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Abstract
Modeling the initial development stage helps assess climate change impacts and species vulnerability under future sce-
narios. This study calibrated and validated two development models - the Phyllochron (Phyl) and Wang and Engel (WE) - 
under field conditions and identified potential alterations in the development of Brazilian forest species (Bauhinia forficata, 
Ceiba speciosa, Handroanthus chrysotrichus, Handroanthus impetiginosus, and Tabebuia roseoalba) throughout the 21st 
century. The Phyl and WE models estimate daily leaf appearance, which, when integrated over time, provides the duration 
of initial development. Field experiments conducted between 2022 and 2024 supported model calibration and validation. 
The best-performing model was applied to simulate development under current (1995–2014) and three future periods 
(2041–2060, 2061–2080, and 2081–2100) and three socioeconomic scenarios (SSP2-4.5, SSP3-7.0, and SSP5-8.5). Six-
teen General Circulation Models from the NASA Earth Exchange Global Daily Downscaled Projections (NEX-GDDP-
CMIP6) were used. Both models accurately estimated leaf number for all species, with lower precision for development 
duration. The Phyl model performed better for C. speciosa (RMSE = 1.30 leaves, 29.8 days) and H. chrysotrichus (1.41 
leaves, 23.0 days), while the WE model performed better for B. forficata (1.14 leaves, 11.9 days), H. impetiginosus (1.50 
leaves, 32.3 days), and T. roseoalba (1.32 leaves, 25.2 days). Projected temperature increases (+ 1.3 to + 4.5  °C) will 
alter leaf emergence and development duration, with reductions (− 1 to − 55 days) for sowing from February to July and 
increases (+ 1 to + 24 days) from August to January. Adjusting sowing schedules and controlling seedling environments 
are key adaptation strategies under global warming.
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Abbreviations
a	� Slope of the linear regression
ALN	� Accumulated leaf number on the main stem
ALNest	� Estimated accumulated leaf number
ALNobs	� Observed accumulated leaf number
ANOVA	� Analysis of variance
b	� Linear coefficient
CC	� Current climate
CMIP6	� Coupled model intercomparison project 

phase 6
EM	� Emergence date
FF	� Far future (2081–2100)
f(T)	� Beta temperature response function
GCMs	� General circulation models
IDD	� Initial development duration
IDDest	� Estimated initial development duration
IDDobs	� Observed initial development duration
IF	� Intermediate future (2061–2080)
LAR	� Leaf appearance rate
LN	� Leaf number

NEX-GDDP	� NASA earth exchange global daily down-
scaled projections

MSE	� Mean square error
n	� End of initial development stage date
NF	� Near future (2041–2060)
Phyl	� Phyllochron model
R	� Replicate
r	� Correlation coefficient
RCP	� Representative concentration pathway
RMSE	� Root mean squared error
SSP	� Shared socioeconomic pathway
SD	� Sowing date
Tb	� Base temperature
TB	� Maximum temperature
Tmax	� Maximum air temperature
Tmean	� Mean air temperature
Tmin	� Minimum air temperature
Topt	� Optimum temperature
TT	� Thermal time
TTa	� Accumulated thermal time

Graphical Abstract
The graphical abstract presents modeling of the initial developmental stage of five Brazilian forest species (Bauhinia for-
ficata, Ceiba speciosa, Handroanthus chrysotrichus, Handroanthus impetiginosus, and Tabebuia roseoalba) under present 
and future climate conditions. It illustrates the calibration and validation of two developmental models - Phyllochron (Phyl) 
and Wang and Engel (WE) - based on field experiments conducted between 2022 and 2024. The best-performing model 
was applied to simulate leaf emergence and the duration of initial development under current (1995–2014) and future cli-
mate scenarios (2041–2060, 2061–2080, and 2081–2100) using CMIP6 projections from sixteen global circulation models 
(NEX-GDDP-CMIP6) and three socioeconomic pathways (SSP2-4.5, SSP3-7.0, and SSP5-8.5). The final panel highlights 
projected temperature increases of + 1.3 to + 4.5 °C, leading to heterogeneous changes in development duration - reductions 
(-1 to -55 days) in seeding from February to July, and increases (+ 1 to + 24 days) from August to January. The final panel also 
emphasizes that adjusting sowing schedules and controlling seedling production environments are key adaptation measures 
to mitigate climate change impacts on the early development of native forest species.

Highlights
	● Field-calibrated Phyllochron and Wang & Engel models simulated the initial development of five Brazilian native forest 

species with species-specific accuracy.
	● Phyllochron performed better for Ceiba speciosa and Handroanthus chrysotrichus, while Wang and Engel model per-

formed better for Bauhinia forficata, H. impetiginosus and T. roseoalba.
	● Developmental responses are species-specific and vary with sowing date and climate scenario.
	● Projected warming of + 1.3 to + 4.5 °C may change initial development from − 55 to + 24 days among species.
	● Adaptive measures such as sowing rescheduling and nursery microclimate control mitigate future thermal stress.

Keywords  Climate change · Leaf appearance rate · NEX-GDDP-CMIP6 · Phyllochron · Wang and engel
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TTd	� Daily thermal time
WE	� Wang and engel model

1  Introduction

Projected temperature increases throughout the 21st century 
are expected to alter plant physiological and phenological 
processes, affecting germination, leaf emergence (Fagundes 
et al. 2024b; Martins et al. 2023b), flowering, and fruit-
ing (Inouye 2022), with direct implications for forest dis-
tribution patterns (Florêncio et al. 2022; Silva et al. 2019). 
These impacts are particularly pronounced during the initial 
development stage, when seedlings exhibit greater sensitiv-
ity and lower tolerance to thermal variability (Fagundes et 
al. 2024b, 2025a, b; Martins et al. 2023a; Reis et al. 2021).

Beyond direct effects on plant development, temperature 
shifts may disrupt ecological interactions, favor the expan-
sion of invasive species and pests (Bettiol et al. 2017; Piv-
ello et al. 2024), and intensify habitat loss in biodiversity 
hotspots, such as the Atlantic Forest, Cerrado, and Caatinga, 
which are projected to experience reductions in area and 
species richness (IPCC 2023; Silva et al. 2019). Coupled, 
these processes amplify risks to native plant communities 
and ecosystem functioning.

Despite the ecological importance of native forest spe-
cies, research addressing their developmental responses to 
climate change remains limited. This gap is largely attrib-
uted to the lack of detailed information on the phenologi-
cal patterns and the absence of standardized experimental 
protocols, which make conducting experiments for this pur-
pose difficult (Martins et al. 2023a; Reis et al. 2021). Fur-
thermore, insufficient incentives, weak market regulations, 
and inadequate governmental support hamper the establish-
ment and expansion of forest nurseries dedicated to native 
seedling production (Silva et al. 2017). This situation is fur-
ther aggravated by strong market pressure favoring exotic 
seedling species, which generally have greater commercial 
appeal and profitability. Consequently, many nursery man-
agers prioritize exotic over native species, reducing the 
availability of suitable seedlings and hindering the consoli-
dation of production chains aimed at ecological restoration 
(Mendonça et al. 2017; Silva et al. 2015, 2017).

Progress in understanding the developmental responses 
of native species to climate change can support ecologi-
cal restoration initiatives, biodiversity conservation, and 
climate-adapted forest management, in alignment with 
global environmental agendas (Fagundes et al. 2021; UN 
2015; UNFCCC 2015). However, few studies have exam-
ined how future climates will affect the initial development 
of native forest species, revealing heterogeneous responses 

and highlighting the need to expand species-specific inves-
tigations (Fagundes et al. 2021, 2025a, b; Reis et al. 2021).

Projecting initial development responses under future 
climates requires two consecutive steps. The first involves 
calibrating and evaluating development models, which must 
be performed for each species and site under current climate 
conditions (Fagundes et al. 2024a; Martins et al. 2022). The 
second involves applying climate model outputs to the pre-
viously calibrated/evaluated models (Fagundes et al. 2025a, 
b; Martins et al. 2023b; Reis et al. 2021).

Regarding development models, two have been suc-
cessfully applied to forest species: Phyllochron (Phyl) and 
Wang and Engel (WE) (Fagundes et al. 2024a; Ferreira et al. 
2019; Martins et al. 2022; Martins and Streck 2007). These 
models enable estimation of the accumulated leaf number 
on the main stem (ALN) and the initial development dura-
tion (IDD, in days) by relating leaf appearance rate (LAR) 
- a developmental variable - to air temperature functions 
(Fagundes et al. 2024a; Ferreira et al. 2019).

In the Phyl model, the temperature function is thermal 
time (TT; °C day) (Fagundes et al. 2024a; Martins et al. 
2022; Martins and Streck 2007), whereas in the WE it is 
the beta function [f(T); dimensionless] (Wang and Engel 
1998). The main difference between these functions is that 
TT allows for various calculation methods, typically involv-
ing two linear responses to air temperature: the first between 
base temperature (Tb) and optimum (Topt), and the second 
between Topt and maximum (TB) (Gilmore Junior and Rog-
ers 1958; Martins et al. 2023a). Different TT methods may 
yield distinct temperature responses from the same input 
data (Martins et al. 2023b; Zhou and Wang 2018). Con-
versely, f(T) represents a nonlinear relationship between air 
temperature and Tb, Topt, and TB (Wang and Engel 1998), 
aligning more closely with the thresholds (Tb, Topt, and 
TB), especially when air temperature is near Tb or above 
Topt (Fagundes et al. 2024a; Martins et al. 2023a, b).

