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ARTICLE INFO ABSTRACT

Keywords: Alien species pose a growing threat to biodiversity and ecosystems due to their capacity to establish and pro-

Atlanthus altissima liferate beyond their native ranges. Among them, Ailanthus altissima (Mill.) Swingle ranks among the most

Eggfl(’g{ concerning species globally, especially across the Mediterranean basin, where its spread continues to intensify.
-scale

Native to China and northern Vietnam, this tree has been widely introduced for ornamental purposes. Its invasive
success facilitates the displacement of native flora, disruption of ecological processes, and significant impacts on
public health due to its allergenic potential, including in urban areas. This study applies the BBCH-scale to
describe the full phenological cycle of a population in Cuenca (Spain). A total of 20 adult individuals were
monitored (10 males and 10 females) leading to identify 8 of the 10 main BBCH-scale stages and 41 secondary
stages, covering the entire cycle from bud emergence to leaf senescence, while linear interpolation was used for
the temporal analysis of stage duration. Additionally, statistical comparisons between sexes were conducted
using one-way ANOVA with post-hoc Tukey HSD test, while Pearson’s correlation analysis assessed to correlate
these patterns with meteorological conditions, highlighting the influence of key meteorological variables
(temperature, relative humidity, insolation and precipitation) on phenophase timing. These findings demonstrate
that the BBCH-scale offers a precise framework to monitor phenology in this species, supporting improved
management of invasive populations and enabling better forecasting of pollen release, crucial for public health
monitoring in areas with high allergy incidence.

Invasive Species Management
Allergic Risks

management a global priority.
The Tree of Heaven or Ailanthus altissima (Mill.) Swingle has his-

1. Introduction

Alien species, characterized by their ability to establish and prolif-
erate beyond their native areas, represent broad and complex negative
ecological impacts. These include alteration of vegetation structures,
biogeochemical cycles and soil regeneration processes, negatively
affecting biodiversity and essential ecosystem services (Simberloff et al.,
2013; Vila et al., 2024), which are key contributors to global change
(Pysek et al., 2020). Furthermore, Simberloff et al. (2013) and Vila et al.
(2024) reported that their expansion is exacerbated by globalization
related mainly to international trade, causing the colonization of new
territories and the displacement of native species. This also has negative
consequences in various habitats, including urban areas, where invasive
species can affect biodiversity and human health, making their
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torically been used in traditional Asian medicine for human well-being,
exhibiting antitumoral, antiviral, insecticidal and herbicidal properties
(Caramelo et al., 2021; De Martino and De Feo, 2008). Additionally, its
fibers have demonstrated to produce good quality paper (Baptista et al.,
2014). However, its current primary use as an ornamental plant has
promoted its status as one of the most widespread invasive species
globally (Sladonja et al., 2015), with noticeable impacts in Europe and,
especially, in the Mediterranean basin (Motti et al., 2021). Besides, its
range continues to increase and is projected to increase in the coming
years (Puchatka et al., 2023). In view of the magnitude of the effects
generated, this species has been included in the list of Invasive Alien
Species (IAS) of Union concern under the EU Regulation 143/2014
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(European Commission, 2020). The invasiveness of this plant is partially
exacerbated by the combination of sexual and asexual reproduction
strategies. It is suggested that each individual is capable of producing
over 325,000 seeds annually, while the germination success rate is
estimated at around 98 % (Kowarik and Saumel, 2007). These seeds are
well-adapted for dispersal by wind and water, thus enabling a broad and
rapid distribution. Furthermore, its ability to regenerate from cut roots
and stumps, along with its negative allelopathic mechanisms, provides
further competitive advantages in invaded habitats (Sladonja et al.,
2015). Despite requiring warm and humid climates with rainfall
exceeding 500 mm/year, it also exhibits remarkable tolerance to
extreme conditions, including drought, frost or pollution. Such capacity
enables it to thrive in harsh environments, even offering favourable
conditions for its growth (Constan-Nava et al., 2010). Thus, Kowarik and
Saumel (2007) reviewed that despite seedlings are severely affected by
frosts, adult trees withstand temperatures as low as —33°C. However,
due to high seed production and rapid reproductive maturity resulting in
high propagule pressure, some seedlings survive and enable the species
to spread into cooler climates. For instance, Paz-Dyderska et al., (2020)
report the expansion of Ailanthus altissima in urban areas of Poland, at
the cooler edge of its range, facilitated by recent climate warming. This
resilience also allows this plant to colonize a wide range of habitats after
environmental disturbances such as fires or soil degradation from
anthropogenic activities (i.e. construction, mining, abandoned agricul-
tural land, etc). Finally, it is reported that the presence of A. altissima in
urban and peri-urban areas (Constan-Nava et al., 2010) may cause
adverse health effects, including respiratory allergies and dermatitis
(Ballero et al., 2003; Werchan et al., 2024).

In this sense, it is essential to delve into the understanding of the
phenological cycle of A. altissima for the further development of effective
management and control strategies, which consists of systematically
monitoring the biological stages of a plant throughout its life cycle
(Schwartz, 2013). This approach was initially developed for tracking the
growth and development of cereal crops (Zadoks et al., 1974) and later
standardized by Meier (2001) through the BBCH-scale, while enabling
the comparison of phenological data along studies and regions.
Although this scale was initially intended to codify the phenological
stages of plant species of agronomic interest, such as olive (Rojo and
Pérez-Badia, 2014) or mango (Delgado et al., 2011), in recent years, the
BBCH-scale has also been applied in the assessment of a wide array of
plants. This also comprises invasive species, such as Parthenium hyster-
ophorus (Kaur et al., 2017), Broussonetia papyrifera (Maan et al., 2020),
Lantana camara (Kumar et al., 2022) or Sapium sebiferum (Jaryan et al.,
2014). Such assessments may lead to the development of phenological
calendars as well as determining optimal times for the implementation
of control measures. Although there are some studies on the phenology
of A. altissima (Werchan et al., 2024; Zaras-Januszkiewicz et al., 2014,
2020), the comprehensive understanding of its entire phenological cycle
and the validation of the BBCH-scale is still limited.

