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A B S T R A C T   

The rubber tree (Hevea brasiliensis) belongs to the evergreen broadleaved species in its native ranges, but it has a 
concentrated leaf senescence period after it was introduced to the Asian tropics. The mechanism behind the leaf 
senescence is still unclear. Models for predicting leaf senescence dates of this introduced tree have been rarely 
explored. This study proposed a series of models to identify the main abiotic drivers for the rubber leaf senes-
cence which include temperature, daylength, and water stress. Model tests using data observed from the rubber 
plantations over the Xishuangbanna region in China show that: (1) Low temperature or cold stress played more 
critical roles than water stress and daylength in driving rubber leaf senescence. While models using air tem-
perature and soil temperature showed similar performance, the former was recommended for leaf senescence 
modelling as it is easy to obtain. (2) The root mean square error of all the proposed models was significantly 
lower than that of the null model which used the mean date of leaf senescence over the study years, indicating 
the ability of our proposed models in predicting rubber leaf senescence dates. However, no significant differences 
were found among the proposed models. The thermal time senescence model was recommended for leaf 
senescence modelling as it is easy to implement. This study helps to better understand the driving mechanism of 
rubber leaf senescence.   

1. Introduction 

Hevea brasiliensis (the rubber tree) is a species native to the Amazon 
tropical regions (Carr, 2012; George et al., 2009; Priyadarshan, 2017), 
but it has witnessed an unprecedented spread to Africa, Southeast Asia 
and tropical areas of China because of the huge demand for natural 
rubber in the international market (Fox and Castella, 2013; Liu et al., 
2016). It originally belongs to the evergreen broadleaved species in its 
native ranges; however, it has a concentrated leaf senescence period (up 
to 4 weeks) after it was introduced to the Asian tropics (Chen and Cao, 
2015; Li et al., 2016). Identifying the reasons for this kind of phenology 
change is crucial for improving our knowledge of the interaction 

between climate and ecosystems. However, to date, the mechanism of 
intense defoliation for these introduced rubber trees is still unclear. 
Besides, models for predicting leaf senescence dates of this introduced 
plantations have been rarely explored. Therefore, this study aims to 
develop suitable rubber leaf senescence predicting models and to iden-
tify the driver of rubber tree senescence in the northern edge of the Asian 
tropics. 

Sound knowledge of drivers and mechanisms on phenology is 
necessary for accurately predicting plant phenology (Piao et al., 2006, 
2019; Ge et al., 2015; Hufkens et al., 2018). Leaf senescence is found to 
be largely regulated by age and abiotic and biotic factors (Koyama, 
2014). One of the most important biotic factor is the plant hormone 
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ethylene (Lürssen, 1991; Lee et al., 2021). The ethylene is found to be 
strongly influenced by abiotic factors to accelerate or delay leaf senes-
cence, but its response to abiotic stress is rather complex (Zhao et al., 
2014; Kazan, 2015; Lee et al., 2021). Three abiotic factors, including 
temperature (T), daylength (D) and water availability (or water stress; 
W) are commonly considered the key factors that control vegetation 
evolution over time (Piao et al., 2019). Temperature is generally 
regarded as the main driver of plant phenology, especially for spring 
phenology (Caffarra et al., 2011; Chuine, 2010; Cleland et al., 2007; 
Picornell et al., 2019; Recio et al., 2018). Warming leads to earlier 
springs and later autumns while cooling delays the arrival of spring and 
advances the arrival of autumn (Menzel et al., 2006). Accumulated low 
temperature (chilling) is broadly understood to be an independent 
prerequisite for breaking the endodormancy (the first stage of plant 
dormancy, a state of inactivity mediated by factors inside the bud) of 
leaf budburst. Subsequently, a certain accumulation of high temperature 
(forcing) is generally needed to break the ecodormancy (the second 
stage of plant dormancy, a state of inactivity imposed by unfavorable 
environmental conditions at otherwise full preparedness for advancing 
seasonal development) of leaf budburst (Basler, 2016; Chuine, 2000; 
Cook et al., 2012; Delpierre et al., 2016; Hanninen, 2016; Lang, 1987). 
Daylength is able to regulate leaf senescence in some vegetation species, 
such as defoliation of European aspens (Cook et al., 2012; Fracheboud 
et al., 2009) and coloring of herbaceous plants in the Inner Mongolian 
steppe (Tao et al., 2020) and of 27 woody and herbaceous species in the 
Qinghai–Tibetan Plateau (Lang et al., 2019). The effect of daylength on 
leaf budburst is not as clear as it is for leaf senescence (Chuine, 2010; 
Körner and Basler, 2010; Piao et al., 2019), although some studies have 
found its dominant control on the leaf-out of temperate deciduous trees 
(Fu et al., 2019) and its interaction with temperature in co-regulating 
the timing of leaf budburst (Basler and Koerner, 2014; Fu et al., 2015; 
Way and Montgomery, 2015). Plant phenology in most temperate arid 
and tropical dry regions is strongly influenced by water availability, 
such as precipitation, soil moisture and atmosphere vapor pressure 
deficit (Broadhead et al., 2003; Di Lucchio et al., 2018; Mendez-Alonzo 
et al., 2013; Seghieri et al., 2012; Semerci et al., 2020), although it is not 
supported as the main environmental driver of leaf flushing in woody 
species in central Sahel and southern Africa (Ryan et al., 2017; Seghieri 
et al., 2012; Tian et al., 2018). Other factors such as wind speed, radi-
ation, may play key roles in phenology. For example, it was found that 
decline in winds delayed leaf senescence (Wu et al., 2021). Overall, 
more and more consensus has been reached on the mechanisms of spring 
phenology, and the drivers tend to be species-specific (Hufkens et al., 
2018; Jeong et al., 2012; Migliavacca et al., 2012; Richardson et al., 
2013). However, knowledge of environmental drivers for leaf senes-
cence still remains largely unclear (Jeong and Medvigy, 2014; Keenan 
and Richardson, 2015; Klosterman et al., 2014; Piao et al., 2019). 