The General Circulation Models (GCMs) from the 
NASA Earth Exchange Global Daily Downscaled Projec-
tions (NEX-GDDP-CMIP6) dataset are derived from the 
Coupled Model Intercomparison Project Phase 6 (CMIP6), 
representing a new generation of climate models with high 
spatial resolution due to bias correction (Thrasher et al. 
2022). i.e., the NEX-GDDP-CMIP6 models are capable 
of projecting air temperature at a finer scale, making them 
suitable for assessing local climate trends (Dias et al. 2024; 
Fagundes et al. 2025a, b), as intended in this study. These 
models combine Shared Socioeconomic Pathways (SSPs) 
with radiative forcing scenarios (Representative Concen-
tration Pathways, RCPs), providing a more comprehensive 
framework to assess Earth system responses to anthropo-
genic forcing (Almazroui et al. 2021; Riahi et al. 2017).
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responses under future climate conditions, based on air tem-
perature projections from multiple NEX-GDDP-CMIP6 cli-
mate models.

2.1  Data and Development Model Descriptions

The initial development data used in stage I refer to the 
accumulated leaf number (ALN) on the main stem, mea-
sured from the emergence date (EM) to the end of the initial 
development stage (n), and to the initial development dura-
tion (IDD, in days). These data were obtained from open-
air experiments conducted in the experimental area of the 
Federal University of Itajubá, Minas Gerais, Brazil (22° 24’ 
45’’ S, 45° 26’ 49’’ W, 850 m a.s.l), between June 2022 and 
January 2024. The dataset comprised 14 sowing dates (SDs) 
spaced approximately 30 days apart (Table 1), with the full 
experimental protocol described in detail by Ferreira et al. 
(2025).

Initial development for both models (Phyl and WE) was 
estimated in three sequential steps (Fig. 1): (I) calculating 
daily LN, obtained by summing daily leaf appearance rate 
(LAR) values from the emergence date (EM) to the end of 
the initial development stage (n) (Fig. 1, Eq. 1); (II) calcu-
lating ALN, obtained by summing LN values (Fig. 1, Eq. 6), 
and determining the date on which ALN reached 10 leaves (a 
value corresponding to the final seedling stage, as defined in 
preliminary experiments described in Ferreira et al. 2025); 
and (III) determining the IDD, given by the number of days 
between EM and n (Fig. 1, Eq. 7). The temperature func-
tions of both models (TTd and f (T) are shown in Fig. S1.

In the Phyl model, the daily LAR is calculated by multi-
plying the species-specific coefficient (a) (detailed in Fig. 1, 
Eq. 2) by the daily thermal time (TTd). In the WE model, 
LAR is calculated by multiplying the maximum daily leaf 
appearance rate (LARmax), which is also species-specific 
(detailed in Fig. 1, Eq. 4), by the beta temperature response 
function [f(T)]. Both TTd and f(T) incorporate daily mean 
temperature and species-specific thermal thresholds of 
development (Tb, Topt, TB), previously estimated by Fer-
reira (2025) for the five studied species (Table S1).

2.2  Calibration and Performance Evaluation of the 
Phyl and WE Models

The coefficients “a” (Phyl model) and LARmax (WE 
model) were calibrated using ALN data from SD1 to SD6, 
following previously established procedures (Fagundes et 
al. 2024a; Martins et al. 2022, 2023b) (Fig.  2). The “a” 
coefficient was calibrated through a series of linear regres-
sions between ALN and accumulated thermal time (TTa), 
adjusted for each forest species and SD. Subsequently, the 
species-specific value of “a” was obtained as the arithmetic 

By integrating outputs from NEX-GDDP-CMIP6 cli-
mate models into properly calibrated and evaluated devel-
opment models (Phyl or WE), it is possible to project the 
initial development dynamics in terms of ALN and IDD 
(Fagundes et al. 2024a; Ferreira et al. 2019; Martins et al. 
2023b; Reis et al. 2021), yielding valuable insights into 
responses to projected temperature increases. Such informa-
tion enables the design of more reliable adaptation measures 
to cope with future climate warming.

Several Brazilian native forest species are vulnerable 
and under anthropogenic pressure due to unsustainable 
exploitation and population decline. Among them, five 
species deserve special attention: Bauhinia forficata Link 
(Fabaceae; bauínia, pata-de-vaca), Ceiba speciosa (A. St.-
Hil.) Ravenna (Malvaceae; paineira, árvore-de-paina), 
Handroanthus chrysotrichus (Mart. ex DC.; Bignoniaceae; 
ipê-amarelo-cascudo, ipê-dourado) Mattos Handroanthus 
impetiginosus (Mart. ex DC.) Mattos (Bignoniaceae; ipê-
roxo-de-bola, pau-d’arco-roxo), and Tabebuia roseoalba 
(Ridl.) Sandwith (Bignoniaceae; ipê-branco, ipê-do-cer-
rado). These species have multiple uses and high ecological 
and economic relevance, as widely recognized by the scien-
tific community and society (Carvalho 2003, 2006; Vieira 
et al. 2018).

Although development models such as Phyl and WE pro-
vide valuable information for climate-resilient forest plan-
ning and management, their application to these five native 
species has not yet been evaluated. Consequently, three key 
questions remain unanswered: (I) Are the Phyl and WE mod-
els capable of producing reliable development estimates in 
terms of ALN and IDD under current climate conditions? 
(II) How can projected air temperature increases from NEX-
GDDP-CMIP6 climate models influence ALN and IDD in 
the five native forest species relative to the current climate? 
(III) If development and IDD are affected, what are the most 
effective adaptation measures?

This study aims to address these questions by evaluating 
the capacity of both Phyl and WE models to estimate ALN 
and IDD for the five species under experimental conditions, 
and by identifying developmental responses under current 
climate (1995–2014) and future climate (2041–2100), con-
sidering air temperature projections from multiple NEX-
GDDP-CMIP6 climate models.

2  Materials and Methods

This study was conducted in two stages: (I) calibration 
and performance evaluation of the Phyl and WE models in 
describing the initial development of the forest species B. 
forficata, C. speciosa, H. chrysotrichus, H. impetiginosus, 
and T. roseoalba; and (II) identification of their development 
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WE models; Oi = observed ALN values from the experi-

ment; 
−
Oi = mean observed ALN values; nd = number of 

observations.
The interpretation of c-index performance fol-

lows Camargo and Sentelhas (1997): c > 0.85: excel-
lent; 0.76 < c < 0.85: very good; 0.66 < c < 0.75: good; 
0.61 < c < 0.65: reasonable; 0.51 < c < 0.60: poor; 
0.41 < c < 0.50: very poor; and c ≤ 0.40: extremely poor.

Levene’s test was applied to evaluate the homogeneity 
of variance between ALNobs and ALNest for both models. 
The hypotheses tested were H0 = homogeneous variances 
(p ≥ 0.05) versus H1 = heterogeneous variances (p < 0.05) 
(Brown and Forsythe 1974):

W = (nd − k)
(k − 1)

·

∑ k
i=1Ni

(
−
Zi −

−
Z ..

)2

∑ k
i=1

∑ Ni
j=1

(
Zij−

−
Zi

)2

 

� (4)

where: W = Levene’s test value; nd = total number of 
observations; k = 2, representing the two groups compared 
(ALNobs and ALNest by Phyl and WE); Ni = number of 

observations in the i-th group; 
−
Zi = mean of the absolute 

deviations within the i-th group; 
−
Z.. = overall mean of all 

absolute deviations; Zij =
∣∣∣∣Yij−

∼
Yi

∣∣∣∣ = the absolute devia-

tion of each observation from the median of its group (a 
criterion adopted due to its greater robustness to the pres-
ence of outliers); Yij  = ALN value (observed or estimated 
by Phyl and WE models); 

∼
Y i = median of ALN values of 

the i-th group.

Tukey’s test was used to compare the means of ALNobs 
and ALNest for both models. The hypotheses tested were: 
H0 = ALNobs mean values do not differ from the ALNest 
mean (for each model and species) (p ≥ 0.05) versus 
H1 = ALNobs mean values differ from the ALNest mean 
(p < 0.05), given by (Tukey 1977):

 

∆ = q

√
MSE
nd  

� (5)

Where: ∆ = Tukey test value, q = (2 models; nd − 1), 
MSE = mean square error obtained from the sum of squared 
differences between ALNobs and ALNest divided by the 
number of data; nd = number of observations.

In stage II, RMSE, BIAS, and Tukey’s test were applied 
to IDDobs and IDDest values obtained from the Phyl and 
WE models.

mean of the regression slopes (Ferreira et al. 2019; Martins 
and Streck 2007).

