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Improving phenological event 
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Accurate detection of phenological events, such as growth onset, cessation, and 
seasonal transitions, is essential for understanding tree growth dynamics, particularly 
in Mediterranean forests where bimodal growth patterns are common. While 
microcore analysis remains the most precise method, its labor-intensive nature has 
led researchers to rely on dendrometer-based approaches. However, traditional 
methods using dendrometer data— such as parametric growth curve fitting with 
phenological events detected as relative thresholds—are often biased by hydration-
related fluctuations and may fail to accurately capture complex growth patterns. 
In this study, we compared commonly used detection methods, including the 
Gompertz and Richards parametric functions, a generalized additive model (GAM), 
and the zero-growth (ZG) concept, with a novel approach: the two-stage threshold 
approach (2STA). Our results showed that the 2STA consistently outperformed 
existing methods in identifying spring onset, summer cessation, and autumn onset, 
exhibiting deviations within the expected measurement uncertainty (±7 days). The 
method’s reliance on direct growth rate transitions, rather than smoothed curves 
or arbitrary percentiles, reduced errors associated with hydration-related stem 
fluctuations. However, year cessation was best estimated using a 95% relative 
growth threshold derived from the Richards function. These findings highlight 
the potential of the 2STA as a robust and objective method for phenological 
event detection using manually collected band dendrometer data, particularly 
for species with complex intra-annual growth patterns. Future research should 
focus on refining climate-based thresholds for cambial activity and validating the 
method across a wider range of species and environmental conditions.
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1 Introduction

Xylem phenology describes the moments when the cambium initiates or ceases xylem cell 
production (phenological events), offering insight into tree productivity (De Swaef et al., 2015) 
and tree responses to environmental factors (Deslauriers et al., 2007; Drew and Downes, 2009). 
Increased drought frequency in the Mediterranean region (Peñuelas and Sardans, 2021) may 
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influence cambial dynamics (de Luis et al., 2011; Vieira et al., 2020), 
which are primarily regulated by temperature and water availability 
(Begum et  al., 2018) and further modulated by species identity, 
competition, and photoperiod (Cruz-García et al., 2019; Cuny et al., 
2019; de Lara et al., 2017; Drew and Downes, 2018). Moreover, cambial 
activity may halt during summer if cambial cells lose turgor as a result 
of water stress (Rashid et al., 2024; Vieira et al., 2020). In warmer 
climate zones, such as the Mediterranean region, the dormancy stage 
of the cambium may end under a continuous water supply, thereby 
triggering an autumn onset of growth (Rahman et al., 2022).

Microcore analysis remains the most precise method for detecting 
phenological events (Miller et al., 2022), however, its labor-intensive 
nature and the potential for tissue damage during sample extraction 
(Mäkinen et al., 2008) have led researchers to rely on dendrometers 
(Deslauriers et  al., 2007). Automated dendrometers capture high-
resolution data but are susceptible to noise and environmental artifacts 
(Knüsel et al., 2021; van der Maaten et al., 2016), while manually 
measured band dendrometers provide more robust but lower-
frequency data prone to reading errors (Drew and Downes, 2009). 
Phenological events can be derived from intra-annual growth data by 
defining them as fixed percentiles of the raw accumulated growth (e.g., 
5 and 95%). However, this approach is often inaccurate (Cruz-García 
et al., 2019), as dendrometers record not only effective xylem growth 
but also fluctuations in stem size due to tissue hydration (van der 
Maaten et  al., 2016; Zweifel et  al., 2016). To address this issue, 
smoothing of the raw growth curve is commonly applied using 
parametric functions such as the Richards, Gompertz, or logistic 
models (D’Orangeville et al., 2022; Oswald et al., 2012). However, 
simple sigmoid curves (e.g., the 3-parameter logistic; Strieder and 
Vospernik, 2021) assume symmetrical growth patterns that are often 
unrealistic (McMahon and Parker, 2015). Moreover, the growth of 
temperate tree species can be approximated by a sigmoid function 
(Burkhart and Tomé, 2012). Fitting such functions to Mediterranean 
species with bimodal growth is more complex as it requires additional 
parameters. This was the case when modeling Quercus pyrenaica and 
Pinus uncinata growth using the Richards and Gompertz functions, 
respectively (Aldea et  al., 2023; Camarero et  al., 2010), making 
parameter estimation a challenging process (McMahon and Parker, 
2015). An alternative approach is the zero-growth (ZG) concept, 
which converts growth data into cumulative maximum curves based 
on the premise that wood formation only occurs when the cambium 
is hydrated (Zweifel et al., 2016). The ZG method is physiologically 
valid, although it may underestimate growth cessation compared to 
parametric models, as observed in temperate-climate conifers from 
southern Germany (Miller et al., 2022).