The aim of this study is to provide a detailed characterization of the
full phenological cycle of Ailanthus altissima using the BBCH-scale cod-
ing system. To our knowledge, this is the first study that applies the
complete BBCH-scale to this species, with phenological stages moni-
tored separately for male and females. Besides, a novel aspect of this
study was the two-year monitoring under relatively consistent meteo-
rological conditions, which enhanced the accuracy and reliability of the
phenological description. This interannual homogeneity minimizes the
potential influence of climatic fluctuations, ensuring that phenological
patterns reflect intrinsic biological development. This standardized
approach will enable reliable comparisons across time and regions,
providing a solid scientific foundation for optimizing the timing of
control measures. By improving our understanding of the species’
growth dynamics and reproductive behavior, this study may contribute
valuable tools for developing more effective, evidence-based manage-
ment strategies against one of Europe’s most aggressive invasive plants.
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2. Material and methods
2.1. Description of the study area

The study was conducted on a population of Ailanthus altissima
located in Cuenca (central-eastern Spain; 40.0766, —2.2014). The area
presents sandy loam soil and is located at 901 m above sea level, near a
secondary road and a river, surrounded by agricultural land (mainly
cereal crops) and dense Mediterranean pine forests; which according to
Cabra-Rivas et al. (2016) are key aspects for the settlement of the spe-
cies. Biogeographically, the area is situated within the Mediterranean
Region (Western Mediterranean Subregion), specifically in the Central
Iberian Mediterranean Province (Castellean Subprovince)
(Rivas-Martinez et al., 2017b). Moreover, the region is placed in the
supra-Mediterranean belt and presents an upper dry ombroclimate
(Rivas-Martinez et al.,, 2017a). The climate is classified as
Mediterranean-continental, characterized by cold winters and hot, dry
summers with significant thermal fluctuations. Average temperatures
range between 3.1°C in January and 21.9°C in July (AEMET, 2012),
while annual precipitation and average temperature are around 500 mm
and 11.7°C, respectively. To ensure the selection of study years with
relatively uniform meteorological conditions, weather data were ob-
tained from a Vantage Pro 2 station (Davis Instruments Corp., CA, USA)
situated at 0.5 km from the study area and belonging to the Regional
Institute of Agri-Food and Forestry Research and Development of
Castilla-La Mancha (IRIAF). Data collected included maximum, mini-
mum and average temperatures (°C), precipitation (mm), relative hu-
midity (%) and insolation (hours), considering months and years.
Similarly, long-term climatic data (reference period: 1991-2020) were
obtained from the Cuenca weather station, operated by the Spanish State
Meteorological Agency (AEMET). Statistical differences in meteorolog-
ical variables between the study years and relative to the reference
period were assessed using a one-way ANOVA followed by a post-hoc
Tukey HSD test (p < 0.05), performed in SPSS Statistics Version 25
(IBM Corp., NY, USA).

2.2. Experimental design

Prior to the experiment, a total of 20 adult individuals (10 male and
10 female; N = 20) were selected for phenological monitoring. Although
this number may appear limited, such sample sizes are common and
well-supported in phenological studies of tree species, particularly when
applying the BBCH scale (Fournier and Alfredo, 1974; Mabusela et al.,
2024; Rojo and Pérez-Badia, 2014). Species identification was
straightforward, as A. altissima is easily recognized by its compound
leaves and smooth grey bark. Sex differentiation was based on the
presence of persistent samaras observed in female trees during winter, a
method that allowed reliable identification before the start of the study.
Although no empirical measurements (e.g., diameter or health indices)
were taken, all selected trees were of similar size, visibly health and
grew under similar conditions, minimizing potential variability unre-
lated to sex or phenological stage. Despite suggestions that A. altissima is
a monoecious tree or exhibits bisexual flowers, the evidence is lacking
(Kowarik and Saumel, 2007). Consistently, the microscopic observations
(Fig. 1) revealed that female flowers contain stamens and pistils (her-
maphrodite flowers) but lack pollen, contrary to male flowers, as also
reported by Nooteboom (1962). Identification was considered with an
estimated spatial separation of approximately 2 m between trees to
minimize possible interactions and ensuring independent individual and
sexual analysis. Taking advantage of the similar meteorological condi-
tions observed in 2023 and 2024 (Table 1), data collection was moni-
tored weekly. This stability in environmental factors enhanced the
reliability of detecting progressive variations in morphological aspects,
ensuring that changes are primarily related to normal biological devel-
opment rather than being affected by interannual variability. This in situ
monitoring was carried out by combining direct and indirect
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Fig. 1. Optical microscope view (40x) of A. altissima: (A) Male flower with pollen grains; (B) Female flower and anther, lacking pollen.