Over the past decades, numerous models have been developed to 
predict plant phenology (Basler, 2016; Hufkens et al., 2018). As a result 
of the lack of experimental evidence regarding involved factors and the 
poorly understood mechanisms, to date, models for predicting leaf 
senescence are limited compared with spring phenology models (Jolly 
et al., 2005; Piao et al., 2019). Current leaf senescence models are 
usually based on either specific temperature or daylength threshold for 
certain cooling degree-days (CDDs), which is similar to growing 
degree-days (GDDs) in many spring phenology models (Delpierre et al., 
2009; Keenan and Richardson, 2015). However, almost all these leaf 
senescence models are developed for temperate ecosystems wherein 
phenological phase transitions are obvious. Models of leaf senescence 
are rarely explored for subtropical and tropical ecosystems, especially 
for introduced rubber trees. 

The introduced rubber trees have a concentrated defoliation period 
lasting 2–4 weeks in the northern edge of the Asian tropics (Carr, 2012; 
Li et al., 2016; Priyadarshan, 2017). Though some studies have explored 
the mechanisms of intense defoliation for rubber trees through different 
methods, no consensus has been reached so far. For example, Liu et al. 

(2014) suggested rubber leaf senescence is mainly a result of drought 
stress as root water uptake was found to be transferred from shadow soil 
layer to deep soil layer during the period of defoliation. Chen et al. 
(2010) also supported this result, but they suggested water conductivity 
of xylem catheter is low when drought stress occurs and leaves start to 
senescence. Conversely, Lin et al. (2018) suggested that low temperature 
is more relevant to dense defoliation than drought stress, and they found 
rubber leaves start to senescence when a certain accumulated low 
temperature (<10 ◦C) is reached. Guardiola-Claramonte et al. (2010) 
suggested that rubber leaf senescence is accounted for not by a single 
factor but by multiple factors, including temperature, water availability 
and daylength. These inconsistent conclusions have resulted from a lack 
of comprehensive consideration of potential driving factors based on 
long-term phenology observations. Taking a tropical region of China as 
the study location, this study aimed to (1) identify the main factors 
driving rubber leaf senescence; and (2) develop reliable models to 
improve rubber senescence prediction. 

2. Materials and methods 

2.1. Study area 

The study site is located in the Xishuangbanna Tropical Botanical 
Garden (XTBG), Chinese Academy of Sciences, Yunnan Province, 
Southwest China. Rubber trees were induced in the year of 1987 and 
planted in a small catchment with spacing of 2.1 × 4.0 m (around 370 
trees per ha) in an area of around 0.19 km2 after completely cutting the 
primary forest (Liu et al., 2014). The altitude of this catchment is in the 
range of 560–730 m a.s.l. with a mean slope of 16◦. Belonging to a 
tropical humid and monsoon climate, the study area has two obvious 
seasons: rainy season from May to October, and dry season from 
November to April. Annual mean precipitation based on multiyear ob-
servations was around 1490 mm with most occurring during the rainy 
season (Lin et al., 2018). The average annual temperature was around 
21.7 ◦C, with maximum daily average temperature of 29.4 ◦C and 
minimum daily average temperature of 7.2 ◦C. The mean diameter at 
breast height was 22 cm, and the canopy height of the rubber plantation 
was around 20–30 m. Roots of rubber trees can reach a maximum depth 
of 2 m in soil with a clay–loam texture (around 42% coarse sand, 34% 
silt and 24% clay). Rubber trees have an intense defoliation period 
lasting 2–4 weeks during the dry season, commonly occurring in 
January and February (Guardiola-Claramonte et al., 2010). Leaf flushing 
usually happens during the weeks before the arrival of the rainy season. 

2.2. Phenological observations 

In this study, the defoliation start date was used as the proxy of leaf 
senescence. Time series records of rubber tree defoliation start date were 
obtained from two sources for different periods: (1) start dates from 
1994 to 2008 (observations of 1996, 1998–2000 were missing) were 
downloaded from National Earth System Science Data Sharing Infra-
structure, National Science & Technology Infrastructure of China (htt 
p://www.geodata.cn; accessed February 20, 2020). These phenology 
datasets were recorded by the Chinese Phenological Observation 
Network (CPON), which was established in 1963 and administrated by 
the Institute of Geographical Sciences and Natural Resources Research 
(IGSNRR), Chinese Academy of Sciences (CAS) (Ge et al., 2015); (2) start 
dates for the years 2009–2016 were recorded by manual observation by 
the Gardening and Horticulture Department of XTBG. Both these 
phenological observations were carried out in XTBG (21◦56′N, 
101◦15′E, 580 m a.s.l.) by professionals at weather stations according to 
uniform observation criteria (Wan and Liu, 1979). 