Relative thresholds of smoothed accumulated growth are 
commonly used to determine phenological events (e.g., 5% for growth 
onset and 95% for cessation; Gutiérrez et al., 2011; van der Maaten 
et al., 2018), but their arbitrary nature leads to large errors compared 
to microcore analysis (Miller et al., 2022). Accordingly, Miller et al. 
(2022) proposed using different thresholds—3.5% for growth onset 
and 85% for year cessation—to improve the accuracy of phenological 
event determination. Some studies did not attempt to identify specific 
phenological events. Instead, they reported the timing of fixed 
percentiles of accumulated growth during the most physiological 
active phases, such as 25, 50, and 75% (D’Orangeville et al., 2022; 
Olivar et  al., 2022). While this facilitates comparisons between 
individuals or treatments, it does not provide precise estimates of 

cambial onset or cessation. Phenological events can also be estimated 
by visually inspecting non-linear models fitted to aggregated tree 
data—for example, using grouped datasets to fit parametric curves 
(Askarieh et al., 2024; Strieder and Vospernik, 2021). However, this 
approach reflects an average growth pattern and thus masks individual 
tree dynamics. Promising attempts have been made to use the 
cumulative sum chart (CUSUM) method for objective and automated 
phenological event detection (Korpela et  al., 2010). The method 
iteratively positions a V-Mask graph at every point of the accumulated 
growth curve. When a given point is found outside the V-Mask arms, 
it is considered a significant deviation from the mean signal, marking 
a phenological event. The major difficulty in implementing this 
method is the selection of optimal parameters describing the V-Mask, 
which shape the method’s sensitivity. Sudden growth jumps due to 
stem hydration during spring have been shown to decrease the 
accuracy of growth onset detection. Furthermore, the optimal 
parameter set was found to differ between individual trees (Korpela 
et al., 2010). Despite its limitations, it is important to point out that the 
study by Korpela et al. was the first attempt to develop a methodology 
that allowed to determine phenological events objectively and 
individually for each tree.

To address these challenges, we  compared commonly used 
methods for detecting phenological events in trees monitored with 
band dendrometers, focusing on Mediterranean species exhibiting 
bimodal growth. Our aim was to determine which method performs 
best at identifying phenological events when considering growth 
patterns that are more complex than those exhibited by temperate tree 
species. In addition, we introduced the two-stage threshold approach 
(2STA), a novel method that eliminates the need for curve smoothing. 
We hypothesized that the 2STA, which operates on raw data, would 
be  able to determine phenological events more precisely than 
established smoothing methods. We believe that smoothing functions 
distort the information stored in raw data, as they are not flexible 
enough to approximate the complex shape of intra-annual growth in 
Mediterranean trees.

2 Materials and methods

2.1 Data collection and preparation

In April 2022, self-made stainless steel band dendrometers 
(Supplementary Figure S1) were installed on trees in the public forest 
“El Carrascal” (41°35′17.9”N 4°21′28.0”W), located in the Spanish 
Northern Plateau at 885 m a.s.l. The soils are calcareous cambisols and 
arkosic sands, with a water-holding capacity of 176 mm × m −1 (de 
Dios García et  al., 2018). The site experiences a continental 
Mediterranean climate, with an annual precipitation of 434 mm and 
a mean temperature of 12.9°C (1996–2023). There is a pronounced 
dry period, which in 2023 lasted from June through August, during 
which the hydrological balance was strongly negative 
(Supplementary Table S1; Instituto Tecnológico Agrario de Castilla y 
León, 2025). In March 2022, after bark removal, we installed a total of 
154 band dendrometers on trees representing the main stand 
components: Pinus pinea L., Pinus pinaster Ait., Juniperus thurifera L., 
and Quercus ilex L. We used data from 104 dendrometers measured 
during 2023, excluding records with decaying or irregular 
(non-bimodal) growth, which ensured consistent measurements over 
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a complete year. Table 1 provides the characteristics and sample sizes 
for each species. Stem girth variations at breast height (1.3 m) were 
measured biweekly before midday using a 0.01 mm precision 
electronic caliper. Each tree was measured 18 times at intervals of 
16 ± 4 days, yielding a total of 104 trees × 18 times = 1,872 records 
during 2023. The periodically observed girth variations were 
converted into basal area variations. From the ratio of the difference 
between two consecutive basal area records and the number of days 
between measurements, we  obtained daily basal area variations. 
Summing these daily variations produced cumulative basal area 
(CBA) curves for each tree (Figures 1, 2, gray line).

2.2 Smoothing the growth curves

We then smoothed each individual tree’s CBA curve using four 
methods: (i) the Richards and (ii) Gompertz parametric functions, 
both commonly used for smoothing intra-annual growth curves 
(Oswald et al., 2012); (iii) a generalized additive model (GAM); and 
(iv) the zero-growth concept (ZG), which transforms the CBA curve 
into a continuously cumulative form by eliminating shrinkage phases. 
The four methods are described below:

 (1) Richards 4-parameter (double) function, which has been 
previously used to approximate intra-annual growth in 
Mediterranean oak species (Aldea et al., 2023):

 

( )( ) ( )( )− × − ×− −

= +

+ × + ×
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A is the upper asymptote, I is the inflection point, k is the rate 
parameter, and m is the shape parameter of the growth curve during 
spring time; hence, the A parameter marks the CBA value attained by 
a tree at the start of the summer cessation period. The parameters Aa, 
Ia, ka, and ma have the same meaning but describe the second 
(autumn) part of intra-annual growth, with the parameter Aa marking 
the CBA value at the end of yearly growth.

