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Abstract: Subtropical forest phenology differentiation is affected by temperature, precipitation, and
topography. Understanding the primary contributing elements and their interactions with forest
phenology can help people better comprehend the subtropical forest growth process and its response
to climate. Meanwhile, the temporal and spatial variations of phenological rhythms are important
indicators of climatic impacts on forests. Therefore, this study aimed to analyze both a total area
and different forest growth environments within the whole (i.e., coastal site areas (II, IV) and inland
site areas (I, III)) as to spatiotemporal patterns associated with subtropical forests in Fujian Province,
which is located at the boundary between the middle and south subtropical zones. Considering
the asymmetric effects of climate and forest growth, this study chose pre-seasonal and cumulative
temperature and precipitation factors and utilized the GeoDetector model to analyze the dominant
drivers and interactions within phenology differentiation in Fujian Province. The results show the
following: (1) All of the phenological parameters were advanced or shortened over the 19-year
observation period; those of shrubland and deciduous broadleaf forests fluctuated greatly, and their
stability was poor. (2) The phenological parameters were more distinct at the borders of the site
areas. Additionally, the dates associated with the end of the growth season (EOS) and the date-
position of peak value (POP) in coastal areas (i.e., Il and IV) were later than those in inland areas
(i.e., I and III). Among the parameters, the length of the growth season (LOS) was most sensitive
to altitude. (3) Precipitation was the main driving factor affecting the spatial heterogeneity of the
start of the growth season (SOS) and the EOS. The relatively strong effects of preseason and current-
month temperatures on the SOS may be influenced by the temperature threshold required to break
bud dormancy, and the relationship between the SOS and temperature was related to the lag time
and the length of accumulation. The EOS was susceptible to the hydrothermal conditions of the
preseason accumulation, and the variation trend was negatively correlated with temperature and
precipitation. Spatial attribution was used to analyze the attribution of phenology differentiation
from the perspectives of different regions, thus revealing the relationships between forest phenology
and meteorological time-lag effects, the result which can contribute to targeted guidance and support
for scientific forest management.

Keywords: driving force; GeoDetector; MCD12Q2; subtropical forest phenology; time-lag effect

1. Introduction

Phenology refers to the growth and development rhythms of vegetation, such as sprouting,
branching, leaf spreading, flowering, fruiting, leaf fall, and dormancy [1]. Under the effects
of global climate change, the fluctuations of forest phenology can reflect the impact of
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climate on terrestrial ecosystems [2]. It is vital to promptly understand the spatiotemporal
characteristics of phenology to mitigate the negative effects of climate on forest growth [3].
With the development of remote-sensing technology, it is possible to observe phenology
over a large area. Based on the vegetation index (VI) calculated from spectral informa-
tion, the phenological extraction process can be summarized into two steps: (1) VI time
series denoising and smoothing, in which the cloud and rain flags in the remote-sensing
quality band are combined to remove the cloud from the VI time series, and then filter-
ing or function fitting methods such as Savitzky—Golay [4], Asymmetric Gaussian [5],
Double Logistic [6], and Whittaker [7] are used to denoise and smooth to obtain high-
quality VI time series. (2) The extraction of phenological indicators then follows. According
to the reconstructed time series, phenological extraction methods such as the threshold
methods (e.g., dynamic threshold method [8]) and the VI change monitoring methods
(e.g., moving-average method [9]) are used to obtain the characteristic nodes of key pheno-
logical stages such as the start of the growth season (SOS), the end of the growth season
(EOS), the length of the growth season (LOS), and the date-position of peak value (POP).
Recent phenological studies based on remote-sensing observation have mainly concen-
trated on middle and high latitudes [10,11], temperate-zone regions [12,13], and regions
vulnerable to climate change [3,14]; in contrast, relatively few studies have focused on
subtropical and low latitudes with complex stand structures and diverse phenological
patterns. East Asian subtropical forests account for approximately 8% of the global net
ecosystem productivity and have gradually become an important ecological-function area
for investigations into the mitigation of global warming [15,16]. As the area with the highest
subtropical-forest coverage rate in China [17], Fujian Province plays an important role in
the ecological balance. Moreover, it is located on the transition zone between the middle
and the south subtropical zones, and has different soil types and climate conditions [18].
The LOS, which is derived by subtracting the ending and starting periods of the growth
season, affects the net primary productivity of forests and the carbon balance of terrestrial
ecosystems [19,20]. Therefore, to help design effective methods for the management of
forests and improve the quality of those managed forests, it is beneficial to understand
the spatiotemporal patterns and change-related trends of subtropical forest phenology, as
well as the driving forces and importance factors of leading their spatial heterogeneity. The
findings of these investigations can be used to improve the productivity of subtropical
forests in Fujian Province.