2.3. Climate data 

Three categories of factors, including temperature, water availability 
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and daylength, were selected in this study. Temperature factors include 
daily average air temperature (Tavg), daily minimum air temperature 
(Tmin), daily average soil temperature at depth of 5 cm (Ts5) and daily 
average soil temperature at depth of 20 cm (Ts20). Water availability 
factors include atmosphere vapor pressure deficit (WVPD) and soil 
moisture at 100 cm (Wsoil). Daylength (D) is calculated as the duration 
when solar elevation angle is above 0 ◦. Dataset of Tavg, Tmin, Ts5, Ts20, 
WVPD, and D for the period 1993–2016 were obtained from National 
Forest Ecosystem Research Station at Xishuangbanna (http://bnf.cern. 
ac.cn/meta/metaData). Limited Wsoil from 2010 to 2016 was also ob-
tained from National Forest Ecosystem Research Station. Wsoil data for 
the other years (1993–2009) were derived from Global Land Data 
Assimilation System (GLDAS) Catchment Land Surface Model (CLSM) L4 
daily 0.25 × 0.25◦ V2.0 (GLDAS_CLSM025_D). The version 2.0 of GLDAS 
is forced entirely with the Princeton meteorological forcing input data 
and provides a temporally consistent series from 1948 through 2014. 
The Wsoil data from GLDAS has been corrected by using the linear cor-
relation between observed Wsoil and GLDAS Wsoil during the same period 
(2010–2014). All the Pearson correlation coefficients between GLDAS 
and observed daily soil moisture in each overlapped year (2010–2014) 
exceeds 0.90, indicating a good consistence between this two datasets. 
Statistics of all the seven factors during pre-leaf senescence period from 
September 23 to the end of next March over the 19 study years is pro-
vided in Table 1. 

2.4. Model development and implementation 

There is no consensus on the formulation of leaf senescence for 
tropical deciduous trees. Thus, in this study, we developed a family of 
rubber leaf senescence models (Table 2) based on existing spring 
phenology models (i.e., one forcing model: thermal time model (TT) 
(Cannell and Smith, 1983); and four chilling-forcing models: unified 
model (UN) (Chuine, 2000), sequential model (SQ) (Hänninen, 1990), 
alternating model (AT) (Cannell and Smith, 1983) and parallel model 
(PA) (Landsberg, 1974)). Detailed formulations of these spring models 
can be found in previous literatures (Basler, 2016; Hufkens et al., 2018). 
Detailed formulations of our rubber leaf senescence models are provided 
in Table 3. An explicit description of response differences between the 
newly developed rubber leaf senescence models and spring phenology 
models is shown in Fig. 1, followed by subsections providing the detailed 
descriptions. 

2.4.1. Development of thermal time model for leaf senescence 
Thermal time model for leaf senescence was constructed by devel-

oping a decreasing degree-day (DDD) response (TTF model in Fig. 1a 
and Table 3) or decreasing sigmoid response (TTFs model in Fig. 1b and 
Table 3) between energy (sum of environmental factor below a given 
threshold) and the senescence state. The leaf senescence event occurs 
when forcing state with a certain accumulated energy is reached. It is 
reasonable to assume a decreasing response of environmental factors 
such as temperature, daylength and soil moisture to leaf senescence as 

accumulation of cold temperatures, short daylength or low soil moisture 
have been highlighted as strong predictors of autumn senescence (Bréda 
et al., 2006; Dragoni et al., 2011; Estrella and Menzel, 2006; Keskitalo 
et al., 2005). It is worthy noting that the leaf senescence response of 
forcing state to energy (Figs. 1a and 1b) is totally opposite to the spring 
phenology response (Fig. 1a’ and 1b’). 

2.4.2. Development of sequential model, parallel model, alternative model 
and unified model for leaf senescence 

In this study, we assumed there is a pre-stress state before leaf 
senescence forcing state to construct sequential rubber leaf senescence 
(SQF) model, parallel rubber leaf senescence (PAF) model, alternating 
rubber leaf senescence (ATF) model and unified rubber leaf senescence 
(UNF) model. This is because plants were assumed to exhibit similar pre- 

Table 1 
Statistics of all three category factors (temperature, daylength and water 
availability) during pre-leaf senescence period from September 23 to the end of 
next March over the 19 study years.   

Tavg 

(◦C) 
Tmin 

(◦C) 
Ts5 

(◦C) 
Ts20 

(◦C) D (h) 
WVPD 

(pa) 
Wsoil 

(m3/m3) 

Max  26.90  23.70  31.70  31.10  17.40  771.57  0.46 
Min  7.40  4.40  13.60  16.20  0.00  0.00  0.10 
Mean  19.12  15.06  22.79  23.45  4.90  303.59  0.25 
Std  3.22  3.91  3.15  2.98  2.42  124.01  0.07 

Note: Tavg, Tmin, Ts5, Ts20, D, WVPD and Wsoil represent daily average tempera-
ture, daily minimum temperature, soil temperature at depth of 5 cm, soil tem-
perature at depth of 20 cm, daylength, vapor pressure deficit and soil moisture at 
depth of 100 cm, respectively. 

Table 2 
Overview of proposed leaf senescence models in this study.  