Table 1
Monthly means + SD of climatic variables in the study area for 2023, 2024 and the reference period (1991-2020).
Month Year Tmean Tmin Tmax Prec. Accum. Prec. RH Insolation
(9] (9] (49} (mm) (mm) (%) (h)
January 2023 2.79 + 2.7a* —2.99 + 3.5a* 9.76 + 3.1a 1.45 + 4.9 45.00 65.23 + 14.1a* 5.95 + 3.0b
2024 5.60 = 3.2b 0.19 + 4.5b 12.34 + 5.1b* 2.57 £ 6.5 79.80 77.26 £12.1b 412 £ 3.4a
1991-2020 5.12 + 2.7 —0.01 + 3.5 10.24 + 3.8 1.21 + 3.1 37.54 £ 3.2 72.47 + 14.1 4.73 + 3.2
February 2023 2.88 + 2.7a* —4.73 + 2.8a* 12.21 + 4.4 0.25 + 0.8 7.00 55.14 + 13.2a* 6.89 + 2.6
2024 6.60 = 2.0b 0.28 + 3.3b 14.34 + 3.8* 1.99 £ 5.9 57.80 66.28 +12.9b 5.40 £+ 3.3
1991-2020 6.13 + 3.1 0.37 + 3.4 11.89 + 4.6 1.27 + 3.4 35.94 + 3.4 65.15 + 15.2 5.85 + 3.5
March 2023 8.52 + 4.2 —0.48 + 4.7a* 17.40 £ 5.0 0.33 + 0.8a 10.20 51.03 + 13.5a* 7.90 + 3.0b
2024 7.99 + 3.5 1.60 + 2.9b 15.10 + 6.0 5.23 + 9.0b* 162.00 68.03 + 16.0b* 5.32 £ 3.9a
1991-2020 9.10 + 3.2 2.93 + 3.0 15.27 + 4.9 1.53 + 4.0 47.28 + 4.1 59.71 + 15.2 6.51 + 3.7
April 2023 12.60 + 2.9 1.27 + 3.2* 22.37 + 3.8 0.13+ 0.7 4.00 36.13 + 8.0a* 9.51 £+ 1.6*
2024 11.02 + 3.1 2.67 + 3.0* 20.20 + 4.2* 0.18 + 0.5 5.40 49.97 + 13.3b* 8.02 +£ 2.5
1991-2020 11.31 + 3.5 5.18 + 3.2 17.44 + 5.0 2.00 + 4.7 59.94 + 4.7 58.55 + 15.4 7.28 + 3.8
May 2023 14.05 + 2.1 5.04 + 3.5* 22.38 + 3.0 1.35 + 3.0 41.80 45.65 + 18.4 7.00 + 2.7
2024 14.86 + 4.0 5.28 + 3.4* 23.82 +5.1 0.41 +1.4 12.80 43.00 + 8.6* 7.54 + 2.2
1991-2020 15.48 + 3.8 8.89 + 3.4 22.06 + 5.2 1.57 + 4.1 48.72 + 4.1 52.90 + 15.2 8.15 + 3.9
June 2023 19.51 + 3.4 12.06 + 2.4 27.31 £ 4.6 2.21 £5.6 66.40 55.63 + 14.1b* 6.31 + 3.1*
2024 19.46 + 2.7 10.46 + 2.9* 28.08 + 3.9 1.39 + 3.3 41.80 44.33 £ 13.7a 7.39 £+ 2.6*
1991-2020 20.67 + 3.9 13.38 + 2.9 27.95 + 4.9 1.13 + 4.5 33.92 + 4.5 44.58 + 13.2 10.03 + 3.4
July 2023 24.24 +£23 13.17 + 3.2* 33.78 + 2.4* 0.74 + 3.7 23.00 35.35 £ 9.3b 9.23 + 0.9*
2024 24.35 +£ 2.0 13.38 + 2.5* 34.43 + 2.8* 0.51 + 2.5 15.80 30.58 + 7.7a* 9.21 +£ 0.7
1991-2020 24.16 + 2.9 16.38 + 2.7 31.95 + 3.3 0.37 + 3.5 11.55 + 3.5 37.88 + 9.4 11.24 + 2.2
August 2023 23.39 £ 3.1 11.93 + 3.0a* 33.76 + 4.2* 0.00 + 0.0 0.00 32.00 + 5.7a* 9.79+£ 1.6
2024 24.00 +£ 2.1 13.92 + 2.0b* 34.42 + 2.7* 0.83 + 2.22 25.80 37.39 + 14.2b 8.95 + 1.7*
1991-2020 23.91 + 2.8 16.35 + 3.2 31.46 + 3.5 0.68 + 3.7 21.18 + 3.7 41.93 + 10.7 10.41 + 2.2
September 2023 17.92 + 2.9 10.70 + 4.2b 26.13 + 3.5 223+78 67.00 56.20 + 10.1b 7.48 + 2.4
2024 16.86 + 2.7* 8.55 + 4.5a* 25.81 + 3.2 0.73 + 3.0 21.80 49.30 + 15.5a 7.25 +£ 2.9
1991-2020 19.06 + 3.3 12.26 + 3.3 25.85 + 4.4 0.73+ 1.9 41.18 + 4.6 52.88 + 13.2 8.00 + 3.0
October 2023 13.93 + 3.0 7.17 + 3.0 2191 +£6.7 2.10 £5.7a 65.20 61.16 £ 18.9 5.51 +£ 3.9
2024 13.30 + 2.4 7.56 + 3.3 20.10 + 3.8 4.48 + 8.6b 139.00 68.19 +£12.1 5.15 + 3.2
1991-2020 14.01 + 3.4 8.16 + 3.6 19.87 + 4.8 1.87 + 4.4 57.98 + 4.4 65.03 + 15.2 6.11 + 3.5
November 2023 8.16 + 2.7 2.87 £ 4.2 14.94 + 3.0 1.20 £ 2.7 36.00 74.47 £12.6 5.04 + 3.3
2024 8.95 + 2.9 3.24 £ 34 16.38 + 2.7* 0.77 + 3.3 23.00 73.60 £ 5.8 5.50 £+ 2.6
1991-2020 8.55 + 3.2 3.41 + 3.7 13.68 + 4.3 1.68 + 4.0 50.39 + 4.0 72.30 + 13.6 4.83 + 3.3
December 2023 3.97 £ 2.7* —2.26 + 3.7% 12.18 £ 2.5 1.06 + 3.4 32.80 71.32 £11.3 5.28 + 2.7
2024 3.64 + 2.4* —2.73 £ 2.8% 12.03 + 3.7 0.05 + 0.2 1.60 67.97 £ 8.3* 6.04 + 2.4
1991-2020 5.79 + 2.8 0.73 + 3.2 10.86 + 3.7 1.60 + 4.4 49.56 + 4.4 74.28 + 12.6 4.39 + 3.1
ANNUAL 2023 12.72 + 7.8 4.51 + 7.1* 21.19 + 8.8 1.09 + 4.0 398.40 53.24 + 18.5a* 7.15 + 3.1
2024 13.07 + 7.3 5.37 + 6.2* 21.44 + 8.6* 1.60 + 5.0 586.60 56.29 + 19.2b 6.66 + 3.1
1991-2020 13.60 + 7.5 7.22 + 6.7 20.01 + 8.8 1.36 + 4.1 495.28 + 12.5 57.89 + 18.2 6.96 + 3.9

Different letters mean significant differences between the study years (2023 & 2024; Tukey’s test p < 0.05). *: denotes significant differences in comparison to the
reference period (1991-2020; Tukey’s test p < 0.05). Climatic variables include mean, maximum and minimum temperatures (°C); daily and accumulated precipi-
tation (mm); relative humidity (%); and insolation (hours)

observations, including the use of binoculars and photographic docu- (2007) for woody species, eight of ten principal stages were considered
mentation to graphically record the entire biological cycle.