 (2) Gompertz 3-parameter (double) function, which, among 
various parametric functions, has been shown to best 
approximate phenological events identified through microcore 
analysis (Miller et al., 2022).

We used the double version of this function, described as follows:

 
( ) ( )− × − ×− −= × + ×

C D DOY Ca Da DOYe e
DOYCBA A e Aa e

where A is the asymptote, C is the inflection point, and D is the 
rate parameter during the spring growth period. The parameters Aa, 
Ca, and Da are the respective equivalents for the autumn growth phase.

“Double” versions of these parametric functions were used to 
accommodate both spring and autumn growth by each part of the 
function (Aldea et al., 2023).

To find suitable initial parameter values for the parametric 
functions, an iterative approach (500 repetitions) was used, each time 
attempting to fit the function using a set of plausible pre-initial 
starting values (Supplementary Table S2). The best-fitting solution—
defined by the lowest residual sum of squares (RSS)—then provided 
the initial parameters for the final smoothing of each tree’s CBA curve 
(more details in SM§1). The summary statistics of the final fitted 
parameters for all trees are presented in Supplementary Table S3.

 (3) A GAM was fitted to each tree’s CBA curve:

 ( )β β ε= + × +0 1DOYCBA f DOY

When fitting the GAM, a cubic regression spline was used as the 
basis function, with a maximum of seven knots placed at the days of 
the year (DOY) corresponding to the boundaries between established 
thermo-hydrological phases of the year (Table 2). The first knot was 
positioned at the spring start DOY. This approach helped prevent 
excessive wiggliness in the fitted GAM (McMahon and Parker, 2015) 
and linearized potential minor fluctuations during winter.

 (4) The ZG concept converts the growth curve into a continuously 
cumulative form by eliminating any shrinkage periods, while 
the other parts of the curve (with positive or no increment) 
remain unaffected. Therefore, the zero-growth concept assumes 
that wood formation occurs only when the stem is hydrated 
(Knüsel et al., 2021; Zweifel et al., 2016).

2.3 Finding the phenological events

To detect the four phenological events—spring onset, summer 
cessation, autumn onset, and year cessation—we applied several 
detection approaches in combination with the four smoothing or 
transformation methods described in Section 2.2. In this section, 
we describe how phenological events were derived for each method. 
In every case, the starting point of the CBA curve was defined as the 
spring start, determined using climatic thresholds (Table 2; Strieder 
and Vospernik, 2021). The only exception was the ZG method, where 
the curve began at the point when the previous year’s maximum 
accumulated growth was reached.

2.3.1 Parametric smoothing methods: Richards 
and Gompertz parametric functions

Both functions were applied in a double form, allowing 
separate modeling of the spring and autumn growth phases. The 

TABLE 1 Characteristics of the trees for which the precision of the 
phenological event detection methods were compared.

Species Number of 
trees

DBH [cm] BAV2023 
[cm2]

Juniperus thurifera 30 12.3 ± 0.9 0.35 ± 0.05

Pinus pinea 39 36.8 ± 1.7 2.64 ± 0.22

Pinus pinaster 22 31.8 ± 1.7 1.72 ± 0.26

Quercus ilex 13 9.0 ± 0.3 0.16 ± 0.02

DBH, diameter at breast height; BAV2023: basal area variation during the year 2023, ± the 
respective standard error.
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FIGURE 1

Example of a cumulative basal area (CBA) growth curve for tree no. 30 (solid gray line), with phenological events (PEs) estimated using various 
smoothing methods (black dashed lines). Reference phenological events—spring onset (SO), summer cessation (SC), autumn onset (AO), and year 
cessation (YC)—are shown as red diamonds (in that order). Vertical lines mark the corresponding events as identified by each method, based on two 
relative threshold approaches (5–95% and 3.5–85%), with line types distinguishing between the methods.

FIGURE 2

Example of a cumulative basal area (CBA) growth curve for tree no. 30 (solid gray line), with phenological events (PEs) estimated using the UIK 
approach and 2STA. In the top row, the UIK approach was applied to the smoothed curves from the GAM, Gompertz, and Richards functions (black 
dashed lines). In the bottom panel, the 2STA estimated PEs directly from the raw CBA data (solid black line), without smoothing. Reference 
phenological events—spring onset (SO), summer cessation (SC), autumn onset (AO), and year cessation (YC)—are shown as red diamonds. Vertical 
lines mark the estimated events, with colors indicating the PE type and line types distinguishing the smoothing methods in the UIK panels.
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CBA curve was split between these phases at DOY 212 (August 1), 
corresponding to the midpoint between thermal summer and 
autumn start (Supplementary Table S2; adopted from: Aldea et al., 
2021). Over the fitted CBA curve, we  determined phenological 
events using the following approaches: (a) the relative threshold 
approach and (b) the Unit Invariant Knee (UIK) approach.