Model name Pre-stress 
response 

Forcing 
response 

Criteria for leaf 
senescence 

Number of 
parameters 

Thermal time 
senescence 
model with 
DDD 
forcing 
function 
(TTF) 

None DDD response 

Accumulated 
forcing energy 
lower than a 
certain 
threshold 

3 

Thermal time 
senescence 
model with 
sigmoid 
forcing 
function 
(TTFs) 

None Sigmoid 
response 

4 

Sequential 
senescence 
model with 
trapezoid 
response of 
pre-stress 
(SQF) 

Trapezoid 
response 

DDD 
subsequently 
occurred with 
pre-stress state 

8 

Sequential 
senescence 
model with 
sigmoid 
response of 
pre-stress 
(SQFs) 

Sigmoid 
response 

8 

Parallel 
senescence 
model with 
trapezoid 
response of 
pre-stress 
(PAF) 

Trapezoid 
response 

DDD 
synchronously 
occurred with 
pre-stress state 

8 

Parallel 
senescence 
model with 
sigmoid 
response of 
pre-stress 
(PAFs) 

Sigmoid 
response 8 

Alternating 
senescence 
model 
(ATF) 

Binary 
response 

DDD 

Accumulated 
forcing energy 
reaches 
accumulated 
pre-stress 
energy 

5 

Unified 
senescence 
model 
(UNF) 

Bell 
response 

DDD 

Accumulated 
forcing energy 
reaches a value 
related to 
accumulated 
pre-stress 
energy 

9 

Note: DDD, Decreasing degree-day. 
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Table 3 
Driver response functions and structures of pre-stress/forcing-based leaf senescence models.  

Pre-stress/forcing response functions to leaf senescence 

Trapezoid response rt(Xi)=

⎧
⎨

⎩

Xopt ≤ Xi＜Xmax : Xi − Xmax
Xmin ≤ Xi＜Xopt : Xopt − Xmax
Xi > Xmax or Xi＜Xmin :0

⎫
⎬

⎭
DDD response rd(Xi)=

{
Xi ≤ Xbase: Xi − Xbase

Xi＞Xbase:0

}

Valley-shaped response rv(Xi)= −
1

1 + e(a∗(Xi-c)2+b(Xi-c))
Sigmoid response (SF) rs(Xi)= −

1
1 + eb(Xi − c)

Binary 0/1 response rb=

{
0 Xi > Xbase
1 Xi ≤ Xbase

}

Leaf senescence models 

State of pre-stress Sprs =
∑n

i=t0
Rprs  State of forcing Sfrc =

∑n
i=t0

Rfrc  
Criteria for 
bud burst 

Sfrc≥Fcrit  

Thermal time senescence model with DDD 
forcing function (TTF) 

Rfrc=rd  Thermal time senescence model with sigmoid forcing function (TTFs) Rfrc=rs  

Sequential senescence model with trapezoid 
response of pre-stress (SQF) Rprs=rtRfrc= krdk =

{
Sprs > Preq : 0
Sprs ≤ Preq : 1

}

Sequential senescence model with sigmoid response of pre-stress (SQFs) Rprs=rsRfrc= krdk =

{
Sprs > Preq : 0
Sprs ≤ Preq : 1

}

Parallel senescence model with trapezoid 
response of pre-stress (PAF) Rprs=rtRprs= krdk =

⎧
⎪⎨

⎪⎩

Sprs > Preq : Pini + Sprs
1 − Pini

Preq

Sprs ≤ Preq : 1

⎫
⎪⎬

⎪⎭

Parallel senescence model with sigmoid response of pre-stress (PAFs) Rprs=rsRfrc= krdk =

⎧
⎪⎨

⎪⎩

Sprs > Preq : Pini + Sprs
1 − Pini

Preq

Sprs ≤ Preq : 1

⎫
⎪⎬

⎪⎭

Unified senescence model (UNF) Rprs=rvk =

{
Sprs > Preq : 0
Sprs ≤ Preq : 1

}

Rfrc= krdFcrit=wefSprs  Alternating senescence model (ATF) Rprs = rbRfrc=rdFcrit=a+becSprs  

Note: The rt, rd, rv, rs and rb represent the trapezoid, decreasing-degree-day, valley-shaped, sigmoid, and binary response respectively. The driver Xi in the formulations refers to any factor from daily mean temperature, 
daily minimum temperature, soil temperature at depth of 5 cm, at depth of 20 cm, daylength, and vapor pressure deficit. The Xmin, Xbase, and Xmax represent the minimum value, baseline threshold and maximum value of 
driver factor Xi respectively. The Sprs and Sfrc represent the state value of pre-stress and forcing. t0, Fcrit and Preq represent the start of baseline date, the criteria for forcing state and the request of pre-stress units, respectively. 
a, b, c, w, f, Pini are parameters which need to be fixed in the simulation. DDD represents decreasing degree-day. 
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stress (i.e., pre-cooling) responses to these unfavorable stresses like 
drought and coldness before leaf senescence (Kramer, 1940; Lin et al., 
2018). Formulations of these proposed models are provided in Table 3. A 
trapezoid function of pre-stress response of SQF and PAF for leaf 
senescence (Fig. 1c) was developed and it is different from the triangle 
functions in SQ and PA for spring phenology (Fig. 1c’). This is because it 
is more reasonable if the pre-stress units are held at maximum rather 
than decreasing after the optimum value is reached in the leaf senes-
cence process. Sigmoid function was induced as alternative choice for 
pre-stress response to construct two other leaf senescence models: SQFs 

and PAFs. Sigmoid responses in leaf senescence (Fig. 1d) and spring 
phenology (Fig. 1d’) are very similar except that they have opposite 
units. Alternating leaf senescence (ATF) model and unified leaf senes-
cence model (UNF) were also constructed. A binary function (either 0 or 
1) (Fig. 1f) to reflect the response of pre-stress was used in the ATF 
model. This is similar to a responding flipped binary function (also 
either 0 or 1) in the chilling process of AT model for spring phenology 
(Fig. 1f’). We adopt a valley function as the pre-stress response for leaf 
senescence in UNF model (Fig. 1e) comparing with the bell function of 
UN model for spring phenology (Fig. 1e’). 