2.3. BBCH-scale assessment

for A. altissima (omitting stages 2 and 4, not applicable to this species)
and grouped into four categories by sex. The first category (I) corre-
sponds to vegetative growth: including bud development (BBCH 0), leaf
development (BBCH 1) and shoot elongation (BBCH 3). The second
category (II) refers to reproductive growth, starting with inflorescence

Following the BBCH-scale guidelines established by Finn et al.
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emergence (BBCH 5) and flowering (BBCH 6). The third category (III) is
related to the development and maturation of fruits and seeds (BBCH 7
and 8), only for female individuals. The last category (IV) corresponds to
the onset of senescence (BBCH 9), existing in both sexes. Since, BBCH 8
and BBCH 0 represent analogous developmental stages occurring in
consecutive years, only a single data record was collected for these
phases. The estimation of each phenological stage was carried out by
assigning a percentage value to each phenophase in every observation
for category. This approach allowed for accurate and continuous
assessment of phenological development using the linear interpolation
method (Weighted Plant Development), similar to that reported by
Cornelius et al. (2011) and Rojo and Pérez-Badia (2014). The method
categorizes phenological stages grouped on a scale from 0 to 9, effec-
tively describing the seasonal course of phenological phases of
A. altissima from dormancy to plant senescence.

2.4. Data processing and statistical analysis

The daily mean of meteorological variables—including maximum,
minimum, and average temperature, precipitation, humidity and inso-
lation—were analysed in relation to the sex of Ailanthus altissima spec-
imens. Additionally, total accumulated precipitation was calculated and
the number of days exceeding specific climatic thresholds was evalu-
ated. Since certain phenological stages (BBCH 0 and 8) span multiple
years, meteorological data from January 2023 to December 2024 were
used. Although phenological data were collected across two consecutive
growing seasons, preliminary analysis indicated minimal interannual
variation in the onset and duration of phenophases. Therefore, data from
both years were integrated to generate a more robust and representative
phenological model for the species. This year-to-year consistency sup-
ports the descriptive and standardizing objective of the study, rather
than comparative analyses between dry and wet years. Data analysis and
figure generation were performed using R version 4.4.2 (R Core Team,
2025). To assess statistical differences between sexes, a one-way ANOVA
followed by Tukey’s HSD post-hoc test was conducted using SPSS Sta-
tistics version 25 (IBM Corp., NY, USA). Likewise, bilateral Pearson’s
correlation analysis was used to determine the relationship between
climatic conditions and the duration of each phenophase. The observed
associations between A. altissima phenophases and key meteorological
variables (temperature and precipitation) led to the development of a
detailed phenological calendar.

3. Results

According to the BBCH-scale, a total of 41 secondary stages were
identified across the 8 main stages in A. altissima (Fig. 2 & Table 2),
showing considerable overlap in the duration of some phases (Fig. 3).
Overall, several meteorological parameters, particularly extreme tem-
peratures (both minimum and maximum), exhibited significant long-
term differences (Table 1). During the study period, temperatures
ranged from a minimum of —10.4°C on March 2 to a maximum of 39.9°C
on August 9, 2023. Notably, July and August were the warmest months,
with average temperatures of 24.3°C and 23.7°C, and average maximum
temperatures exceeding 34°C, significantly higher than the 1991-2020
reference values. December was the coldest month, with an average
temperature of 3.7°C, also significantly lower than the historical
average. Precipitation was highly variable, with peaks in March 2024
and, particularly, in October 2024, when 139 mm were recorded,
considerably above typical levels. Conversely, April was the driest
month in both years, with precipitation consistently below the reference
period. February and March 2023 were also among the months with the
lowest precipitation. Relative humidity and insolation exhibited more
subtle trends; however, notable deviations were observed in certain
months when compared to the reference period. Importantly, meteoro-
logical patterns between both years were broadly consistent, with no
substantial asynchrony in key climatic variables such as temperature,
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rainfall timing, or solar radiation. Consequently, the phenological stages
of A. altissima showed year-to-year consistency, with only minor varia-
tion in the timing and duration of developmental phases. This temporal
stability strengthens the decision to integrate the data from both years
and supports the reliability of the phenological description developed
using the BBCH-scale.

The phenological cycle began with dormancy and bud development
(BBCH 0). Dormancy occurred earlier in males, from the end of
November to the first half of April. In contrast, females began the cycle
in mid-December, extending until the end of April, lasting approxi-
mately 136 days—slightly longer than in males (Table 3). This phase
started with dormancy, followed by the appearance of small buds
covered in brown scales at the nodes of the branches in March/April. As
the season progressed, these buds swelled, and as the scales separated,
leaf buds emerged. At this stage, the tips of the leaves became visible,
eventually leading to the full development of leaves with green tips.
During this phase, meteorological conditions included daily minimum
temperatures below 0°C, accumulated precipitation of 196 mm, an
average temperature of approximately 6-7°C, relative humidity of 70 %,
and around 5 h of insolation. Although females showed higher tem-
peratures and sunlight exposure compared to male individuals, the
differences were minor.

The leaf development phase (BBCH 1) began in mid-April and ended
in early May, first appearing in male specimens. It involved the growth
and expansion of leaves, lasting about 36 days in males and 26 days in
females, with significant differences. The leaves emerged progressively,
starting with the first leaves, then the unfolding of the first young leaf,
until they reached full size. During this period, average temperatures
gradually increased to 13°C, with daily highs of 23°C and lows around
3°C. Precipitation was minimal, with only 4 mm accumulated, and
approximately 8 h of daily sunshine were recorded, with male in-
dividuals exhibiting slightly higher sunlight exposure than females.

The shoot elongation phase (BBCH 3) started in mid-May and first
appeared in male specimens. During this process, the stem progressively
elongated from its beginning until it reached nearly its final length. This
phase ended at the end of June, with an average duration of 36 days in
both sexes. Differences were observed in the coloration of the leaves: the
basal leaflets showed darker tones, while the upper ones developed
greenish tones with reddish tints. Meteorological conditions during this
phase were favourable, with 65 mm of accumulated precipitation, a
slight increase in temperatures, and relative humidity close to 50 %.