For the relative threshold approach, spring onset was estimated as 
the date when the tree reached either 3.5% or 5% of the total annual 
cumulative growth. Summer cessation was defined as the date when 
85% or 95% of the spring-phase growth had been reached. Autumn 
onset was defined as the date when 3.5% or 5% of the autumn-phase 
growth had accumulated. Finally, year cessation was determined as 
the date when 85% or 95% of the total annual growth had 
been attained.

For the UIK approach, phenological events were identified as 
elbows (knees) of the fitted curve—points where the increment 
sharply increased or decreased—using the unit invariant knee method 
described by Christopoulos (2016). Each knee point was searched 
along the fitted CBA curve, trimmed to season-specific ranges defined 
by climatic thresholds (Table 2). Accordingly, a knee point located 
between spring start and summer start was marked as spring onset; 
one between summer start and autumn start as summer cessation; and 
one between autumn start and winter start as autumn onset. The 
search for year cessation was performed after the winter start.

2.3.2 Generalized additive model
Phenological events were identified from the GAM-smoothed 

CBA curves using three detection approaches: (a) relative thresholds, 
(b) local extrema, and (c) the UIK approach. In the relative threshold 
approach, the same percentiles were used to detect spring onset and 
year cessation as in the parametric functions (see Section 2.3.1).

The local extrema approach identified summer cessation as the 
local maximum between summer start and autumn start and 
identified autumn onset as the local minimum between autumn start 
and winter start. This approach takes advantage of the GAM’s 
non-parametric flexibility, as parametric functions typically lack such 
local maxima or minima, which are characteristic of bimodal growth 
patterns (Figure 1, “GAM” panels).

In the UIK approach, knees were searched within seasonally 
constrained intervals

(Table 2) to identify each phenological event in the smoothed 
curve, following the same logic applied to the parametric models 
(Section 2.3.1; Figure 2, “UIK” panel).

2.3.3 Zero-growth concept
For the ZG-smoothed curves, two detection approaches were used 

depending on the phenological event: (a) relative thresholds and (b) 
shrinkage/swelling-based logic specific to the ZG concept.

In the relative threshold approach, spring onset was defined as the 
date when the cumulative growth curve reached 3.5% or 5% of the 
total annual increment, while year cessation was marked by the curve 
reaching 85% or 95%.

In the shrinkage/swelling-based approach, summer cessation 
was marked as the first moment of growth stagnation following 
spring onset (the first DOY with no increase in CBA), while 
autumn onset was set as the first day when the maximum CBA from 
the preceding phase of shrinkage was exceeded. Therefore, 
we followed the original concept of Zweifel et al. (2016), adapting 
it to account for the bimodal growth patterns typical of 
Mediterranean species.

2.4 Two-stage threshold approach

As an alternative to the abovementioned methods, a new approach 
called the Two-Stage Threshold Approach (2STA)  was developed. 
This new method does not require smoothing and relies solely on 
observed data, assuming that smoothing may obscure critical growth 
transitions. It considers only current measurement dates for 
pinpointing phenological events, ensuring direct detection of changes 
in growth. This method is applied to data recorded from manually 
measured band dendrometers, where stem increment cannot be 
distinguished from hydration-related fluctuations. Hence, when 
we use the term “increment,” we refer to mere growth variations and 
not the net growth.

The method is described in the following steps (Figure 3):

 (1) Calculation of the Daily Metric Variation (DMV). Manual 
dendrometer readings were taken every 14 to 16 days, resulting 
in discrete measurement intervals. Within each tree’s growth 
record, for each of these intervals, we  calculated the daily 
metric variation (DMV), which quantifies the average daily 
growth between two consecutive measurements. The DMV is 
computed by dividing the change in recorded size by the 
number of days that elapsed between the two measurements. 
As no intermediate data are available, growth within each 
interval (segment) is approximated as linear, with a constant 
daily growth rate (DMVS). Each segment begins on the date the 
measurement was taken (see Figure 3).

 (2) Standardization of the Daily Metric Variation. As absolute 
growth rates varied across species, individuals, and years, 
we standardized the DMV values for each ith tree in each yth year. 
This was performed using z-score normalization (mean-zero), 
resulting in standardized daily metric variations (iyDMV ). 
This transformation ensures that all trees contribute comparably 
to threshold determination, as their increments are expressed as 

TABLE 2 Climatic thresholds used in the search for phenological events.

Climate 
threshold

Thermal 
condition

Hydric 
condition

Day of the 
year, DOY 
(Date)

Spring start Tavg ≥ 8°C –
70 (11th of 

March)

Summer start Tavg ≥ 20°C CWB < 0 [mm]
168 (17th of 

June)

Autumn start Tavg < 20°C CWB > CWBSummer  

[mm]

238 (26th of 

August)

Winter start Tavg < 8°C –
322 (18th of 

November)

Climatic variables represent mean values (temperature) or sums (CWB) over each biweekly 
period. The dates correspond to 2023. Tavg, average daily temperature [°C]. Climatic water 
balance (CWB) was calculated as the difference between precipitation and potential 
evapotranspiration (computed using the Penman–Monteith method). CWBSummer , 
average CWB during months with Tavg > 20°C following spring start.
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distances from their respective mean DMV. Such a relative scale 
allows the growth patterns of many trees to be analyzed jointly.