Fig. 1. Response differences in pre-stress/chilling and forcing states between the proposed leaf senescence models (a–f) and their corresponding derived spring 
phenology models (a’–f’). Detailed equations of leaf senescence models are provided in Table 3. Detailed equations of spring phenology models can be found in Basler 
(2016) and Hufkens et al. (2018). The Xmin, Xopt, and Xmax represent the minimum value, optimal value and maximum value of driver factor respectively. c represents 
a parameter which need to be fixed in the simulation. 
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2.5. Model implementation and parameterization 

In order to compare the results of different factors and different leaf 
senescence models, a total of 56 scenarios comprised of the aforemen-
tioned seven factors (Tavg, Tmin, Ts5, Ts20, D, WVPD and Wsoil) and eight 
models (i.e., TTF, TTFs, SQF, SQFs, PAF, PAFs, ATF and UNF) were 
implemented. All the rubber leaf senescence models mentioned earlier 
were developed based on PHENOR R package, which is an integrated 
spring phenology modeling framework developed by Hufkens et al. 
(2018). 

As rubber leaves generally start to fall around January, we set the 
phenological year as starting on September 23 and ending on the next 
September 22. September 23 was set as the beginning date because it is 
autumnal equinox and a transition date from summer to autumn. The 
parameters and their quantities vary with different models (Table 1). 
Some parameters, such as starting day of energy sum calculation, base 
value of environmental factor, state of forcing and state of pre-stress, co- 
exist in most models (Table 1). All the parameters were initialized within 
a reasonable range before model simulation. The final value of each 
parameter was fitted using the simulated annealing algorithm of 
Metropolis (Chuine et al., 1998). Simulated annealing refers to an 
analogy with a thermodynamic principle on the way metals cool and 
anneal or liquids freeze and crystallize. The detailed principle of this 
algorithm can be found in Chuine et al. (1998). 

2.6. Model calibration and validation 

As the observed leaf senescence dates were limited, leave-one-out 
cross-validation over the 19-year observation period for each factor 
was used to calibrate and assess the general performance of the proposed 
models. Specifically, the observed samples were first divided into 19 
folds: 18 were used for model calibration and 1 for model validation. 
This process was iterated 19 times to make sure all observations were 
used in model building at least once. Then, 10 repeats for the leave-one- 
out process were implemented to obtain enough results for each cali-
brated model. Root mean square error (RMSE) was used to determine 
the best calibrated model and assess the prediction of best model. Po-
tential optimal models and factors were selected according to the per-
formance of each model and factor. Then, the final parameters of each 
selected model were derived from datasets of all the 19 years. 

2.7. Statistics for comparison 

First, the model performance was compared using an ANOVA on the 
RMSE of each environmental factor. Then, comparison for all the models 
was conducted based on the determined driving factors from the factor 
comparison result. Post-hoc Tukey HSD test was used to identify 

performance differences among factors and models. 

3. Results 

3.1. Phenological observations – general remarks 

Over the 19 years, the rubber leaf senescence start date ranged from 
day of year (DOY) 355 (December 20) to 38 (February 7) with a standard 
variation of 12.3 days (Fig. 2). The mean rubber senescence start date 
was found to be DOY 15.3. There is a trend of a 0.86-day delay per year 
in leaf senescence start date with a significant level of α = 0.05. It is 
worth noting that trends in the first 10 years and the last 10 years are 
greatly different. The first 10 years showed a more stable trend 
compared with the large variation seen during the last 10 years. This is 
mainly because of a more extensive climate variation in the last 10 years 
than during the former 10 years in the study area. 

3.2. Performance of different climatic factors 

Comparison of RMSE of predicted leaf senescence date for each 
climate factor (Fig. 3) shows the RMSE of temperature-based (i.e., Tavg, 
Tmin, Ts5 and Ts20) models was generally lower than that of models 
derived using other factors, indicating that temperature-based models 
outperform daylength and water availability factors regardless of the 
type of model used. For example, the mean RMSEs of models based on 
Tavg, Tmin, Ts5 and Ts20 were around 6.7–10.4 days (Fig. 3), which were 
about 1–6 days lower than those of models based on D, WVPD and Wsoil 
(Fig. 4). This implies that rubber leaf senescence was most likely driven 
by temperature factors rather than other environmental factors such as 
drought. Among all the factors, Ts20 performed best with a mean RMSE 
of 6.7 days and a minimum RMSE of 5.5 days (SQFs model). The mean 

Fig. 2. Observed rubber leaf senescence start date (black line) as day of year from 1993 to 2016. The dashed green line is the mean and the linear red line is the 
trend. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. Boxplot of different factors for comparing their effects on rubber 
leaf senescence. 
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RMSE of Ts20 was more than 4.7 days lower than that due to daylength 
and water availability factors. Four out of six RMSE difference com-
parison groups between Ts20 and most other factors (i.e., D, WVPD, Wsoil 
and Tmin) passed the significance test at α = 0.05, and groups between 
Ts20 and D, WVPD, Wsoil even passed the significance test at α = 0.01 
(Fig. 4). The aforementioned results indicate that Ts20 might be the most 
critical driving factor in determining rubber leaf senescence. Ts5 also 
showed good performance with a slightly lower mean RMSE (7.7 days). 
All the RMSE difference comparison groups between Ts5 and other non- 
temperature factors (i.e., Wsoil, WVPD, D) passed the significance test at 
α = 0.05 (Fig. 4). It is worth noting that though the mean RMSE of Ts5 
and Ts20 was about 1–3 days lower than that of Tavg, no significant 
differences were found between Tavg, Ts5 and Ts20. D performed the 
worst as it had the largest mean RMSE (12.7 days). Wsoil was marginally 
better than D with a mean RMSE of 12.0 days. No significant differences 
were found among D, WVPD and Wsoil (Fig. 4). 