The LARmax was calibrated from a series of nonlinear 
regressions between ALN and accumulated f(T), adjusted 
for each SD and forest species. The LARmax value was 
taken from the regression yielding the lowest mean square 
error (MSE) (Fagundes et al. 2024a; Martins et al. 2023a).

The performance of both models was evaluated using 
independent ALN data (from SD7 to SD14) in two stages: 
(I) comparison between observed (ALNobs) and esti-
mated ALN (ALNest) values; and (II) comparison between 
observed (IDDobs) and estimated IDD (IDDest) values by 
both models (Martins et al. 2022, 2023b) (Fig. 2). For stage 
I, model accuracy was evaluated by using the performance 
index (c-index), mean bias (BIAS), and root mean square 
error (RMSE), Levene’s and Tukey’s tests (α = 0.05). The 
c-index, BIAS, and RMSE were obtained by (Fagundes et 
al. 2024a; Snedecor and Cochran 1989):

c − index =




∑ (
Oi −

−
Oi

)
·

(
Ei −

−
Oi

)

{[
∑ (

Oi −
−
Oi

)2
]

·
[

∑ (
Ei −

−
Ei

)2
]}0.5




·

{
1 −

[ ∑
(Ei − Oi)2

∑ (∣∣Ei − Oi
∣∣ +

∣∣Oi − Oi
∣∣)2

]}

 

� (1)

 

BIAS=
∑ nd

i=1Ei -
∑ nd

i=1Oi∑ nd
i=1Oi  

� (2)

 

RMSE =

√∑ nd
i=1(Ei -Oi)

2

nd  
� (3)

where: Ei = estimated ALN values by the Phyl and WE 
models; E̅ = mean ALN values estimated by the Phyl and 

Fig. 1  Schematic representation of the steps for estimating initial 
development, considering accumulated leaf number (ALN) on the 
main stem and the initial development duration (IDD), according to 
the Phyllochron (Phyl) and Wang and Engel (WE) models 
Adapted from Fagundes et al. (2021, 2024a). Where: EM = emergence 
date; n = end of initial development stage date; LARPhyl and LARWE = 
daily leaf appearance rate by the Phyl model and WE model (leaf day− 1) 
respectively; a = angular coefficient of the linear regression between 
LAR and TTd (leaf °C day⁻¹), which is species-specific and expresses 
the mean development rate; TTd = daily thermal time (°C day); LAR-
max = maximum daily leaf appearance rate (leaf day− 1), which is spe-
cies- specific; f(T) = beta temperature response function (from 0 to 1); 
and α = coefficient of the f(T); Tmean = daily mean air temperature, 
recorded by an automatic weather station installed in the experimen-
tal area; Tb, Topt and TB = thermal thresholds of initial development 
(base, optimum, and maximum temperatures, respectively).
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Fig. 2  Schematic representation 
of the calibration and perfor-
mance evaluation steps for the 
Phyllochron (Phyl) and Wang and 
Engel (WE) models 
Adapted from Fagundes et al. 
2024a); Martins et al. (2022, 
2023b).
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r =
∑ (

Ei − E
)

·
(
Oi − O

)
√(∑ (

Ei − E
)2 −

∑ (
Oi − O

)2)
 

� (6)

 

RMSE =

[∑
(Ei − Oi)2

nd

]0.5

 
� (7)

where: Ei = daily Tmean values simulated for each NEX-
GDDP-CMIP6 climate model; Oi = daily Tmean values 
provided by Xavier et al. (2016), both from 1995 to 2014; 

nd = number of observations; 
−
E and 

−
O = mean values of Ei 

and Oi, respectively. The statistics were calculated for each 
climate model and the ensemble mean of all models.

Four types of BIAS were calculated based on differ-
ences between the Tmean simulated by each GCM and the 
observed Tmean provided by Xavier et al. (2016): monthly 
minimum and maximum, seasonal (DJF, MAM, JJA, and 
SON), and annual mean biases.

To assess the impact of projected Tmean on development, 
IDD data for each species were analyzed using a three-way 
analysis of variance (ANOVA), considering 4 periods (CC, 
NF, IF, FF), 3 socioeconomic scenarios (SSP2-4.5, SSP3-
7.0, SSP5-8.5), and 14 Sowing dates (SD). Mean compari-
sons were performed using the Scott–Knott test (p = 0.05) 
(Scott and Knott 1974). Both analyses were performed 
using ensemble mean IDD obtained from the 16 climate 
models for each SSP.

3  Results

The ALN dataset used to calibrate (SD1 to SD6) and evalu-
ate (SD7 to SD14) both models was obtained under sow-
ing dates encompassing a wide range of weather conditions, 
especially air temperature. Overall, during the experimen-
tal period, air temperature ranged from 3.4  °C (absolute 
minimum) to 38.1  °C (absolute maximum), accumulated 
precipitation varied from 124.8 to 1635.4 mm SD− 1, global 
solar radiation ranged from 1.8 (minimum value) to 34.9 
MJ m− 2 day− 1 (maximum value), and photoperiod varied 
from 11.6 (minimum value) to 14.3  h (maximum value) 
(Fig. 4). These values are consistent with the climatologi-
cal means of monthly temperature, precipitation, and global 
solar radiation for Itajubá (Alves et al. 2020). Such variabil-
ity among SDs is important, as it yields robust ALN datasets 
for calibrating and evaluating initial development models 
(Fagundes et al. 2024a; Ferreira et al. 2019; Martins et al. 
2022).

The model that provided the most accurate estimation of 
ALN, given by the highest c-index, homogeneous variance 
(p ≥ 0.05), lowest BIAS and RMSE, non-significant differ-
ences in mean values (p ≥ 0.05), and the best estimation of 
IDD, was considered the most suitable for describing the 
initial development of each species (Fagundes et al. 2024a).

2.3  Identifying the Impacts of Air Temperature 
Projections on IDD

The IDD was simulated for current climate (CC, 1995–
2014) and projected for three future periods: near future 
(NF, 2041–2060), intermediate future (IF, 2061–2080), and 
far future (FF, 2081–2100), under three SSPs: SSP2-4.5, 
SSP3-7.0, and SSP5-8.5, considering the model that best 
described initial development under experimental condi-
tions (detailed in 2.2). Simulations and projections were 
performed for each species and SD (Table  1), calculating 
the IDD as the number of days from EM to ALN = 10 leaves 
(Fagundes et al. 2024a; Martins et al. 2022).

Daily mean air temperature (Tmean) data from 16 NEX-
GDDP-CMIP6 GCMs (Table S2) was extracted for the grid 
point nearest to Itajubá and used as input in the temperature 
functions, i.e., TTd (Phyl) or [f(T)] (WE) (Fig. 3). This cli-
mate models are provided by the Climate Analytics Group 
and NASA Ames Research Center, and made available 
through the NASA Center for Climate Simulation (NCCS) 
portal (Thrasher et al. 2022) at < ​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​c​s​​.​n​a​s​​a​.​g​​o​v​
/​​s​e​r​​v​i​c​​e​s​/​d​​a​t​​a​-​c​​o​l​l​e​​c​t​i​​o​n​s​​/​l​a​​n​d​-​​b​a​s​e​​d​-​​p​r​o​d​u​c​t​s​/​n​e​x​-​g​d​d​p​%​
3​E and have a horizontal resolution of 0.25° ​(​l​a​t​i​t​u​d​e​/​l​o​n​g​
i​t​u​d​e​)​, suitable for local-scale studies. The selected GCMs 
perform well over the study region (Dias et al. 2024; Ribeiro 
et al. 2024).

All simulations and projections were performed for each 
GCM and SSP, and ensemble means were subsequently cal-
culated. The projections were performed under three SSPs: 
SSP2-4.5, SSP3-7.0, and SSP5-8.5. SSP narratives and radi-
ative forcing trajectories follow O’Neill et al. (2017).

Tmean data from climate models were validated for 
the CC by comparison with data provided by Xavier et al. 
(2016), extracted for the grid point nearest to Itajubá at a 
horizontal resolution of 0.25° (latitude/longitude), similar to 
climate models from NEX-GDDP-CMIP6. The validation 
procedure assessed the ability of the 16 GCMs in represent-
ing observed Tmean and, consequently, the IDD responses 
of the studied species. Validation procedure was performed 
using Pearson’s correlation (r), RMSE and BIAS (Dias et al. 
2024; Snedecor and Cochran 1989):
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Fig. 3  Schematic representa-
tion of the steps to identify the 
impacts of projected air tempera-
ture on IDD. 
Adapted from Fagundes et al. 
2024a); Martins et al. (2022, 
2023b)
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Fig. 4  Initial development duration (IDD, days), air temperature 
(minimum, mean and maximum, ◦C), accumulated precipitation (mm 
SD− 1), global solar radiation (MJ m− 2 day− 1) for the 14 sowing dates 
(SD1 to SD14) for five forest species: B. forficata (panel a), C. spe-

ciosa (panel b), H. chrysotrichus (panel c), H. impetiginosus (panel d) 
e T. roseoalba (panel e), during the experiments under open-air condi-
tions in Itajubá, Minas Gerais, Brazil. Weather variables were recorded 
from an automatic weather station located at the experimental area
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of Tmean near Tb or TB. For example, H. impetiginosus 
exhibited IDDest = 131 days, differing from IDDobs under 
SD8 (191 days), SD9 (159 days), SD10 (165 days), and 
SD11 (185 days), which had higher frequencies of Tmean 
near Tb (12.6  °C) or TB (42.6  °C) (~ 46 cases = 26% and 
~ 19 cases = 12%, respectively).