Reproductive growth began with the emergence of inflorescences
(BBCH 5) around mid-May, marking the onset of reproductive devel-
opment. Initially protected by reddish-brown scales, the buds began to
swell, revealing the floral primordia. As development progressed, the
buds expanded, and the flowers began to open, reaching full bloom in
early June. The average temperature was 16°C, with approximately six
hours of daily sunlight, while relative humidity remained above 50 %.
This stage lasted differently for males (23 days) and females (21 days),
with more intense rainfall by the end of the phase, accumulating
39.4 mm and 42.5 mm, respectively.

Subsequently, flowering (BBCH 6) began in early June and
continued until late June, lasting an average of 17 days in both sexes,
with males starting approximately one day earlier (Fig. 3). Flowering
progressed through distinct stages in both male and female flowers,
starting when the first flowers opened and continuing until most were in
full bloom. The phase ended with the petals falling or drying in males
and fading in females. Environmental conditions included an average
temperature of 20°C, with daily peaks reaching up to 29°C. Relative
humidity averaged around 45 %, accompanied by approximately seven
hours of sunlight per day.

The fruit and seed phases began with fruit development (BBCH 7) in
female specimens at the end of June, lasting until mid-July, with an
average duration of 24 days. During this phase, the fruits progressed
through several stages: from the initial formation of barely visible
ovaries, followed by the gradual increase in size, and ending with the
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01 03 07
Principal growth stage 0: Sprouting/Bud development

Principal growth stage 1: Leaf development

b

51 53
Principal growth stage 5: Inflorescence emergence

IS¢ &5f % § 3
633 653
Principal growth stage 6: Flowering (male flower)

709 729
Principal growth stage 7: Fruit development

719

Principal growth stage 9: Beginning of dormancy

Fig. 2. Phenological growth stages of Ailanthus altissima according to the extended BBCH scale.



J. Romero-Morte and G.O. de Elguea-Culebras

Table 2
Phenological description for Ailanthus altissima (Mill.) Swingle using the
extended BBCH scale.

BBCH Description
Code

Principal growth stage 0: Sprouting/Bud development

00 Dormancy: leaf and flower buds are closed and covered by greyish-brown
bud scales

01 Beginning of bud swelling: bud appear prominent over bark

03 End of bud swelling: brown scales covering the bud scales completely
separated

07 Beginning of bud burst: leaf tips start to become visible

09 End of bud burst: green leaf tips are clearly visible

Principal growth stage 1: Leaf development

10 First leaves separated: green leaf tips around 10 mm above the bud scales.
First leaf
is separated

11 First young leaf unfolded: first leaf unfolds and spreads away from the
shoot

15 More leaves unfolded: without reaching its full size and petioles become
visible

19 Leaf expansion complete: leaves attain full size

Principal growth stage 3: Steam elongation

30 Beginning of stem elongation: axes of developing shoots visible

31 Stem about 10 % of final length: basal leaflets darker green and upper
leaflets green with reddish.

33 Shoots about 30 % of final length: basal leaflets darker green and upper
leaflets green with reddish.

35 Shoots about 50 % of final length: basal leaflets darker green and upper
leaflets green with reddish.

37 Shoots about 70 % of final length: basal leaflets darker green and upper
leaflets green with reddish.

39 Shoots about 90 % or more of final length: basal and upper leaflets dark
green

Principal growth stage 5: Inflorescence emergence

50 Inflorescence buds dormant: bud covered in reddish-brown scales with no
signs of growth

51 Inflorescence buds swelling: buds covered with light brown scales that
begin to separate

53 Inflorescence buds burst: bud scales folded back, first floral primordia just
visible in axils of bud scales

55 Swollen flower buds: flower buds visibly separated, greenish downy outer
sepals closed, elongation of branchlet starts

57 Flower buds 70 % of final length: individual flower pedicels elongated,
light green outer sepals closed, flowers differentiated and closed.

59 End of flower bud extension: 90 % of elongated panicle flower pedicels,

light green outer sepals and inner sepals slightly visible between them.

Principal growth stage 6: Flowering (male flower)

60  First flowers open: petals begin to separate

61  Beginning of flowering: 10 % of flowers open

63  Early flowering: 30 % of flowers open

65  Full flowering: more than 50 % of flowers in umbel opened

67  Beginning of flower fading: majority of petals dried or fallen

69  End of flowering: all petals have fallen off or dried out and the branchlet is
clearly visible

Principal growth stage 6: Flowering (female flower)

60  First flowers open: tepals start separating, stigma fully exposed

61  Beginning of flowering: 10 % of flowers open

63  Early flowering: 30 % of flowers open, carpels have a light yellowish-green
colour

65  Full flowering: more than 50 % of flowers in umbel opened, carpels have a light
brown-green colour

67  Beginning of flower fading: stigma receptivity ceased, fading of stigma started,
carpels have a light brown colour

69  End of flowering: most of the female flowers start fading, completion of female
phase; fruit set started, carpels have a reddish-brown colour

Principal growth stage 7: Fruit development

70  Fruit set: no ovary growth visible

71  Initial ovary growth: the style is still present on the ovary covered with a fine
downs and surrounded by dried sepals.

72 Fruits is about 20 % of final size, already showing characteristic form in samara

75  Fruits at 50 % of final size: seed enlargement and the outline of the seeds are
clearly visible. The colour of the fruit can be from light yellow to brown.

79  Fruits with 90 % or more of the final size: the samara turns greenish yellow or
reddish brown; seed hardening begins and seed development is completed.

Principal growth stage 8: Fruit maturation

81  Beginning of fruit ripening: slightly lighter colour changes of the samara
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Table 2 (continued)

BBCH Description
Code

Principal growth stage 0: Sprouting/Bud development

85  Advanced ripening: the fruit is still firm and the samara turns light red-
yellowish

87  Fruit ripe: fruit colour becomes more intense, colour of seed coat starts turning
brown, seed maturation completed, seeds turn light yellowish-brown in colour

89  Fully ripe fruit: the seed coat turns brown, samara ripening is complete, the
seed is dark-brown

Principal growth stage 9: Beginning of dormancy

91  Shoots and leaves cease growth and foliage still dark green.

92  Beginning of leaf discoloration from dark green to brown-green.

93  Beginning of leaf fall

95 50 % of leaves fallen; majority of leaves greenish yellow and yellowish-brown.