3.3. Performance of different models 

Since non-temperature factors were found to not be the driving 
factors, comparison of different models was conducted based only on 
temperature factors. Comparison of RMSE of predicted leaf senescence 
date for each model using temperature factors shows that mean RMSEs 
of TTF, TTFs, SQF, SQFs, PAF, PAFs and ATF are all significantly lower 
than that for the null model (predicted as mean date of leaf senescence 

over all years) (Figs. 5 and 6), indicating that an overwhelming majority 
of models performed better than the null model. Though the gap of mean 
RMSE among TTF, TTFs, SQF, SQFs, PAF, PAFs and ATF can be as large 
as 2.6 days (Fig. 5), no significant differences are found among these 
models (Fig. 6). It can be observed that the mean RMSE of TTFs (6.6 
days), SQFs (8.4 days) and PAFs (8.3 days) is around 1–2 days lower 
than that of TTF (8.5 days), SQF (8.8 days) and PAF (9.2 days), 
respectively (Fig. 5), indicating that models using sigmoid function in 
the pre-stress state performed slightly better than those not using sig-
moid function. However, this difference is not significant (Fig. 6). It is 
worth noting that no significant differences were found between most 
models with pre-stress state (i.e., SQF, SQFs, PAFs, ATF) and without 
pre-stress state (TTF, TTFs) (Fig. 6). As unexpected, the UNF model did 
not show better performance when compared with other process-based 
models. On the contrary, the mean RMSE of the UNF model was about 
1–4 days higher than that for all the other process-based models (Fig. 5). 
However, it still performed better than the null model (mean RMSE of 
10.4 days in the UNF model compared with mean RMSE of 15.3 days in 
the null model). It is interesting that the mean RMSE of TTFs was the 
lowest (6.6 days) of all the models. Additionally, mean RMSE of TTFs is 
significantly lower than that of PAF, UNF and the null model (Fig. 6). 
Although TTFs has the lowest mean RMSE, it does not occupy the lowest 
RMSE when comparing all the models. Instead, SQFs had the lowest 
RMSE (5.5 days) when using Ts20 as a driving factor. 

3.4. Parameters of selected models and factors 

Based on the performance of all models and factors, seven models 
(TTF, TTFs, SQF, SQFs, PAF, PAFs and ATF) and two factors (Tavg and 
Ts20) were selected to develop their models for rubber leaf senescence. 
The parameters of these models and factors are shown in Table 4. The 
start of baseline date (t0) ranged from 52 (52 days since the initial date of 
September 23, namely November 13) to 107 (next January 7) in Tavg- 
based models and from 51 (November 12) to 73 (December 4) in Ts20- 
based models. Results show that t0 of Tavg-based models was signifi-
cantly later than that of Ts20-based models. For example, the mean date 
of t0 for Tavg-based models was 83 (December 14), which was 26 days 
later than that (November 19) for Ts20-based models. The much earlier 
response of Ts20 than Tavg may indicate the longer cold temperature 

Fig. 4. Multiple comparison result of different factors. The bottom left region shows the P values from multiple group comparison tests for the RMSE of different 
factors. The top right region shows the RMSE difference between the column factor and the row factor. 

Fig. 5. Comparison of different models in predicting rubber leaf senescence.  
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accumulation period that soil temperature needs to reach a certain 
threshold than air temperature does. The start date of pre-stress (tc) 
showed much lower variations among different Tavg-based models 
compared with t0. Mean date of tc for Tavg-based models was 72 
(December 4), which was 11 days earlier than the mean date of t0. 
Unexpectedly, the mean date of tc for Ts20-based models was also 11 
days earlier than its corresponding mean date of t0. 

The base temperature (Tbase) had a very small variation among 
different Tavg-based models with a mean temperature of 19.55 ◦C. This 
implies that the air temperature threshold for rubber leaf senescence 
was possibly located between 19 ◦C and 20 ◦C. The base temperatures of 
Ts20-based models ranged from 23.33 ◦C to 27.16 ◦C and were much 
higher than the air temperature threshold. This is because the soil 
temperature of rubber forests generally had a higher value than air 
temperature. The forcing criteria (Fcrit) varied largely for both Tavg- 
based models and Ts20-based models. For example, a low criteria of Tavg 
(− 27.33 ◦C) was required for the PAFs model while a high criteria of 
Tavg (− 266.06 ◦C) was required for the SQFs model. This is reasonable as 
algorithms of these models were various. Same large variations can also 
be found in the request of accumulated pre-stress units (Preq). As the 

accumulated pre-stress units based on the sigmoid function were much 
smaller than that using the trapezoid function, the Preq of SQF and PAF 
was much larger than that of SQFs and PAFs, respectively. 

4. Discussion 

4.1. Factors controlling rubber leaf senescence 

The generally lower mean RMSE from temperature-based models 
than that from moisture indicated cold stress rather than soil or atmo-
sphere drought stresses was the critical driving factor in rubber leaf 
senescence. This conclusion is consistent with the findings of Lin et al. 
(2018) who examined the relationship between observations of sap flow 
density and climatic factors. The finding of cold stress mainly driving 
rubber leaf senescence differs from some previous views (Chen et al., 
2010; Guardiola-Claramonte et al., 2010; Liu et al., 2014) which sug-
gested the importance of drought stress or the interaction of cold and 
drought stress in contributing to rubber leaf senescence. Due to the lack 
of phenological observations and corresponding abiotic data in other 
different latitudes within Asia tropics, we were unable to conduct direct 

Fig. 6. Multiple comparison result of different models. The bottom left region shows the P values from multiple group comparison tests for the RMSE of different 
models. The top right region shows the RMSE difference between the column corresponding model and the row corresponding model. 