Both models accurately estimated ALN for the five stud-
ied species across nearly all SDs, with moderate to high 
c-index values (0.61 to 0.99), low BIAS (-0.45 to 0.78) and 
low RMSE (0.35 leaves to 5.2 leaves) (Table 3). Further-
more, except in SD7, SD8, and SD11 of C. speciosa and 
SD8, SD9, and SD11 of H. chrysotrichus, both models sat-
isfied the assumptions of variance homogeneity and nor-
mality. Such results are desirable when selecting the most 
suitable development model (Fagundes et al. 2021, 2024a; 
Martins et al. 2022; Martins and Streck 2007).

When analyzing the behavior of estimated and observed 
ALN across species and SDs during initial development 
(Fig. 5), a tendency toward underestimation is observed for 
the Phyl, mainly for B. forficata, H. impetiginosus, and T. 
roseoalba (all SDs). In contrast, the WE model tended to 
overestimate ALN from ~ 5 leaves, mainly for C. speciosa 
(except SD14), H. chrysotrichus (except SD14), and T. 
roseoalba (except SD7 and SD14).

Although both models accurately estimated ALN, the 
WE model performed slightly better for B. forficata, H. 
impetiginosus, and T. roseoalba in most SDs, with an over-
all RMSE of ~ 1.14 to 1.50 leaves and a closer fit to the 
1:1 line. Conversely, Phyl performed better for C. speciosa 
(global RMSE = 1.30 leaves) and H. chrysotrichus (global 
RMSE = 1.41 leaves).

Analyzing the IDD patterns (Fig. 6), exactly in the SD 
where ALN was underestimated (or overestimated) (Fig. 5; 
Table 3) there was a corresponding IDD overestimation (or 
underestimation), with magnitudes proportional to RMSE 
and BIAS values. For example, for H. impetiginosus, the 
ALN underestimation by the Phyl model across all SDs 
(Fig.  5, panel g) resulted in IDD overestimations ranging 
from + 41 (SD11) to + 70 days (SD12) (Fig. 6, panels e and 
f). Conversely, the largest ALN overestimation generated by 
the WE model occurred for C. speciosa in nearly all SDs 
(except SD14), leading to IDD underestimations ranging 
from − 21 (SD12) to -105 days (SD8).

Overall, IDD estimation performance across species 
(and SDs) followed the same pattern observed for ALN, 
i.e., the WE model performed better for B. forficata, H. 

3.1  Calibration and Performance Evaluation of the 
Development Models

The calibrated coefficients ‘a’ (Phyl) and LARmax (WE) 
differed among the studied forest species (Table 2) and were 
statistically significant (p ≤ 0.05). Both coefficients describe 
the thermal requirements for initial development. I.e., 
lower (higher) values of ‘a’ and LARmax indicate slower 
(faster) leaf appearance rates, resulting in longer (shorter) 
initial development duration (IDD, in days) (Fagundes et al. 
2025a, b; Martins et al. 2022).

For example, in the Phyl model, the biological mean-
ing of coefficient ‘a’ is given by its reciprocal (1/a), 
which corresponds to the thermal requirement for the 
appearance of a single leaf (°C day leaf− 1) (Martins et al. 
2023b; Martins and Streck 2007). Accordingly, the species 
required ~ 115.1 °C day (H. chrysotrichus), 120.6 °C day (C. 
speciosa), 143.2  °C day (T. roseoalba), 146.6  °C day (H. 
impetiginosus), and 179.5 °C day (B. forficata) to emit one 
leaf. Thus, the total accumulated thermal time required to 
complete the initial development (ALN = 10 leaves) ranged 
from ~ 1,151 °C·day for H. chrysotrichus to ~ 1,795 °C·day 
for B. forficata. These thermal accumulations closely 
matched those obtained in the experimental conditions of 
SD13 (~ 1.155  °C day) for H. chrysotrichus, and SD11 
(~ 1.683 °C day) and SD13 (~ 1.685 °C day) for B. forficata. 
Conversely, for H. impetiginosus, SD11 (~ 1.216  °C day) 
and SD13 (~ 1.197  °C day) exhibited lower thermal time 
than estimated by the phyllochron approach (~ 1.466  °C 
day), while for C. speciosa, SD11 (~ 1.422 °C day) exhib-
ited higher thermal time accumulation than the phyllochron 
approach (~ 1.206 °C day).

Regarding the WE model, the LARmax coefficient indi-
cates the maximum leaf appearance rate in 1  day, which 
occurs when Tmean approaches the Topt for development 
(Martins et al. 2022). I.e., higher LARmax values denote 
faster development and shorter IDD. Using this approach, 
the estimated IDD (IDDest) ranged from ~ 104 days (H. 
chrysotrichus) to 168 days (B. forficata). Overall, the 
IDDest values derived from LARmax are consistent with 
the IDD observed (IDDobs) in SDs where there Tmean 
remained close to Topt. For example, for T. roseoalba, the 
IDDest = 140 days was similar to IDDobs in SD3, SD5, SD6 
and SD7, which presented higher frequency (~ 70%) of days 
with Tmean near Topt (21.2 °C). Otherwise, IDDest diverged 
from IDDobs in SDs where there is a higher frequency 

Forest species a (leaf °C day− 1) LARmax (leaf day− 1)
Bauhinia forficata 0.005569 0.0597
Ceiba speciosa 0.008288 0.0811
Handroanthus chrysotrichus 0.008688 0.0953
Handroanthus impetiginosus 0.006819 0.0767
Tabebuia roseoalba 0.006980 0.0716

Table 2  Calibrated coefficients 
‘a’ (phyllochron model) and 
LARmax (Wang and Engel 
model) for five native forest 
species, in Itajubá, Minas Gerais, 
Brazil
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Sowing date (SD) Model c − index 1 BIAS RMSE (leaves) Levene2 ALNobs ALNest3