 (3) Definition of the growth threshold from dormant periods (winter 
or summer). First, we  identified seasonal phases based on 
temperature and climatic water balance (see Table 2). These 
seasonal markers defined the dormant periods preceding 
phenological transitions—winter for spring onset and summer 
for autumn onset. They also constrained the search windows 
for detecting phenological events to ecophysiologically 
meaningful periods. Once seasonal phases were defined, 
we calculated growth thresholds to distinguish true growth 
from hydration-related fluctuations. For each species-year 
group, we first extracted standardized DMV values (DMV)  
from the dormant period preceding the phenological 
transition of interest—winter for spring onset and summer for 
autumn onset. From these values, we calculated the winter (or 
summer) threshold,  ( )Winter SummerDMV : the 75th percentile 
of DMV during the respective dormant period.

 (4) Definition of the growth threshold from the transition period 
(onset threshold). We  analyzed the distribution of DMV  
within a 30-day window starting from the beginning of the 
target season (e.g., 30 days after spring start). For the species-
year group, we computed the deciles of DMV (i.e., 10 to 90% 
percentiles at 10% intervals). The lowest decile that exceeded 
110% of the dormant reference threshold 
( ( )Winter SummerDMV )  was designated as the spring or 
autumn onset threshold,  ( )Spring Autumn OnsetDMV . This 
approach ensured that only growth values meaningfully 
distinct from dormancy-driven noise were considered 
indicative of true phenological transitions.

 (5) Identification of possible onset dates. Within each tree’s cumulative 
growth record, we calculated the change in the DMV between 
adjacent growth segments (ΔDMVS). Candidate onset dates 
were defined as the first day of any segment where ΔDMVS > 0, 
that is, where the daily growth rate increased compared to the 
previous segment. These candidates were limited to season-
specific search windows: from 14 days before spring start to 
summer start for spring onset and from 14 days before autumn 
start to winter start for autumn onset.

 (6) Confirmation of final onset date. Each candidate onset date was 
evaluated against three ecological and growth-related criteria 
to ensure that it represented phenological onset as accurately 
as possible:

 a) Above-threshold growth rate. The standardized DMV at the 
candidate date—and throughout the entire segment—must 
exceed the onset threshold defined in step 5:

 
  ( )> .S Spring Autumn OnsetDMV DMV

 b) Sustained growth beyond swelling. The cumulative metric 
value (CMV) at the end of the following segment must 
be  greater than at the candidate date. This prevents 
misinterpreting temporary hydration as true growth.

 c) Monotonic pattern. All CMV values preceding the candidate 
date must be lower than all values following it, ensuring there 
is no long-term shrinkage or decay. This condition helps rule 
out the possibility that the cambium did not actually reinitiate 
xylem cell differentiation at the candidate onset date. The first 

FIGURE 3

Visualization of the concepts of the Two-Stage Threshold Approach (2STA) for detecting phenological events. The numbers 1), 2)…6) correspond to the 
method description in the §2.4 “Materials and Methods: Two-Stage Threshold Approach (2STA)”.
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candidate date that satisfies all three conditions is recorded as 
the spring or autumn onset date.

 (7) Identification of summer cessation. Summer cessation was 
defined as the first date after spring onset when the DMV 
became negative or equal to zero, indicating a halt in radial 
growth and/or the beginning of stem shrinkage. This search 
was restricted to a seasonal window spanning from 14 days 
before summer start to autumn start. Within this window, a 
date was selected as the summer cessation if it satisfied the 
following conditions:

 a) The daily metric variation on that date was negative or null: 
DMVS ≤ 0.

 b) The preceding segment exhibited positive daily metric 
variation: DMVS-1 > 0 (i.e., active growth was occurring just 
before the cessation).

This transition reflects the moment when cambial activity 
ceases due to adverse summer conditions, such as high 
temperature and water deficit.

 (8) Identification of year cessation. Year cessation was defined as the 
first date after autumn onset when the tree reached 85% of the 
growth accumulated since autumn onset. This relative threshold 
was adopted following comparisons made by Miller et al. (2022). 
This approach avoids relying on DMV-based transition detection, 
which would be unreliable due to sparse winter measurements.

The percentile used to define the dormant-season threshold 
( ( )Winter SummerDMV ) was determined through an iterative process. 
We tested percentiles ranging from 0 to 95%, in 5% increments. For 
each value, we  calculated the corresponding  ( )Winter SummerDMV  
threshold and used it to estimate the spring or autumn onset dates for 
all trees. We then computed the mean error of the deviations between 
the estimated and reference phenological events. The optimal 
percentile was defined as the one that minimized the mean error for 
the respective phenological event (Supplementary Figure S2).