Table 4 
Parameter estimates of selected leaf senescence models for rubber plantations.  

Tavg TTF TTFs SQF SQFs PAF PAFs ATF 

t0 79 52 98 107 71 97 76 
Tbase 19.75  19.94 19.34 19.40 19.01 19.87 
Fcrit -122.78 -47.00 -136.15 -266.06 -68.61 -27.33  
tc   73 77 58 77 76 
Preq   -1805.47 -1.59 -1223.30 -85.46   

Ts20 TTF TTFs SQF SQFs PAF PAFs ATF 

t0 52 54 73 55 52 63 51 
Tbase 26.71  24.91 25.98 23.33 26.01 27.16 
Fcrit -298.12 -31.65 -190.06 -249.83 -24.07 -120.64  
tc   44 52 30 53 51 
Preq   -100.53 -66.96 -1273.33 -189.74  

Note: t0, tc, Tbase, Fcrit and Preq represent the start of baseline date, the start of pre-stress date, the baseline threshold of driving factor, the criteria for forcing state and 
the request of pre-stress units, respectively. The initial date (Day 1) starts from September 23. 
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model test. However, the conclusion of this study can be indirectly 
supported by the observed relationship between rubber defoliation 
duration and latitudes. Thus, we searched rubber defoliation duration 
records in Asian tropics from literatures. A total of seven study sites were 
found (Dong et al., 2013; Guardiola-Claramonte et al., 2008; Kumagai 
et al., 2015; Niu et al., 2017; Sopharat et al., 2015). Integration of the 
results from these studies demonstrated a strong correlation between 
rubber defoliation duration and the increase of latitude in Asian tropics 
(Fig. 7). It indicates that higher latitudes with lower temperatures had 
shorter defoliation durations, which is consistent with the finding of this 
study that low temperature controls the process of rubber leaf 
senescence. 

Results of this study show RMSEs of soil temperature–based models 
were slightly lower than those for air temperature–based models. 
However, the RMSE difference was not significant. Since air temperature 
data is much easier to obtain from existing weather stations when 
compared with soil temperature data, we suggest the former would be 
the first choice to predict rubber leaf senescence. 

Atmospheric drought or soil drought plays an uncritical role in 
driving rubber leaf senescence. This is not only because of the larger 
mean RMSE of these two climate factors (Wsoil and WVPD) when 
compared with temperature factors as reported in this study, it also can 
be inferred by some experimental observations which found that rubber 
trees exhibit deep roots and can absorb water from deep soil layers when 
soil drought happens (Guardiola-Claramonte et al., 2010; Liu et al., 
2014). The rubber leaf requires more water for transpiration when at-
mospheric drought happens (a high value of VPD). This water deficit 
could be replenished by deep soil water in order to relieve leaf moisture 
stress which may result in leaf senescence. Daylength is usually regarded 
as an important factor in driving leaf senescence (Jolly et al., 2005; Piao 
et al., 2019; White et al., 1997). It can determine how much carbon 
dioxide could be fixed daily by leaf photosynthesis. Leaf coloring and fall 
is highly probable when the glucose produced by photosynthesis is not 
enough for its maintenance respiration. However, in this study, day-
length was not found to be a controlling factor as it had the highest mean 
RMSE (12.7 days). Compared with other climatic factors, daylength is 
not a limited resource in tropical regions as its variation is relatively 
smaller compared with that in high latitude regions. Similar to our re-
sults, daylength was found to be not indispensable for some tree species 
in Austria, Germany and the United Kingdom where it becomes pro-
gressively shorter before leaf senescence (Olsson and Jonsson, 2015). 
The low influence of daylength on tree leaf senescence was also evi-
denced by Yue et al. (2015) who found, by probing the phenology trend 
of deciduous forests in the United States for the past 30 years, that 
including daylength did not improve model performance. 

4.2. Models for predicting rubber leaf senescence 

Unlike spring phenology models which have been extensively 
compared, the comparison of leaf senescence models has been barely 
investigated. This is mainly because current studies on leaf senescence 
are still limited (Piao et al., 2019). In the present study, the lower RMSEs 
of most models when compared with the null model implies the superior 
advantage of using process-based models. The relatively low mean 
RMSE indicates most process-based models are able to predict the rub-
ber leaf senescence phenology. The comparison of 56 process-based 
models for rubber leaf senescence revealed a surprisingly small effect 
of model structure on the quality of prediction under the current 
climate. Besides, no significant difference between one-phase models (i. 
e., TTF, TTFs) and two-phase models (i.e., SQF, SQFs, PAF, PAFs, ATF 
and UNF) was found in this study. This result is consistent with the 
conclusion of spring models investigated by Yun et al. (2017). Though 
there is no evidence on which model performed best in terms of RMSE, 
using the simplest model should be the best choice considering its 
stronger operability and interpretability. Thus, we recommend the TTF 
model should be the first choice to predict rubber leaf senescence in this 
study as it is much easier to understand and operate compared with 
other process-based models. 