Bauhinia forficata
SD7 Phyl 0.82 -0.31 2.03 0.76 ns 6.35 4.35 ns

WE 0.88 -0.25 1.64 0.46 ns 4.78 ns

SD 8 Phyl 0.84 -0.27 1.93 0.12 ns 6.62 4.82 *

WE 0.89 -0.17 1.56 0.02 * 5.47 *

SD 9 Phyl 0.87 -0.20 1.51 0.07 ns 6.31 5.04 ns

WE 0.89 -0.08 1.38 0.01 * 5.78 ns

SD 10 Phyl 0.87 -0.22 1.54 0.17 ns 6.22 4.83 *

WE 0.90 -0.10 1.29 0.02 * 5.61 ns

SD 11 Phyl 0.93 -0.12 1.00 0.11ns 5.25 4.61 ns

WE 0.93 0.06 1.16 0.02 * 5.56 ns

SD 12 Phyl 0.89 -0.31 1.75 0.58 ns 5.60 3.88 *

WE 0.96 -0.17 0.99 0.86 ns 4.65 ns

SD 13 Phyl 0.98 -0.12 0.73 0.66 ns 5.54 4.86 ns

WE 0.99 -0.01 0.49 0.29 ns 5.47 ns

SD 14 Phyl 0.96 -0.17 1.05 0.90 ns 5.88 4.84 ns

WE 0.98 -0.09 0.61 0.58 ns 5.37 ns

Average Phyl 0.89 -0.22 1.44 0.42 ns 5.97 4.65 *

WE 0.93 -0.10 1.14 0.28 ns 5.34 *

Ceiba speciosa
SD7 Phyl 0.94 0.40 1.31 0.03 * 5.56 6.27 ns

WE 0.82 0.78 2.92 0.00 * 7.76 ns

SD 8 Phyl 0.76 0.40 2.81 0.00 * 5.17 7.21 ns

WE 0.61 0.78 5.02 0.00 * 9.18 *

SD 9 Phyl 0.98 0.00 0.58 0.87 ns 6.01 5.99 ns

WE 0.90 0.27 2.10 0.06 ns 7.64 ns

SD 10 Phyl 0.87 0.30 1.87 0.06 ns 4.82 6.27 ns

WE 0.71 0.67 3.88 0.00 * 8.06 *

SD 11 Phyl 0.92 0.24 1.55 0.04 * 4.73 5.87 ns

WE 0.76 0.64 3.62 0.00 * 7.74 *

SD 12 Phyl 0.98 -0.09 0.58 0.81 ns 5.03 4.60 ns

WE 0.94 0.22 1.45 0.13 ns 6.12 ns

SD 13 Phyl 0.98 0.01 0.44 0.76 ns 5.19 5.25 ns

WE 0.93 0.26 1.61 0.30 ns 6.56 ns

SD 14 Phyl 0.93 -0.20 1.26 0.30 ns 5.48 4.36 ns

WE 0.99 -0.03 0.35 0.95 ns 5.05 ns

Average Phyl 0.92 0.13 1.30 0.36 ns 5.25 5.73 ns

WE 0.83 0.45 2.62 0.18 ns 7.26*

Handroanthus chrysotrichus
SD7 Phyl 0.96 -0.20 1.33 0.81 ns 5.68 4.55 ns

WE 0.92 0.15 1.25 0.25 ns 6.53 ns

SD 8 Phyl 0.87 -0.15 1.64 0.03 * 7.07 5.98 ns

WE 0.76 0.23 3.08 0.00 * 8.68 ns

SD 9 Phyl 0.88 -0.17 1.60 0.04 * 6.84 5.64*

WE 0.80 0.19 2.70 0.00 * 8.14 ns

SD 10 Phyl 0.91 -0.23 1.44 0.75 ns 6.10 4.68 ns

WE 0.93 0.11 1.50 0.03 * 6.73 ns

SD 11 Phyl 0.89 0.03 1.39 0.00 * 5.67 5.85 ns

WE 0.68 0.53 4.05 0.00 * 8.65 ns

SD 12 Phyl 0.92 -0.08 1.02 0.14 ns 5.40 4.98 ns

WE 0.81 0.35 2.69 0.00 * 7.32 ns

SD 13 Phyl 0.97 -0.06 0.67 0.32 ns 5.91 5.55 ns

WE 0.84 0.33 2.62 0.01 * 7.86 ns

Table 3  Performance of the Phyllochron (Phyl) and Wang and Engel (WE) models in estimating accumulated leaf number (ALN) for the five 
native forest species in Itajubá, Minas Gerais, Brazil
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overestimates) proportional to ALN deviations (Table  3). 
For example, the largest ALN overestimations for C. spe-
ciosa in SD7 and SD8 lead to the largest IDD underestima-
tions by Phyl (-28 and − 56 days) and WE (-65 and − 105 

impetiginosus, and T. roseoalba, while Phyl was bet-
ter for C. speciosa and H. chrysotrichus. However, both 
models showed larger errors (higher RMSE) in IDD than 
in ALN estimation, with IDD biases (underestimates or 

Sowing date (SD) Model c − index 1 BIAS RMSE (leaves) Levene2 ALNobs ALNest3

SD 14 Phyl 0.79 -0.36 2.18 0.53 ns 5.84 3.75*

WE 0.95 -0.09 0.89 0.40 ns 5.30 ns

Average Phyl 0.90 -0.15 1.41 0.33 ns 6.06 5.12 *

WE 0.84 0.22 2.35 0.09 ns 7.40 ns

Handroanthus impetiginosus
SD7 Phyl 0.84 -0.32 2.13 0.55 ns 6.45 4.36*

WE 0.95 0.02 1.13 0.07 ns 6.56 ns

SD 8 Phyl 0.79 -0.29 2.10 0.10 ns 6.78 4.81*

WE 0.84 0.10 2.16 0.00 * 7.48 ns

SD 9 Phyl 0.67 -0.40 2.89 0.65 ns 7.10 4.25*

WE 0.88 -0.07 1.59 0.01 * 6.60 ns

SD 10 Phyl 0.78 -0.34 2.03 0.85 ns 5.84 3.85*

WE 0.91 0.03 1.35 0.01 * 6.03 ns

SD 11 Phyl 0.76 -0.33 2.08 0.07 ns 5.97 4.01*

WE 0.84 0.10 2.08 0.00 * 6.57 ns

SD 12 Phyl 0.81 -0.37 2.20 0.20 ns 5.70 3.59*

WE 0.99 -0.01 0.42 0.43 ns 5.64 ns

SD 13 Phyl 0.84 -0.26 1.59 0.34 ns 5.85 4.34*

WE 0.86 0.12 1.78 0.00 * 6.55 ns

SD 14 Phyl 0.68 -0.45 3.18 0.68 ns 6.92 3.77*

WE 0.91 -0.17 1.49 0.10 ns 5.76 ns

Average Phyl 0.77 -0.34 2.27 0.43 ns 6.32 4.12*

WE 0.90 0.02 1.50 0.08 ns 6.40 ns

Tabebuia roseoalba
SD7 Phyl 0.90 -0.25 1.51 0.67 ns 5.78 4.33 ns

WE 0.97 -0.04 0.65 0.38 ns 5.54 ns

SD 8 Phyl 0.92 -0.13 1.12 0.12 ns 6.04 5.26 ns

WE 0.86 0.16 1.97 0.00 * 7.03 ns

SD 9 Phyl 0.92 -0.18 1.24 0.17 ns 6.07 5.00 ns

WE 0.89 0.10 1.67 0.00 * 6.70 ns

SD 10 Phyl 0.88 -0.24 1.46 0.36 ns 5.73 4.38*

WE 0.91 0.05 1.39 0.01 * 5.99 ns

SD 11 Phyl 0.89 -0.19 1.27 0.14 ns 5.27 4.26*

WE 0.87 0.16 1.73 0.00 * 6.12 ns

SD 12 Phyl 0.90 -0.23 1.38 0.61 ns 5.39 4.13*

WE 0.94 0.06 1.04 0.07 ns 5.70 ns

SD 13 Phyl 0.93 -0.17 1.12 0.69 ns 5.96 4.96 ns

WE 0.95 0.08 1.03 0.07 ns 6.40 ns

SD 14 Phyl 0.86 -0.31 2.01 0.99 ns 6.32 4.37*

WE 0.96 -0.10 1.07 0.13 ns 5.70 ns

Average Phyl 0.90 -0.21 1.39 0.47 ns 5.82 4.59*

WE 0.92 0.06 1.32 0.08 ns 6.15 ns

1 Performance criteria for the c-index: c ≥ 0.85: excellent; 0.76 < c < 0.85: very good; 0.66 < c < 0.75: good; 0.61 < c < 0.65: reasonable; 0.51 < c < 0.60: 
poor; 0.41 < c < 0.50: very poor and c ≤ 0.40: extremely poor (Camargo and Sentelhas 1997). 2 P-value = Levene test probability that compares 
variance between observed accumulated leaf number (ALNobs) and estimated (ALNest) for each model. The null hypothesis (ns) for the Levene 
test assumes homogeneous variances (p ≥ 0.05) and the alternative hypothesis (∗) assumes heterogeneous variances (p < 0.05). 3 Tukey’s test, 
which compares the means between observed accumulated leaf number (ALNobs) and estimated (ALNest) for each model. The null hypothesis 
(ns) for the Tukey test is that the means are not different from each other (p ≥ 0.05), and the alternative hypothesis (*) is that the means are dif-
ferent (p < 0.05).

Table 3  (continued) 
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Fig. 5  Estimated accumulated leaf number (ALNest) 
versus observed (ALNobs) by the Phyllochron (Phyl) and 
Wang and Engel (WE) models for Bauhinia forficata (pan-
els a and b), Ceiba speciosa (panels c and d), Handroathus 
chrysotrichus (panels e and f), Handroathus impetiginosus 
(panels g and h), and Tabebuia roseoalba (panels i and j). 
The solid line is the 1:1 line
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Fig. 6  Initial development duration 
(IDD; days) from sowing dates 7 
to 14 for Bauhinia forficata (panels 
a and b), Ceiba speciosa (panels c 
and d), Handroathus chrysotrichus 
(panels e and f), Handroathus 
impetiginosus (panels g and h), 
and Tabebuia roseoalba (panels i 
and j). BIAS value is given by the 
difference between estimated IDD 
(IDDest) and observed (IDDobs) 
values from the Phyl and WE 
models
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3.2  Validation, simulation, and Projections of 
Tmean and IDD

The sixteen NEX-GDDP-CMIP6 climate models and the 
ensemble mean accurately represent the monthly, seasonal, 
and annual patterns of Tmean for the CC (Fig. 7) (r > 0.97, 
RMSE < 0.79  °C, and BIAS from − 0.85 to + 1.84), high-
lighting IPSL-CM6A-LR (r = 0.99, RMSE = 0.56  °C, 
mean annual BIAS = + 0.04), MPI-ESM1-2-LR (r = 0.99, 
RMSE = 0.59  °C, mean annual BIAS = -0.05), and 
NorESM2-LM (r = 0.99, RMSE = 0.59  °C, mean annual 
BIAS = + 0.04).

Therefore, Tmean data from each NEX-GDDP-CMIP6 
climate model were used as inputs in the TTd (from the Phyl 
model) to simulate (CC) and project (NF, IF, FF in the three 
SSPs) the IDD of C. speciosa and H. chrysotrichus, and in 
the f(T) (from the WE model) to B. forficata, H. impetigino-
sus, and T. roseoalba.

The ensemble of NEX-GDDP-CMIP6 models projects 
a gradual and continuous increase in Tmean for Itajubá 
throughout the 21st century, ranging from ~ + 1.3 °C in the 
near future (NF, SSP2-4.5) up to ~ + 4.5 °C in the far future 
(FF, SSP5-8.5) (Fig.  8). These projections are consistent 
with previous studies conducted for Itajubá using different 

days). On the contrary, smallest ALN underestimation for 
H. chrysotrichus in SD12 by Phyl produced the smallest 
IDD overestimation (+ 7 days).