97  End of leaf fall; in female specimens seeds continue on the tree.

formation of samaras. This occurred under an average temperature of
24°C, limited precipitation (19 mm), and low humidity (34 %). The
cycle continued with the ripening of the samaras (fruits) (BBCH 8) in
mid-July, highlighted by a change in coloration. This shift gradually
became uniform until the samaras reached their final colour and optimal
texture for dispersal, culminating in full maturation. In this two-year
study, the onset of maturation was observed in mid-July, though its
completion extended into August of the following year, indicating the
presence of samaras from previous cycles.

Finally, the cycle concluded with the senescence phase (BBCH 9),
observed in mid-September, starting earlier in male specimens. This
phase was significantly different between males (64 days) and females
(73 days), characterized by a gradual decrease in temperature, with
notable differences between male individuals, which were somewhat
higher than those of females due to an earlier start of this phenophase, as
well as variations in precipitation and photoperiod. This stage was
characterized by a progressive slowdown in shoot elongation, followed
by a transition in leaf colour from dark green to greenish-brown tones,
eventually culminating in complete leaf fall by mid-November. This
marked the end of the phenological cycle and the beginning of the
dormancy period.

4. Discussion

This study presents the first comprehensive application of the BBCH-
scale to Ailanthus altissima and offers valuable preliminary insights into
potential sex-based phenological differences. Despite being conducted at
a single site and over two calendar years, this work lays a solid foun-
dation for future research. The main stages detected for Ailanthus altis-
sima, as in other evergreen tree species, underscore the versatility and
wide applicability of the BBCH-scale in phenological analyses of species
with diverse biological characteristics, further confirming its effective-
ness in monitoring invasive species (Fridley, 2012; Funk et al., 2016;
Maan et al., 2020). The omission of stages 2 and 4 is justified because the
growth of the main stem after germination is less relevant, while stage 4
is associated with herbaceous species with harvestable parts (Finn et al.,
2007; Meier, 2001). In addition, the number of secondary stages
observed in A. altissima is similar to that of other perennial tree species,
such as Morus sp. (39 secondary stages; Sanchez-Salcedo et al., 2017),
but differs from others, such as Sapium sebiferum (24 secondary stages;
Jaryan et al., 2014) or Prunus dulcis (49 secondary stages; Sakar et al.,
2019), among others. This knowledge is crucial for developing man-
agement strategies to limit its spread in invaded areas, as no control
method (herbicides or biologicals) has been proven to be completely
effective. Effective management of this invasive tree requires integrated
strategies combining trunk-injected herbicides with potential new active
ingredients and biological control agents, while assessing their efficacy
and safety for native flora to ultimately achieve eradication (Soler and
Izquierdo, 2024). Since previous studies indicate that interventions
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Fig. 3. Meteorological conditions and phenological calendar during the study period (2023-2024): (top) Mean, maximum and minimum temperatures (°C) and
precipitation (mm); (bottom) Timing of the main phenological stages of Ailanthus altissima.

during pre-flowering or early reproductive stages are most effective in
preventing seed dispersal and limiting the spread of other invasive
species (Jaryan et al., 2014; Maan et al., 2020), identifying critical
stages in A. altissima would help determine the optimal timing for con-
trol treatments. In this context, the BBCH-scale aids in estimating
phenological development, allowing the correlation of A. altissima
phases with flowering and pollen dispersal, which helps predict peak
pollen scenarios. This is particularly valuable for managing the species
and addressing public health concerns, especially in urban areas where
this plant is widespread and associated with allergic reactions (Werchan
et al., 2024). Moreover, correlating phenological observations in situ
(developmental phases) and climatic parameters with remote sensing
techniques (spectral information) offers new opportunities for
large-scale monitoring. Additionally, citizen science platforms such as
iNaturalist, where projects focused on invasive species like Ailanthus
altissima already exist (Kheloufi, 2019) and can provide valuable
photographic records for inventory and phenological studies. Recent
studies demonstrate that non-professional observers can significantly
contribute to flowering biology research across large spatial scales
(Aavik et al., 2025; Puchatka et al., 2022). When combined with
rigorous data analysis and complementary technologies, these partici-
patory approaches can help detect early invasion hotspots and assess the
effectiveness of management strategies, even in remote or
under-surveyed areas.

Understanding the influence of key factors on the distribution of
invasive species is also crucial for effective management, where climate
is the primary determinant of tree species distribution. Among these

factors, average annual temperature and thermal conditions play a sig-
nificant role (Booth, 2016; Korner, 2021), along with water availability.
Thermal fluctuations are also a critical factor, as heat promotes the
development of vegetative phases, while cold induces dormancy,
particularly in deciduous trees (Vitasse et al., 2014). In Mediterranean
climates, A. altissima thrives at mean daily temperatures between 15 and
20°C, which promote the development of vegetative structures such as
stems and secondary roots (Kowarik and Saumel, 2007). Conversely,
daily mean temperatures below 10°C hinder its expansion, particularly
during juvenile stages (Kowarik and Saumel, 2007; Von der Lippe et al.,
2005). Although Filippou et al., (2014) observed drought tolerance due
to its deep root system, Walker et al., (2017) detected limited expansion
in harsh arid climates. Furthermore, since A. altissima is a heliophilous
species, its growth is strongly influenced by solar radiation (Kowarik and
Saumel, 2007). In our study area, average daily temperatures consis-
tently exceeded 10°C from April to October, demonstrating optimal
conditions for its development. Despite minimum temperatures dropped
to —10.4°C, adult individuals demonstrated strong resilience. On the
contrary, temperatures below —15°C could lead to setbacks, potentially
affecting the tree development in subsequent years (Kuhn, 1957; Sche-
erer, 1956). Rainfall variability is mitigated by proximity to water
sources and seasonal rainfall events, particularly in autumn, which
promotes soil recharge, essential for the storage of reserves and the
initiation of spring bud break. During this study period, an average of
7 h of sunshine per day was recorded, which is crucial for enhancing
physiological processes and biomass production throughout the vege-
tative cycle. Importantly, both years of observation exhibited similar
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Table 3
Mean +SD of climatic variables recorded in the study area and the period 2023-2024 for each phenological stage (BBCH) of Ailanthus altissima, categorized by
phenophase (BBCH) and sex.