2.5 Comparison of the accuracy of the 
methods

To evaluate the accuracy of these methods, we first identified 
reference phenological events through visual inspection of the raw 
cumulative basal area curves, following the approach of Korpela et al. 
(2010). Spring onset and autumn onset were defined as the points at 
which the growth curve began to increase steadily after a preceding 
phase of oscillation around a limit or decline. Summer cessation and 
year cessation were identified as the moments when the growth curve 
became flat, resumed oscillatory behavior, or started to decline 
following spring or autumn growth. To ensure consistency, 
we included only trees that exhibited positive annual growth, with a 
clear bimodal pattern. Based on this criterion, 50 of 154 trees (32%) 
were excluded. For each remaining tree, we calculated the difference 
between the phenological events estimated by each approach and the 
reference values. To assess overall accuracy, we computed the mean 
deviation for each approach and generated 2.5–97.5% confidence 

intervals using 1,000 bootstrap resamples of these mean deviations. In 
addition, we tested whether the deviations of each approach differed 
significantly from the 2STA estimates by applying a paired Welch’s 
t-test. In total, we estimated phenological events using 10 methods for 
summer cessation and autumn onset and 12 methods for spring onset 
and year cessation. All statistical analyses, including the 
implementation of the 2STA, were conducted in the R Statistical 
Programming Environment, version 4.2.2, using RStudio as the 
interface (R Core Team, 2024). The non-parametric curves (GAM) 
were fitted using the mgcv package (Wood, 2017). The script of the 
2STA is available at https://doi.org/10.5281/zenodo.14929969 and in 
the Supplementary material.

3 Results and discussion

We estimated the timing of key phenological events in 
xylogenesis for 104 trees over 1 year using both established 
methods (the Gompertz and Richards parametric functions and 
ZG concept) and newly applied or developed methods (GAM and 
2STA). The precision of each method was assessed by comparing 
its estimates to visually determined reference phenological events. 
Among all tested methods, the 2STA exhibited the highest 
accuracy, closely aligning with the reference phenological events 
for spring onset, summer cessation, and autumn onset, although 
it was less precise in detecting year cessation (Figure  4; 
Supplementary Tables S4, S5).

3.1 Spring onset

The 2STA estimated spring onset on average 1 day earlier 
compared to the reference phenological event [confidence interval 
(CI): −3 to 1 day], making it the most precise method 
(Supplementary Table S5). In contrast, the smoothing-based 
methods significantly delayed spring onset estimates, with delays 
ranging from 11 days (Richards-3.5%) to 26 days (Richards-UIK). 
The ZG-5% method estimated spring onset earlier than the 
reference by 8 days (CI: −15 to −2 days), making it the second most 
precise method (Figure  3; Supplementary Table S5). The 
inaccuracies of the established methods, ranging from 8 to even 
26 days, pose various risks. Firstly, using phenological events with 
such estimation errors in studies analyzing climate–phenology 
relationships could distort the conclusions. It has been shown that 
cambial reactivation in spring occurs when the temperature 
threshold is surpassed by 10–25 days, which closely matches the 
estimation errors observed in this study (Begum et  al., 2013). 
Moreover, climatic conditions during just one month can affect 
radial growth throughout the entire season (Camarero et al., 2021). 
If the period of active growth is wrongly determined, the most 
influencing climate signal window will be  distorted. The high 
accuracy of the 2STA likely stems from its direct reliance on 
observed data without smoothing, thereby avoiding distortions 
introduced by curve fitting during critical transition periods (i.e., 
the elbows of the single-tree growth curve). Using climatic 
thresholds to constrain the search space for spring onset  also 
contributed to the method’s success. Although some studies have 
justifiably set search windows for spring onset (e.g., Strieder and 
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Vospernik, 2021), their setting was arbitrary. Our approach was 
grounded in the fact that the cambium is highly responsive to 
temperature changes (Begum et al., 2013). The applied 8°C mean 
daily temperature threshold aligns well with empirical studies on 
the onset of cambial activity after the rest phase (Deslauriers et al., 
2008; Nguyen et al., 2023; Rossi et al., 2008).

3.2 Summer cessation

Three methods—2STA, ZG, and Gompertz-UIK—accurately 
estimated summer cessation within ± 2 days of the reference 
value, with 2STA providing the most precise result (0-day 
deviation; Supplementary Table S5). Other methods varied in 
accuracy, with Richards-85% and Gompertz-85% advancing 
summer cessation by up to 23 days. Such errors can be considered 
substantial, given that potential evapotranspiration during 
August alone undermined the radial growth of J. thurifera during 
the July–August period (Camarero et al., 2021). The ability of the 
2STA to precisely pinpoint summer cessation relies on the search 
for absolute changes in the growth rate (ΔDMV) rather than on 
cumulative growth percentiles, allowing it to detect the cessation 
of active xylogenesis exactly when it occurs (considering the 
constraints of sampling frequency). False local maxima in growth 
are partially avoided by restricting the window search to periods 
characterized by negative water balance and high temperatures. 
This approach aligns with findings confirming that cambial 
activity ceases due to low water supply (Rahman et al., 2022).