Errors in IDD estimation result from the cumulative 
propagation of ALN errors, which is a common feature in 
forest species development models (Fagundes et al. 2021, 
2024a; Martins et al. 2022, 2023a). There is still no estab-
lished criterion defining acceptable IDD error limits for 
forest species (Fagundes et al. 2021; Martins et al. 2022; 
Reis et al. 2021). In this study, Phyl model generated the 
smallest overall errors for C. speciosa (RMSE = 1.30 leaves 
and 29.8 days) and H. chrysotrichus (RMSE = 1.41 leaves 
and 23.0 days), while WE model generated the smallest 
errors for B. forficata (RMSE = 1.14 leaves and 11.9 days), 
H. impetiginosus (RMSE = 1.50 leaves and 32.3 days), and 
T. roseoalba (RMSE = 1.32 leaves and 25.2 days). There-
fore, the Phyl model was selected to assess development 
responses, in terms of IDD, under future climate conditions 
for C. speciosa and H. chrysotrichus, and the WE model for 
B. forficata, H. impetiginosus, and T. roseoalba.

Fig. 7  Monthly and annual cycle of mean air temperature (Tmean; °C) simulated by the sixteen General Circulation Models (GCMs) from the 
NEX-GDDP-CMIP6 dataset, ensemble mean, and observed data provided by Xavier et al. (2016) for the current climate (1995–2014)
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Fig. 8  Temporal variation in simulated mean air temperature for the 
current climate (CC = 1995–2014) and projected for the future climate 
(near future = 2041–2060; intermediate = 2061–2080; far = 2081–2100) 
in Itajubá, derived from 16 climate models under three socioeconomic 
scenarios: SSP2-4.5 (panel a), SSP3-7.0 (panel c), and SSP5-8.5 
(panel e). Bold lines (black, orange, brown, and red) represent the 

ensemble mean of the climate models. Gradient-colored lines (gray, 
yellow, orange, and red) represent each GCM. Boxplot represents the 
differences between future (NF, IF, and FF) and current climate (CC) 
within each SSP (panel b - SSP2-4.5, panel c - SSP3-7.0, and panel 
f - SSP5-8.5)
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reductions occur between SD8 and SD12, correspond-
ing to simulations conducted between February and June/
July. Conversely, increases of + 1 to + 24 days are projected 
mainly for SD2 to SD7, corresponding to simulations from 
August to January, under FF (SSP3-7.0 and SSP5-8.5) 
(Fig. 9; Table 4).

Except for H. chrysotrichus, most species exhibit IDD 
reductions across the majority of SDs, with magnitudes 
varying across periods (NF to FF) and SSPs. B. forficata 
and C. speciosa showed similar patterns of IDD change 
across SDs, with reductions projected in SD1, SD2, SD8 to 
SD13, comprising simulations conducted from January to 
June, and increases in SD3 to SD6 (September to Decem-
ber), across all periods under SSP5.8-5 (Fig.  9; Table  4). 
H. impetiginosus and T. roseoalba display similar patterns, 
with IDD reductions (-1 to -25 days) in SD1, SD2, SD8 to 
SD13, and increases (+ 1 to + 7 days) in SD3 to SD7 (Sep-
tember to January simulations). For H. chrysotrichus, all 
three situations (I, II and III) are projected throughout the 
21st century under the three SSPs. I.e., IDD reductions in 
SD1 and SD8 to SD12 (February to July simulations), IDD 
increases in SD2 to SD7, SD13, and SD14 (August to Janu-
ary simulations), and no change in SD3 (IF-SSP2-4.5) and 
SD7 (IF-SSP5-8.5).

Across periods and scenarios, the tendency for IDD 
reduction (or increase) becomes more pronounced in the far 
time slice and under scenarios with higher radiative forcing 
(Fig. S2). As an example, for C. speciosa, the largest IDD 
increases in the FF were projected under SSP3-7.0 (+ 6 to 
+ 8 days) and SSP5-8.5 (+ 3 to + 15 days), while the largest 
decreases are projected under SSP3-7.0 (-3 to -51 days) and 
SSP5-8.5 (-10 to -55 days), compared to SSP2-4.5 (-2 to 
-39 days).

When comparing species, B. forficata appears least 
impacted by Tmean projections, with the smallest change, 
i.e., the smallest reduction (-1 to -16 days) and increase (+ 1 
to + 6 days) of IDD, followed by T. roseoalba (− 23 to + 7 
days) and H. impetiginosus (-25 to + 7 days). Otherwise, 
C. speciosa and H. chrysotrichus exhibited the largest IDD 
changes, indicating greater sensitivity to projected increases 
in Tmean. For C. speciosa, larger (less intense) IDD reduc-
tions are projected, ranging from − 1 (NF and SSP2-4.5) to 
-55 days (FF and SSP5-8.5), along with smaller increases 
(up to + 15 days) in IDD (Table 4). In contrast, H. chrysot-
richus showed smaller reductions, from − 1 (NF and SSP2-
4.5) to -44 days (FF and SSP5-8.5), and slightly larger 
increases (up to + 23 days).

climate models, temporal scales and CMIP generations. 
For instance, Fagundes et al. (2025a), based on 13 NEX-
GDDP-CMIP6 models, Fagundes et al. (2021), based on 8 
NEX-GDDP-CMIP5 models, and Alves et al. (2020), using 
a regional climate model (RegCM4/CMIP5), reported pro-
jected increases from ~ 1.1 °C (in NF and SSP2-4.5) to 5 °C 
(FF and RCP8.5).

Tmean projections will affect IDD patterns throughout 
the 21st century, with varying magnitudes of change across 
species, SDs, and SSPs (Fig.  9; Table  4). When analyz-
ing the IDD projections by species (and SD), period, and 
SSP (Fig.  9), three distinct response patterns emerge: (I) 
increased Tmean may accelerate LAR, leading to faster leaf 
appearance, earlier completion of the initial development 
phase, and consequently, a shorter IDD; (II) reduced LAR 
and extend IDD; or (III) LAR and IDD remain virtually 
unchanged. Furthermore, the magnitudes of IDD changes 
vary across species, SD, and climate models, with a pre-
dominant pattern toward situation I, mainly for C. speciosa 
and H. chrysotrichus in the FF and SSP5-8.5 (Fig. 9).

The lowest inter-model variability in IDD, in terms of 
standard deviation, was observed in the NF (and in SD3 to 
SD7) for B. forficata, H. impetiginosus, and T. roseoalba. 
Conversely, the highest variability was observed in the FF, 
mainly for C. speciosa and H. chrysotrichus (in SD2, SD3, 
and SD4). This variability likely reflects inherent uncertain-
ties in climate model predictability (Fagundes et al. 2021; 
Martins et al. 2023a). However, the use of multiple NEX-
GDDP-CMIP6 models provides a broader coverage of 
potential outcomes, thereby reducing uncertainty in future 
IDD projections (Fagundes et al. 2021, 2025a, b; Florêncio 
et al. 2019; Martins et al. 2023a; Reis et al. 2021). Accord-
ingly, ANOVA and mean comparisons (Table 4) were per-
formed using the ensemble mean IDD values derived from 
all 16 climate models.

ANOVA revealed a significant interaction among peri-
ods (CC, NF, IF, and FF) and socioeconomic scenarios (SSP 
2-4.5, 3–7.0, and 5-8.5) and SDs (p ≤ 0.05) for all five spe-
cies studied. This indicates differences in magnitude and 
relative influence of each main factor on IDD across spe-
cies. For all species, SD exerts the greatest influence on IDD 
(F-test values between 1856 and 3257), followed by periods 
(F-test values between 97.2 and 398) and scenarios (F-test 
values between 5.2 and 131) (Table S4). Despite inter-
model variability, IDD is projected to be most susceptible 
to interannual variations in Tmean among SDs, consistent 
with observations for L. ferrea (Fagundes et al. 2021), C. 
antisyphilitica, P. regnellii (Fagundes et al. 2025a )and B. 
orellana (Reis et al. 2021).

When analyzing the IDD projections by SD, a greater 
reduction (-1 to -55 days) can be observed, mainly under 
FF and SSP5-8.5. Regardless of species, the largest IDD 
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al. 2020). The increase in IDD may be associated with more 
frequent occurrences of projected Tmean (Fig. 8) closer to 
the TB of the species (~ 40 °C). At supraoptimal tempera-
tures (> Topt), TTd and f(T) approach zero, reducing LAR 
relative to LARmax, and thereby increasing IDD (Fagundes 
et al. 2025a, b; Martins et al. 2022, 2023a; Martins and 
Streck 2007; Reis et al. 2021). Delays in initial development 
due to supraoptimal temperatures have also been reported 
in other forest species, including Citharexylum myrianthum 
Cham. (Reis et al. 2021), Libidibia ferrea (Mart. ex Tul.) 
LP Queiroz (Fagundes et al. 2021), both native to Brazil, 
and exotic commercial species such as Corymbia citriodora 
(Hook.) (K.D. Hill & L.A.S. Johnson) and Eucalyptus uro-
phylla (S.T. Blake) (Martins et al. 2023b).

