conclusions

This study provides preliminary evidence on the early growth and survival of Retro-
phyllum rospigliosii in coffee-based agroforestry systems in northern Peru. As an observa-
tional study conducted in two non-replicated plots, the results must be interpreted within
the specific site conditions and should not be generalized beyond this context. The find-
ings indicate that Schumacher’s model offers the most accurate representation of early
growth in height and diameter, reflecting the species’ characteristic sigmoid growth pat-
tern. Survival rates were higher at 1820 m a.s.l. compared to 1540 m a.s.l,, suggesting that
altitude may influence establishment. However, given the simultaneous differences be-
tween sites (coffee variety, microclimate, soil conditions), these effects cannot be isolated
and remain site-specific rather than causal.

Because the models were calibrated exclusively with 18 months of data, the findings
should be interpreted as exploratory and restricted to the establishment phase. Any im-
plications for management are limited to the dynamics of early establishment and explor-
atory modeling, without extending to long-term productivity or definitive recommenda-
tions. Future research should expand altitudinal and climatic gradients, incorporate eco-
physiological and edaphic variables, and apply advanced statistical approaches (e.g.,
mixed-effects or Bayesian models) to strengthen predictive capacity and provide robust
guidance for restoration and agroforestry planning.

Even within these limitations, the study contributes valuable baseline information
for understanding the early dynamics of R. rospigliosii in agroforestry systems and high-
lights the potential of integrating native species into sustainable production and conser-
vation strategies in the tropical Andes.
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