3.3 Autumn onset

Both the 2STA and GAM (local minimum variant) estimated 
autumn onset earlier by 1 to 3 days, with the 2STA method being more 
accurate. Other methods—particularly Richards-UIK—delayed 
autumn onset by 11 to 28 days (Figure 4; Supplementary Tables S4, 
S5). Autumn onset detection is more challenging because it depends 
on the reactivation of cambial cells, which is strongly influenced by 
soil moisture conditions (de Luis et al., 2011; Rahman et al., 2022). 
Autumn rainfall can restore soil hydration within a short period 
(sometimes in as little as a week; Camarero et al., 2021). Therefore, an 
error in detecting autumn onset by as much as a month can effectively 
obscure the tight coupling between soil moisture rehydration and 
growth reassumption. Our approach of constraining the search space 
using a joint thermal and hydric threshold aligns with findings 
showing that bimodal growth patterns in trees depend on soil 
rehydration and temperature shifts (Battipaglia et al., 2023). However, 
some subjectivity remains in defining the exact temperature and 
moisture thresholds for cambial activity, as species-specific responses 
have so far been investigated primarily in temperate, rather than 
Mediterranean, tree species (Nguyen et al., 2023).

3.4 Year cessation

Unlike other phenological events, year cessation was best 
estimated using the Richards-95% method, which pinpointed it 
accurately with an uncertainty of ± 4 days. In contrast, the 2STA 

FIGURE 4

Accuracy of phenological event (PE) estimates using different approaches (Supplementary Tables S4, S5). The mean deviations from the reference 
phenological events are shown (points) with 2.5–97.5% confidence intervals. The green band represents the potential accuracy range due to 
measurement frequency (± 8 days). Negative values (−) indicate that a method advanced the phenological event. Positive values (+) indicate that a 
method delayed the event. Zero (0) denotes perfect alignment with the reference PE.
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delayed year cessation by 7 days (CI: 4 to 10 days; Figure  4; 
Supplementary Tables S4, S5). While searching for year cessation, 
we did not use an absolute threshold of daily growth, despite Miller 
et al. (2022) reporting that a threshold of 5 μm × day−1 (for radial 
measurements) performed best for identifying year cessation. 
However, this threshold is only valid for temperate species, for which 
it was tested. Some Mediterranean species such as Quercus ilex and 
Juniperus thurifera exhibit much lower daily radial increments even 
during the growing season, making this threshold unsuitable. Future 
research could explore species-specific absolute thresholds for 
Mediterranean trees. In addition, we did not design the 2STA to detect 
changes in DMV for year cessation as we did for other phenological 
events due to the reduced frequency of winter measurements, which 
decreases accuracy. Instead, we  applied a threshold of 85% 
accumulated growth since autumn onset. Therefore, we  strongly 
advocate maintaining high-frequency data collection from band 
dendrometers even during cambial rest periods to improve the 
detection of year cessation (and spring onset). Furthermore, the 
cambium rest phase transitions into the quiescence phase, during 
which the cambium remains inactive but sensitive to environmental 
changes (Begum et al., 2018). With climate change driving unexpected 
cambial reactivations, continuous monitoring is essential.

3.5 Comparative accuracy of the methods

Overall, the 2STA was the most accurate for detecting spring onset, 
summer cessation, and autumn onset, with deviations well within the 
range of biweekly sampling uncertainty (± 7 days). For the detection 
of year cessation, it was not the most precise method, but its accuracy 
still fell within a reasonable range. Interestingly, the relative-threshold 
methods (percentiles of cumulative growth) consistently failed to 
accurately identify spring onset. They also did not yield accurate results 
for detecting summer cessation and autumn onset, which was done for 
the first time in the context of dendrometer measurements as far as 
we know. Even constraining their search spaces by climatic thresholds 
did not improve their reliability, supporting concerns that such 
approaches are biased by growth curve shape, particularly for species 
with non-sigmoid (bimodal) growth patterns (Camarero et al., 2010). 
The estimation errors yielded by all methods were significantly higher 
than those of the 2STA. Only two exceptions were observed: the 
Gompertz-UIK and ZG methods estimated summer cessation with 
accuracy comparable to that of the 2STA (Supplementary Tables S4, 
S5). The differences in estimating phenological events between the 
2STA and the other methods, reaching up to 28 days, are important not 
only due to the risk of obscuring phenology–climate relationships but 
also because of the influence that the growing season duration has on 
total growth attained. Yearly growth accumulated by trees can 
be  strongly correlated with the duration of the growth period 
(Lempereur et al., 2017; Lempereur et al., 2015). Therefore, an accurate 
determination of phenological events seems crucial to precisely 
estimate the length of the active growth period. However, studies have 
also shown that the number of days with active growth, or the growth 
rate, has a stronger impact on total accumulated growth than the 
duration of the growth period (Etzold et al., 2022; Vieira et al., 2014).