These contrasting responses between increases and 
decreases in the IDD have direct implications for forest 
restoration and ecosystem functioning. For instance, spe-
cies (and SDs) in which IDD increases with rising Tmean 
may experience more days under stressful conditions, such 
as heat waves and drought events (Fagundes et al. 2025a, b). 
Moreover, from ecological and functional perspectives, the 
combined effects of increasing Tmean and heterogeneous 
precipitation regimes can reshape interspecific competi-
tion, natural regeneration process, and successional dynam-
ics when higher leaf development no longer coincides with 
periods of higher water availability (Ruiz-Díaz et al., 2024). 
This phenological mismatch has been identified as a central 
mechanism driving restoration planting failure under future 
climate conditions, particularly in tropical ecosystems, 
where delays or advances in the leaf phenophase directly 
affect photosynthesis (Ferreira et al. 2025), plant water bal-
ance, and biotic interactions during the establishment phase 
(Anderegg et al. 2020).

Uncertainties in IDD projections may arise due to (I) 
limitations in climate model predictability (Fagundes et 
al. 2021) and (II) the ability of models to simulate IDD 
(Fagundes et al. 2024a; Florêncio et al. 2019; Martins et 
al. 2022). To minimize item I, we considered a set (and 
ensemble) of multiple climate models from NEX-GDDP-
CMIP6, following recommendations by Dias et al. (2024); 
Fagundes et al. 2025a, b; Thrasher et al. (2022). The error 
related to item II may be associated with cumulative errors 
in ALN estimation, especially above 5 leaves (Fig. 5), which 
resulted in errors of 11.9 days (B. forficata) to 32.3 days (H. 
impetiginosus) by the WE model, and ~ 26 days (C. spe-
ciosa and H. chrysotrichus) by the Phyl model.

Overestimation (underestimation) of ALN by the Phyl 
and WE models led to underestimation (overestimation) of 
IDD across SDs. ALN overestimation arises from increas-
ing LAR over time, accelerating the development cycle and, 
consequently, reducing IDD (Fagundes et al. 2021; Martins 
et al. 2023b; Martins and Streck 2007). This may occur due 

4  Discussion

Since IDD depends on daily thermal accumulation, which 
is metabolically regulated by plants to occur within ther-
mal thresholds (Tb, Topt, and TB) (Bahuguna and Jag-
adish 2015; Ferreira et al. 2019; Martins et al. 2023b), any 
modification in Tmean changes TTd (Phyl) and f(T) (WE) 
and, consequently, affects LAR and IDD (Fagundes et al. 
2021, 2024a; Martins et al. 2023a, b; Martins and Streck 
2007). Therefore, the reductions in IDD simulated in SDs 
with milder temperature projections (January to July), even 
under warmer scenarios (FF and SSP5-8.5) (Fig. 9; Table 4), 
may have resulted from an increased frequency of projected 
Tmean values close to the Topt of the studied forest species 
(20.3 °C to 21.5 °C). For example, for C. speciosa, consid-
ering the SDs with the largest IDD reductions, ~ 141 days 
(85.5%) in SD8, ~ 124 days (74.2%) in SD9, and ~ 119 days 
(71.2%) in SD10 exhibited projected Tmean values near 
Topt (21 °C). At optimal temperatures, TTd (Eq. 3) and f(T) 
(Eq. 5) reach their maximum values, and LAR approaches 
LARmax (Fagundes et al. 2024a; Martins et al. 2023a, b; 
Reis et al. 2021), accelerating seedling development and 
thereby reducing IDD (from − 1 to -55 days).

The reduction in IDD in SD8 to SD13 may be advan-
tageous for all five species, as a faster development rate 
may enhance competitive ability and seedling survival in 
the field (Martins et al. 2023b; Reis et al. 2021), while also 
promoting the acquisition of tolerance to cope with subse-
quent increases in Tmean (Fagundes et al. 2021; Reis et al. 
2021). The beneficial effect of optimal temperatures on ini-
tial development under projected Tmean increases has been 
observed in tropical forest species such as Anadenanthera 
peregrina (L.) Speg. (Fagundes et al. 2021), Bixa orellana 
L. (Reis et al. 2021), Cybistax antisyphilitica (Mart.) Mart. 
and Platycyamus regnellii Benth (Fagundes et al. 2025a), 
which are native to Brazil, and Psidium guajava L. (Reis et 
al. 2021), native to South America. Despite these benefits, 
increases in Tmean more commonly result in IDD increases.

On the other hand, in warmer scenarios (FF and SSP5-8.5) 
and sowing dates (SD3 = September to SD6 = December), an 
increase in IDD was projected for all species, corresponding 
to periods where temperature projections are most extreme 
for Itajubá, reaching up to 6 °C in September in FF (Alves et 

Fig. 9  Initial development duration (IDD, in days) across sowing dates 
for Bauhinia forficata (panels a, b and c), Ceiba speciosa (panels d, 
e and f), Handroanthus chrysotrichus (panels g, h and i), Handroan-
thus impetiginosus (panels j, k and l) and Tabebuia roseoalba (panels 
m, n and o) simulated for the current climate (1995–2014), and pro-
jected for the near (2041–2060), intermediate (2061–2080), and far 
(2081–2100) future under three socioeconomic scenarios (SSP2–4.5, 
SSP3–7.0, and SSP5–8.5). Vertical bars refer to the standard deviation 
of the IDD of the 16 NEX-GDDP-CMIP6 climate models for the near 
(black), intermediate (light gray), and far future (dark gray)
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leaf day− 1), H. impetiginosus (1/a = 147.0 °C day leaf − 1 and 
LARmax = 0.0767 leaf day− 1) and T. roseoalba (1/a = 143 °C 
day leaf − 1 and LARmax = 0.0716 leaf day− 1).

Although not yet widely adopted in forest nurseries, 
coefficients ‘a’ and ‘LARmax’ represent promising alterna-
tives to replace less precise methods, such as visual assess-
ments, or even destructive techniques, like the Dickson 
quality index (Dickson et al. 1960; Fagundes et al. 2021; 
Martins et al. 2023b). Beyond providing more consistent 
estimates of initial development, these coefficients facilitate 
determination of IDD and identification of critical stages for 
silvicultural practices, including hardening, acclimatization 
in nursery conditions, and final transplantation (Fagundes et 
al. 2024a). For example, species with higher a and LARmax 
values, such as C. speciosa and H. chrysotrichus, complete 
this phase more quickly than slower-developing species like 
B. forficata. I.e., allowing nurserymen to schedule trans-
plantation or acclimation when seedlings exhibit optimal 
vigor and field adaptability. This approach mitigates pre-
mature planting (seedlings insufficiently developed) and 
delayed planting (excessive elongation or quality reduc-
tion), thereby reducing post-transplant losses and improv-
ing survival.

This aspect is particularly relevant for native species, 
often used in restoration projects, where seed availability 
is limited, and each individual holds significant ecologi-
cal value (Silva et al. 2015, 2017). Furthermore, in a con-
text of global warming, projecting species-specific thermal 
requirements enhances the ability to select genotypes resil-
ient to environmental variations, supporting adaptation and 
mitigation measures (Fagundes et al. 2025a, b; Reis et al. 
2021). In this study, B. forficata, T. roseoalba, and H. impe-
tiginosus were the least impacted by increases in Tmean, 
exhibiting comparatively smaller changes in IDD. There-
fore, these species emerge as suitable candidates for forest 
restoration initiatives in the study region and in areas with 
climatic conditions similar to Itajubá. Moreover, integrating 
these models into nursery management raises seedling qual-
ity standards and enhances the efficiency of long-term forest 
restoration and biodiversity conservation programs.

4.1  Adaptive Measures To Address the Impacts of 
Temperature Projections on the Initial Development

The species studied are important representatives of the Bra-
zilian flora that simultaneously face threats arising from cli-
matic and anthropogenic pressures (Lima et al. 2024; Silva 
et al. 2019). H. impetiginosus and T. roseoalba are classified 
as near threatened, while H. chrysotrichus is listed as vul-
nerable by the IUCN (2021), mainly due to unsustainable 
logging practices and population decline. Moreover, habitat 
loss, exacerbated by forest fires, agricultural expansion, and 

to (Fagundes et al. 2021, 2024a; Ferreira et al. 2019; Mar-
tins et al. 2022): (I) the lower ability of models to capture 
development in colder SDs (Tmean ≅ Tb), and (II) limited 
model capacity to simulate lower LAR values caused by 
slower germination speed or declining seed viability over 
time. Conversely, ALN underestimations may result from 
reduced LAR under Tmean conditions close to Tb (or TB) 
(Martins et al. 2022; Martins and Streck 2007).

Practical issues related to seed viability loss over time, 
especially for H. impetiginosus (in SD7 and SD8), may 
have reduced the emergence speed, germination, and LAR, 
contributing to the lower accuracy of Phyl (RMSE = ~ 2.3 
leaves and 52.4 days) and WE (RMSE = ~ 1.50 leaves and 
32.3 days). To minimize further damage to seed viability 
in the studied species, strict storage protocols were fol-
lowed to maintain conditions closer to ideal (cold chamber, 
Tmean ~ 2.9–5.0 °C and relative humidity ~ 50.0%) (Fowler 
and Martins 2001). In addition, seeds were collected in two 
or more dispersal periods (Table 1).