Phenophase Sex Duration Tmean Tmin Tmax Prec. Accum. Prec. RH Insolation
(days) (§9)] (9} Q) (mm) (mm) (%) (h)
0 Female  139.20 + 12.7 6.99 + 0.1a 0.52 + 0.1a” 14.71 £ 0.2  0.10 £ 0.1 196.83 + 145.08 67.62 + 0.9a 5.45 + 0.1a
Male 133.70 + 6.9 6.23+0.2bY  0.09 £0.2b"?  13.75 0.15+ 0.1 196.37 + 145.16 70.07 + 0.5b 5.10 + 0.1b
+0.2b™
MEAN  136.45 + 10.3 6.61 + 0.4 0.31 + 0.3 14.23 + 0.5 0.13+ 0.1 196.60 + 145.12 68.85 + 1.5 5.28 + 0.2
1 Female 26.10 + 7.5a 13.66 + 1.70 3.71 £ 0.6a”  22.79 +2.39 2.91 + 0.6a 6.56 + 5.56a 40.37 £ 6.6  8.05+1.0
Male 36.30 + 11.4b 13.30 + 1.6 3.18 £ 0.7b9 22,67 +2.19 2.50 + 0.3b 11.74 + 15.05b 41.01 + 6.8 8.45+ 0.9¢
MEAN 31.20 + 10.8 13.48 + 1.6 3.44 + 0.70 22,73 +2.29 270 + 0.5 9.15 + 10.31 40.69 8.25 + 0.9
+ 6.6
3 Female 35.30 + 7.1 17.51 + 1.20 9.25+0.3a 25.75 + 1.99 1.60 + 0.3 64.65 + 43.45 49.94 +7.9% 671 + 1.0
Male 37.25 + 0.9 16.84 + 1.8 8.46 + 0.6b 25.14 + 2.7 1.93+0.7 65.8 + 37.55 49.72 £ 7.7 6.69 + 1.1
MEAN 36.28 + 5.1 17.17 +1.59  8.85+ 0.6 25.44 +2.39  1.76 + 0.5 65.23 + 40.50 49.83 6.70 + 1.1
+7.7F
5 Female  21.00 + 4.3 16.34 + 1.9 8.80 £0.9a°  24.38+28 1.95+ 057 42.46 + 21.55 54.41 £11.5¢  6.07 + 1.5%
)
Male 22.85+ 1.8 16.02 + 1.87 818 +0.5b 2415+2.6%  1.91+05"  39.39 +16.65 52.23 + 8.97) 6.20 + 1.3
MEAN  21.93 + 3.4 16.18 8.49 + 0.8¢ 24.26 1.93 40.93 + 19.109 53.32 + 10.2°  6.13
+1.8%) + 2.7 + 0.5 ) + 1.4
6 Female 16.70 + 4.8 20.46 11.11 + 1.4 2920 +0.4a”  0.68 £0.37 22,92+ 20.12 44.86 + 6.3 7.74+0.70
+0.4a™"
Male 16.50 + 2.9 20.09 11.12 £ 1.5 28.68 +0.8b”  0.65 + 0.4° 32.81 + 19.56 46.79 +7.07  7.42+ 0.9
+ 0.5b™)
MEAN  16.60 + 4.0 20.27 11.11 28.94 + 0.6  0.66 + 0.37  27.87 + 19.84" 45.82 7.58 + 0.8¢
+ 0.5 + 1.4 + 6.7
7 Female 22.95+ 4.2 24.41 £ 0.4 13.60 +£0.2 34.20 £ 0.77 078 £ 0.1 19 + 4,1 34.51 + 4.50 9.09 + 0.29
Male n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MEAN n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
8 Female  386.20 + 11.8 13.73 £ 0.4 575+ 0.2%) 22.15+ 0.5  0.56 £ 0.5 491.75 4+ 177.8 54.72 + 0.80 6.83 £ 0.1
Male n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MEAN n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
9 Female  73.00 + 8.0a 10.45 +1.3a”  4.39 + 0.8a"” 17.90 £ 1.7a”  1.46 £ 0.8 134.04 + 31.45 68.28 + 3.7 5.53 + 0.4
Male 64.20 + 2.6b 11.64 + 0.8b°  5.40 +0.4b°  19.23+1.2b 1.48 +1.0 128.29 + 64.33 67.25 + 3.1 5.67 + 0.2
MEAN  68.60 + 7.4 11.05 + 1.2(-)  4.89 + 0.8(-) 18.56 + 1.6(-)  1.47 + 0.9 131.17 + 47.89 67.76 + 3.4 5.60 + 0.3
n.d.: not determined for male individuals. Different letters indicate significant differences between sexes. “*/?: indicates positive/negative significant correlation (2023

& 2024; Pearson’s test, p < 0.05). Climatic variables include daily mean, maximum, and minimum temperatures (°C); daily and accumulated precipitation (mm);

relative humidity (%); and insolation (hours)

meteorological conditions and phenological trends, supporting the
year-to-year consistency of our data and reinforcing the robustness of
the observed patterns. This consistency supports the further use of the
BBCH scale in long-term phenological studies of invasive species.
Throughout this study, it was observed that A. altissima exhibits
distinctive phenology compared to native species (Castro-Diez et al.,
2014; Motti et al., 2021), allowing it to expand into a wide range of
niches while reducing interspecific competition for resources. The
vegetative dormancy begins at the end of November for males and in
mid-December for females, which could be explained by its sensitivity to
thermal variations. The end of phase 0 occurs in early April for males
and late April for females, as temperatures and sunlight increase. This
trend has also been observed in a riparian habitat of Madrid (near our
study area) (Castro-Diez et al., 2014), but also in its native distribution
area in China (Hu, 1979). The delay in females suggests a longer
dormancy phase, which could be related to energy demands during
samara production. Dormancy depends not only on environmental fac-
tors, but also on internal physiological processes, such as endo-
dormancy, affecting growth pattern due to hormonal factors (Yang et al.,
2021). During the beginning of leaf development, a slight asynchrony
was observed in the growth of both sexes. Males begin to sprout earlier
than females, being supported due to their greater hormonal sensitivity
to gibberellins, which facilitate early sprouting and the interruption of
dormancy (Ritonga et al., 2023). This previous budding, added to a
longer period, allows males to accelerate the growth of their leaves,
facilitating the accumulation of energy for the production of flowers and
pollen (Barrett and Hough, 2013). In contrast, females exhibit a delayed
onset of sprouting, possibly due to a stricter hormonal regulation that
prioritizes energy accumulation before leaf development, leading to
greater production of samaras. Additionally, both sexes finish this phase