Dendrometer data reflect two overlapping processes: stem swelling 
due to rehydration and xylem cell division (effective growth; Deslauriers 
et al., 2007). This overlap complicates the identification of spring onset, 

which is often preceded by large stem variations in winter. A similar issue 
arises before autumn onset, as rainfall can trigger immediate rehydration, 
mimicking growth on the dendrometer curve. The zero-growth concept 
(Zweifel et al., 2016) effectively addresses this problem by assuming that 
cambial activity can occur only when the stem is hydrated. By defining 
growth onset (spring or autumn) as the first instance when the previous 
maximum stem size is reached, the ZG method eliminates the misleading 
effects of hydration-driven fluctuations. Effectively, in our study, the ZG 
approach was the second most precise method for determining spring 
onset (Supplementary Table S5). However, it located spring onset too 
early, as seemingly winter rehydration alone can restore the previous 
stem size. Conversely, autumn onset was delayed since the ZG method 
requires the previous maximum to be surpassed, whereas we visually 
determined it as the start of steady positive growth after the summer 
depression. Given these limitations, we acknowledge that accurately 
determining the exact onset of cambial activity is impossible using 
dendrometer data alone (Cruz-García et  al., 2019), especially when 
collected from manually measured band dendrometers. The 2STA was 
designed to reduce the risk of misidentifying both spring onset and 
autumn onset. Instead of relying on hydration levels or fixed percentiles, 
it compares growth rate distributions—contrasting the oscillatory 
fluctuations of inactive periods with the first sustained period of steady 
positive growth under favorable climatic conditions. While the 2STA 
does not aim to pinpoint the precise initiation of cell division, it provides 
a practical and systematic method for identifying the moment when 
continuous, measurable growth begins, making it particularly suited for 
band dendrometer data.

3.6 Implications and future directions

Future research could focus on refining climate-based thresholds 
for phenological event detection, particularly for Mediterranean 
species. Developing species-specific cambial reactivation indices 
based on heat accumulation could provide a more physiologically 
robust alternative to fixed temperature thresholds (Begum et al., 2013; 
Rahman et al., 2020) while also enhancing the 2STA. In addition, 
integrating short-term growth fluctuation metrics (e.g., the CUSUM 
chart, Korpela et al., 2010) to refine phenological event detection in 
manually collected dendrometer data for trees with bimodal growth 
patterns would be interesting.

In summary, our results suggest that manually measured band 
dendrometers—when analyzed correctly—can yield phenological event 
estimates nearly as precise as those obtained using automated 
dendrometers, which themselves deviated by 9 to 13 days from 
microcores analysis (Miller et  al., 2022). Furthermore, the lower 
resolution of band dendrometers may actually help reduce errors by 
smoothing out high-frequency fluctuations (Deslauriers et al., 2007). 
Nonetheless, we acknowledge that automated dendrometers provide 
much more detailed daily information than manually measured devices. 
This provides deeper insights into xylogenesis –climate relationships by 
analyzing shrinkage-swelling patterns in response to daily weather 
variations. Their use also offers more robust decoupling between 
rehydration and true xylem increment (as demonstrated by the 
applicability of the ZG concept) due to the much higher data recording 
frequency. Therefore, we  strongly advocate using automated 
dendrometers in intra-annual tree growth studies, whenever possible. 
If, for any reason, this option is not available, the 2STA offers a viable 
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alternative when only manually measured band dendrometers are 
available, as these devices are cheaper and therefore more accessible. By 
avoiding distortions from smoothing and integrating climatic 
thresholds, the 2STA provides a promising new approach for 
phenological event detection, particularly for species with complex 
growth patterns. The phenological events estimated by the 2STA almost 
imitated the reference ones, except for year cessation. However, it is 
important to remember that we established the reference phenological 
events visually. Although this approach has been used before (Korpela 
et  al., 2010), future studies would benefit from long-term location 
monitoring of cambial phenology and wood formation dynamics 
(xylogenesis) using microcores as a reference, thereby eliminating any 
subjective bias. Therefore, we  acknowledge that our method must 
be validated on other datasets to overcome a possibly major limitation 
of this study— the lack of a reference robust enough to validate the 2STA 
without any doubt.

4 Conclusion

The two-stage threshold approach (2STA) represents both a 
conceptual and practical shift from traditional phenological event 
detection methods. Unlike conventional approaches that rely on 
smoothed growth curves and arbitrary percentile thresholds—often 
misaligned with the physiological realities of trees—the 2STA detects 
phenological events based on real changes in growth rate dynamics. 
By analyzing raw dendrometer data without distortion from curve 
fitting, the 2STA enables objective identification of growth onset and 
cessation, even in species with irregular or bimodal intra-annual 
growth. Its reliance on standardized growth rate distributions and 
climate-informed search windows makes it especially suited for 
manually measured dendrometer data, which are more accessible in 
under-resourced contexts. While it does not pinpoint the exact 
initiation of cambial activity, the 2STA reliably identifies the onset of 
sustained measurable growth, providing a practical bridge between 
dendrometer records and phenological inference. This method 
facilitates broader participation in intra-annual growth studies and 
offers a robust alternative in situations where high-resolution 
automated dendrometers or microcore data are unavailable. 
We acknowledge that the reference events used in this study were 
visually determined and thus could be subjective. Future validation 
using long-term xylogenesis data is essential to confirm the accuracy 
of the 2STA. Nonetheless, our findings suggest that the 2STA is a 
reliable and physiologically grounded tool for phenological research 
in trees with complex growth patterns.
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