RMSE comparison with similar species could evaluate the perfor-
mance of our proposed rubber leaf senescence models from another 
aspect. However, there is barely any similar study on rubber leaf 
senescence modeling to date. Thus, comparing our results with leaf 
senescence of other species and spring models might be an alternative. 
The mean RMSE of rubber leaf senescence models ranged from 6 days to 
8 days when using Ts20 or Tavg as the driving factor, which is comparable 
with 8 days of mean RMSE of 27 woody and herbaceous species in the 
Qinghai–Tibetan Plateau (Lang et al., 2019), 10–13 days for three de-
ciduous trees in France (Delpierre et al., 2009) and results of most spring 
phenology studies (Basler, 2016; Olsson and Jönsson, 2014; Xu and 
Chen, 2013; Zhao et al., 2021). 

4.3. Uncertainty and future directions 

One major uncertainty comes from lack of clarity regarding the 
rubber leaf senescence mechanism. Some previous phenology models 
applied decreasing degree-days (DDD) to simulate the response of leaf 
senescence based on either specific temperature or daylength thresholds 
(Delpierre et al., 2009; White et al., 1997). Fu et al. (2014) assumed leaf 
senescence starts to occur when the maximum carbohydrate storage 
capacity is reached. Lang et al. (2019) proposed an autumn leaf 
phenology model based on daily minimum temperature and daylength 
and assumed that plant leaf coloring is controlled by the interaction of 
low temperature and daylength and starts when either daylength or 
minimum temperature achieves a threshold. In this study, we proposed 
eight rubber leaf senescence models modified from traditional spring 
phenology models and found that most of them were able to predict 
rubber leaf senescence dates with RMSE ranging from 6 to 9 days. The 
forcing mechanism of these models is based on either DDD function or 
sigmoid function. 

The limited phenological observations could introduce uncertainty 
in finalizing the rubber leaf senescence model. In fact, the beginning of 
recording year in China was generally later than that in European and 
North American countries, resulting in relatively shorter periods of 
phenology observations (Xu and Chen, 2013). In this study, rubber leaf 
senescence observations were recorded for only 19 years. In order to 
fully use the limited samples, we applied a 10 times leave-one-out 
cross-validation. This sampling strategy may reduce errors to a certain 
degree. Though the source of this uncertainty is clear, it is difficult to 
quantify the influence of limited records on the final result. 

The importance of integrated and consistent records in investigating 
the mechanism of rubber leaf senescence and its response to climate 
change needs the reconstruction of long-term rubber leaf senescence 

Fig. 7. Scatterplot between rubber defoliation duration and latitude in Asian 
tropics. The dashed red line represents the negative linear trend. The blue line 
segment represents the standard deviation of defoliation duration records. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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datasets (Piao et al., 2019). As the history of remote sensing data such as 
Landsat images could be traced back to the middle of 1970 s, integrating 
satellite data with phenological observations is a promising method to 
construct long-term records. The high temporal resolution of MODIS 
dataset (twice per day) is another choice (Zhang et al., 2003). As there 
are different scales represented by remote sensing data and in situ ob-
servations, the key to reconstructing a consistent phenology dataset is to 
develop good temporal connections between them. As a point study has 
limitations in representing phenology at a vegetation community and 
landscape scale (Xu and Chen, 2013), upscaling point observation to a 
spatial scale is necessary. Thus, bridging the in situ records and satellite 
observations is another important research direction (Jeong and 
Medvigy, 2014; Zhang et al., 2017). Recent developments in 
near-surface instruments, such as phenology cameras and unmanned 
aerial vehicle (UAV), may provide some connections linking the in situ 
and satellite-observed phenology dates. 

Although this study provided a new insight into the response of 
rubber leaf senescence to environmental factors, more research and 
experiments are needed to further clarify the mechanism of rubber leaf 
senescence. Combinations of multiple factors could be a possible di-
rection. Experiments linking physiological traits and physical changes 
before, during and after rubber leaf senescence are also scarce. Besides, 
satellite-based sun-induced chlorophyll fluorescence (SIF) may provide 
opportunities for retrieving tropical forest phenology. SIF is a sensitive 
indicator in reflecting the canopy carbon and water exchanges (Yang 
et al., 2015) and has been applied to investigate the phenology of some 
tropical forest regions, such as the Amazon (Joiner et al., 2014; Jones 
et al., 2014). 

5. Conclusion 

In this study, we first investigated the driver of leaf senescence for 
introduced rubber trees which are originally evergreen in their tradi-
tional ranges. To examine the roles of temperature, daylength and water 
availability in driving rubber leaf senescence, we proposed a family of 
leaf senescence models: TTF, TTFs, SQF, SQFs, PAF, PAFs, ATF and UNF. 
Results show that low temperature was found to be the most critical 
driving factor. Both air temperature and soil temperature showed strong 
effects on rubber leaf senescence. Air temperature is recommended as 
the driver of choice due to its easy accessibility. Daylength and water 
availability showed significantly higher RMSEs than temperature. Thus, 
we suggest cold stress rather than soil or atmosphere drought stresses is 
a critical driving factor for rubber leaf senescence. The process-based 
models had a good ability to predict rubber leaf senescence dates. 
However, no significant differences were found among our proposed 
models and also between models with pre-stress or without pre-stress 
state. Considering its operability and interpretability, the TTF model is 
recommended as the first choice to predict rubber leaf senescence in this 
study as it is much easier to understand and operate compared with 
other process-based models. This study helps to better understand the 
driving mechanism of rubber leaf senescence. Future efforts should be 
directed towards integrating remotely sensed datasets and models, 
conducting experiments linking physiological traits and physical 
changes and developing more mechanism leaf senescence models. 
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