Similar ALN and IDD patterns predicted by Phyl and 
WE were observed for the initial development of P. guajava 
(Ferreira et al. 2019), C. myrianthum (Martins et al. 2022), 
(A) peregrina (Fagundes et al. 2021), C. antisyphilitica, and 
P. regnellii (Fagundes et al. 2024a). Errors of 1.5 to 4 leaves 
in ALN estimate and 5.9 to 29.1 days in IDD estimate are 
common for native forest species (Fagundes et al. 2024a; 
Martins et al. 2022), with tolerable maximum IDD errors of 
30–35 days (Fagundes et al. 2021, 2024a). Therefore, errors 
associated with item II were minimal for (B) forficata with 
the WE model (RMSE = 1.14 leaves and 11.9 days), within 
expected ranges for H. chrysotrichus by the Phyl model 
(RMSE = 1.41 leaves and 23 days) and T. roseoalba by the 
WE (RMSE = 1.32 leaves and 25.2 days), and close to tol-
erable levels for (C) speciosa (by the Phyl, RMSE = 1.30 
leaves and 29.8 days) and H. impetiginosus (by the WE, 
RMSE = 1.50 leaves and 32.3 days). Therefore, uncertain-
ties in projected IDD for C. speciosa and H. impetiginosus 
under future climate remain evident in this study.

All stages of this study, including calibration of coeffi-
cients (a and LARmax), model evaluation, and selection of 
the most accurate model, provide important practical insights 
and are necessary to identify climate projection impacts on 
development (Fagundes et al. 2024a; Martins et al. 2022; 
Reis et al. 2021). For example, the values of ‘a’ and ‘LAR-
max’ (Table 2) are used to compare thermal requirements 
and development patterns among forest species (Martins et 
al. 2023b; Martins and Streck 2007). Accordingly, C. spe-
ciosa (1/a = ~ 121 °C day leaf− 1 and LARmax = 0.0811 leaf 
day − 1) and H. chrysotrichus (1/a = 115 °C day leaf− 1 and 
LARmax = 0.0953 leaf day− 1) emit leaves faster and require 
fewer days to complete initial development compared to B. 
forficata (1/a = 179.5 °C day leaf − 1 and LARmax = 0.0597 
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conversion of natural areas into pasturelands (Silva et al. 
2019), has further contributed to the decline of these and 
other species, such as the B. forficata and C. speciosa.

Given the vulnerability of these species and the potential 
impacts of temperature increases on their initial develop-
ment, a comprehensive literature review was conducted to 
identify the most effective adaptation measures for nursery 
cultivation. Because the species’ responses throughout the 
21st century vary across SDs, adaptation measures should 
be tailored to each response.

For SDs where increases in IDD are projected, especially 
between SD2 and SD7 (August to January), adjustments in 
sowing dates and regulation of the nursery microclimate 
are recommended. This regulation can be achieved through 
artificial control of temperature, humidity, and light (Costa 
and Streck 2018; Fagundes et al. 2025a, b; Florêncio et 
al. 2019; Reis et al. 2021). Furthermore, nursery manage-
ment practices should be optimized to ensure that seedlings 
reach adequate vigor for commercialization, including: (I) 
use of larger-volume containers; (II) application of con-
trolled-release fertilizers; (III) higher frequency of phytos-
anitary treatments, such as insecticides and fungicides; and 
(IV) intensification of irrigation (Costa and Streck 2018; 
Fagundes et al. 2025a, b; Florêncio et al. 2022; Reis et al. 
2021).

Conversely, for SDs where IDD reductions are projected, 
especially between SD8 and SD12 (February and June/July), 
changes in sowing date or container size are unnecessary, as 
the species tend to develop faster in these SDs. However, it 
is still recommended to apply controlled-release fertilizers, 
increase irrigation frequency, and intensify insecticide and 
fungicide applications (Fagundes et al. 2025a, b; Martins et 
al. 2023b; Reis et al. 2021).

Artificial microclimate regulation may be achieved by 
using 50% shading screen coupled with irrigation (Costa 
and Streck 2018; Reis et al. 2021), aiming to reduce leaf 
temperature and evapotranspiration losses. However, both 
measures can increase seedling production costs (Fagundes 
et al. 2025a). Since projected increases in Tmean across 
all SDs (Fig.  8) will raise evaporative demand, irrigation 
requirements in Itajubá may reach at least 9 mm day− 1 in far 
future (Alves et al. 2020). However, increased irrigation may 
also heighten susceptibility to foliar diseases and root rot, 
mainly of fungal origin (Lopes and Michereff 2018; Martins 
et al. 2023b). In seedlings of B. forficata, C. speciosa, H. 
chrysotrichus, H. impetiginosus, and T. roseoalba cultivated 
in nurseries, occurrences of Corynespora cassiicola (target 
leaf spot), Apiospharia guaranítica (brown blotch), and 
Oidium spp. (powdery mildew) have been reported (Carv-
alho 2003, 2006; Moreira and Arco-Verde 1998). Therefore, 
effective control of these pathogens becomes essential, with 
the application of broad-spectrum fungicides, such as from 
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5  Conclusion

Both models - Phyllochron and Wang and Engel – accu-
rately estimated accumulated leaf number (ALN) for all 
five species. However, cumulative errors in ALN estimation 
led to less precise estimations of initial development dura-
tion. Phyllochron model performed better for C. speciosa 
(RMSE = 1.30 leaves and 29.8 days) and H. chrysotrichus 
(RMSE = 1.41 leaves and 23.0 days), while Wang and Engel 
model performed better for B. forficata (RMSE = 1.14 leaves 
and 11.9 days), H. impetiginosus (RMSE = 1.50 leaves and 
32.3 days), and T. roseoalba (RMSE = 1.32 leaves and 25.2 
days).

Projected air temperature increases over the 21st century 
(ranging from ~ 1.3  °C in the near future (2041–2060) to 
4.5 °C in the far future (2081–2100)) will modify the devel-
opment and initial development duration of the five forest 
species, with varying magnitudes of change depending on 
species, sowing dates, periods, and socioeconomic scenar-
ios. Among these factors, sowing date exerts the strongest 
influence on the initial development duration across all spe-
cies. Sowing dates from August to January in the Southern 
Hemisphere are projected to increase the initial development 
duration, whereas sowing dates from February to June/July 
may shorten the initial development duration.
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strobilurin, triazole, and sulfur chemical groups (Andrade 
2009; Nouhra et al. 2021; Viana et al. 2018). Nonetheless, 
this measure implies additional costs, impacting nursery 
profitability and seedling marketability (Fagundes et al. 
2025a, b).

Regarding disease and pest management, regardless of 
whether increases or decreases in IDD are projected, con-
trol strategies should be intensified, as rising temperatures 
favor pest proliferation and increase plant vulnerability to 
outbreaks and infestations (Delgado-Baquerizo et al. 2020; 
Martins et al. 2022). Under heat-stress conditions, seedlings 
of B. forficata, C. speciosa, H. chrysotrichus, H. impetigino-
sus, and T. roseoalba cultivated in nurseries are particularly 
susceptible to attacks from pests such as Aleurothrixus spp. 
(whitefly), Coccus spp. (mealybug), Toxoptera spp. (aphid), 
Trioza tabebuiae (ipê psyllid), Oligonychus spp. (mites); 
Bradysia spp., Sciara spp., and Scythropochroa spp. (fungus 
gnats), Agrotis ípsilon, Nomophila spp., Spodoptera spp. 
(caterpillars), Gryllus spp. (cricket) and Neocurtilla spp. 
(mole cricket) (Carvalho 2003, 2006; Lemes and Zanuncio 
2021). Controlling these pests is crucial, as most of these 
insect species serve as hosts for plant-pathogenic viruses 
(Lemes and Zanuncio 2021). As biological control strate-
gies, the introduction of potential natural enemies, such 
as predators or parasitoids (Florêncio et al. 2022; Lemes 
and Zanuncio 2021), or increasing the frequency of broad-
spectrum insecticide and acaricide applications, particularly 
those belonging to the quinolizidine alkaloid (plant-derived) 
and ketoenol chemical groups (Andrade 2009; Andrade et 
al. 2020).

Lastly, species selection for future plantations can be 
guided by species-specific thermal thresholds and require-
ments, providing a basis for climate-adaptive restoration 
measures. In this context: (I) species with higher Topt and 
broader thermal tolerance ranges should be prioritized in 
regions projected to experience more intense warming; 
(II) combining species with distinct thermal thresholds and 
development patterns can reduce ecological risks associated 
with mismatches between IDD and the onset of the rainy 
season; and (III) projections of IDD can support operational 
decisions related to nursery water allocation, acclimation 
protocols, and the timing of outplanting, thereby enhancing 
restoration success under future climate conditions.

All the aforementioned adaptation measures are appli-
cable to forest nurseries and provide practical guidance for 
climate decision-making under global warming (Fagundes 
et al. 2025a, Florêncio et al. 2022; Martins et al. 2023b).
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