almost simultaneously, demonstrating how environmental factors, such
as the progressive increase in solar radiation and temperature, foster a
convergence in leaf development. From the third phenophase, a greater
synchronization was observed between sex, with minimal differences in
their start and finish time. Environmental factors such as temperature
and humidity likely contributed to this uniformity by providing similar
optimal conditions. Along this line, Castro-Diez et al. (2014) reported a
comparable pattern of vegetative development in Madrid, where this
phenophase also concluded in mid-June.

Similarly, inflorescence emergence and flowering phases showed
synchronization between sex, ensuring that pollen is available at the
optimal time for female flowers, thereby maximizing pollination effi-
ciency. Furthermore, male flowers were observed to emit a distinctive
odour, suggesting that this species also relies on insect pollination
(entomophilous) (Thompson, 2021). Temporal alignment with the in-
sect’s activity during the warmer months improves its reproductive
success, contributing to its high invasive potential. In our study area,
flowering lasted approximately 17 days for both sexes, comparable to a
previous study in Poland, where lasted around 14 days
(Zaras-Januszkiewicz et al., 2014). In contrast, longer flowering periods
have been reported in other studies, such as in Madrid (Spain), where it
extended from mid-May to late June (Castro-Diez et al., 2014); or in
Germany, where Werchan et al. (2024) recorded an average duration of
29 days (June 13 to July 10). The shorter flowering period observed in
this study may be attributed to moderate pre-flowering temperatures
followed by a strong increase in late June (>30 °C). The fruiting phase
occurred during the warmest and sunlight period, completing in
approximately 23 days. These conditions appeared to play a crucial role
in fruit development, while the dry environment helped minimize the
incidence of moisture-related diseases, such as fungal infections.
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Similarly, higher temperatures and longer photoperiods have also been
identified as key factors in fruit maturation for warm-climate species
like mango (Mangifera indica) (Hussen, 2021) and durian (Durio zibe-
thinus) (Ketsa and Pangkool, 1995). Unexpectedly, the fruit maturation
in Ailanthus altissima began in late July and extended until early August
of the following year, lasting over a year. This pattern has also been
observed in Madrid (Spain) where fruits remain present year-round
(Castro-Diez et al., 2014), but also in its native area, where trees
retain fruits during the winter and gradually disperse them in spring
(Hu, 1979). This prolonged maturation allows the coexistence of fruits
from consecutive cycles, ensuring a continuous supply of seeds.
Furthermore, fruit ripening during periods of low competition with
native species facilitates dispersal and persistence in new habitats
(Gosper, 2004; Lediuk et al., 2014; Yang et al., 2022). This strategy,
known as gap filling, is a crucial driver of invasive species’ success,
significantly enhancing their ability to colonize and establish in new
environments. Finally, the vegetative dormancy phase exhibits notable
differences between sexes. Female individuals prolong senescence to
support fruiting, which requires additional time and resources, resulting
in a later dormancy onset. In contrast, males enter this phase earlier,
optimizing energy expenditure after completing their reproductive role
and initiating dormancy sooner. These differences underscore a func-
tional specialization in resource allocation, enhancing the competitive
advantage of A. altissima in diverse ecosystems.

Beyond the phenological insights, understanding the potential
spatial expansion of Ailanthus altissima is essential for anticipating future
invasion risks, particularly under climate change scenarios. Several
ecological niche models and GIS-based studies have projected increased
habitat suitability for this species across Europe and North America,
often linked to warmer temperatures and human-altered landscapes
(Clark et al., 2014; de Groot et al., 2024; Motti et al., 2021). These
studies suggest that A. altissima tends to follow broader networks and
expand into low-elevation areas with mean annual temperatures above
11 °C. However, no predictive modelling efforts currently exist for the
Iberian Peninsula, especially inland Mediterranean regions like our
study area (highlighting a clear research gap). The phenological data
provided here could serve as valuable input for future distribution
models of other species, improving invasion forecasts and inform
early-warning strategies in vulnerable Mediterranean landscapes. These
findings are relevant for optimizing control strategies, including urban
environments where the species causes allergies.

5. Conclusions

This study provides a preliminary analysis of the phenology of the
invasive species Ailanthus altissima using the BBCH scale, identifying
eight key stages that align patterns observed in other evergreen tree
species. However, these insights are limited by several factors, including
constrained long-term data, the lack of robust information for BBCH
stages 0 and 8 and the close proximity between individuals, which
hinders a long-term conclusion and the comprehensive understanding of
its life cycle. Nonetheless, the findings presented here provide a valuable
foundation for developing management strategies aimed at reducing
ecological, economic and social impacts of A. altissima. In particular,
identifying critical phenophases can help optimize the timing of control
interventions, especially during reproductive stages. Moreover, pre-
dicting periods of peak pollen release has important implications for
public health, particularly in urban environments where this species is
widespread and associated with allergic reactions. In this context,
developing reliable methods to differentiate male and female in-
dividuals in the field becomes increasingly relevant. Future research
should aim to validate these results across diverse environments by
integrating in situ phenological monitoring with remote sensing, citizen
science contributions, and ecological niche models. This combined
approach will enhance our ability to monitor, predict, and manage the
spread of A. altissima. Additionally, further studies with longer time
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series should consider applying more advanced statistical frameworks to
better capture the interaction effects between sex and interannual
variability on phenological behavior. Finally, this framework may also
be applicable to other invasive tree species occupying similar ecological
niches, contributing to the design of more effective local eradication or
containment strategies.
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