Phenological parameters, especially the driving mechanisms of spatial differentiation
between SOS and EQOS, are the key to reflecting the relationship between tree growth and the
surrounding environment. Among meteorological factors, temperature and precipitation
have the greatest influence on changes in vegetation phenology [21,22], as hydrothermal
conditions regulate current and subsequent forest growth. For example, the heat- and cold-
accumulation temperatures of trees before the SOS are related to the beginning of tree leaf
growth [23,24]. Deciduous forests have obvious leaf-falling and germination phenomena.
The phenology of evergreen forests is primarily represented by the alternating growth
of new and old leaves [25]. In addition, there is a dormant phase preceding leaf germi-
nation, during which low temperatures are required to transition the dormant bud from
the ecodormancy to endodormancy period, just as in deciduous forests [24,26]. Previous
studies have usually used traditional statistical methods, such as correlation, regression,
distributed lag regression models, or vector autoregressive models, to analyze the time-lag
effects [22,27-29], and these results have indicated the sensitivity of the vegetation growth
to a single preseason meteorological factor. However, the explanation of phenological
spatial differentiation by use of multiple climatic factors is stronger than that by a sin-
gle climatic factor [30]. A multi-level analysis of the comprehensive effects of climate,
topographic features, and forest types is of profound significance for understanding the
driving mechanisms of phenological spatial differentiation. The geographical distribution
relationship is often overlooked, even though the usual multiple-regression approach may
be used to evaluate the level of phenological differentiation of various components. It is
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generally difficult to specify the effect-intensity and interaction between factors in different
regions, and the degrees of the effects of both single and combined factors on phenological
differentiation are lacking.

GeoDetector analyzed the differences between within-strata variances and between-
strata variances to quantify the relative influence of multiple potential drivers behind spatial
heterogeneity. This was mainly to compare the consistency of the spatial distribution of the
driving factors and the independent variables [31]. On the one hand, GeoDetector is a statis-
tical model considering spatial non-stationarity. It can provide a way to explore the driving
forces between driving factors and dependent variables from a geographical perspective.
Importantly, this model can not only quantify the main potential driving factors but also
detect the interactions between different driving factors for spatial heterogeneity [32]. On
the other hand, the statistical method of the model is not affected by the multivariate
collinearity effect, and the modeling process does not involve complex parameter settings
or hypothesis constraints, which can more accurately describe the role and intensity of
the influencing factors [32,33]. In the past, GeoDetector was used to study the asymmetric
effects of climate and phenology, for which monthly and annual data were chosen as the
driving factors of time lag [34-37]; however, the differences between pixels in the beginning
and end months of phenology were ignored. Furthermore, the division of the research area
did not account for the growing environment of vegetation and forest. Trees differ in their
growth habits and status, as well as the terrain and soil in which they grow. According to
the comprehensive action of natural environmental factors, the forest area can be rationally
distributed, and the forest production and management objectives can be improved by
understanding the relationship between the phenological changes and the climate in each
area.

This study evaluates the spatiotemporal patterns of phenology and its environmental
drivers in Fujian Province, China, by integrating spatial datasets of phenology, meteorology,
and land cover. Specifically, the objectives are (1) to reveal the spatiotemporal differences in
phenology in different regions and for different forest types in Fujian Province from 2001 to
2019, and (2) to explore the relationships between the meteorological lag effect, topographic
factors, and the spatial heterogeneity of the SOS and EOS, while assessing the impacts of the
geographical environment and climate on phenology. The findings provide scientifically
informed recommendations to aid in forest planning and design, effectively addressing the
challenges posed by global climate change, and enhancing forest productivity.

2. Materials and Methods
2.1. Study Area

Fujian Province is located in southeast China. The terrain is generally high in the
northwest and low in the southeast, and is dominated by mountains and hills; Jiufeng
Mountain, Daiyun Mountain, and Bopingling Mountain are located in the center, and Wuyi
Mountain is located in the west. Fujian Province spans the central and south subtropical
zones, and the precipitation is uneven between years and seasons due to the effects of the
complex terrain. Therefore, as shown in Figure 1a, the forest growth environment can be
divided into four regions according to different site conditions [38], namely, the mountain-
ous region of Wuyi Mountain (I), the coastal low mountain and hill region of Zhejiang and
Fujian (II), the mountainous and hill region of Jiangxi, Fujian, and Guangdong (III), and the
coastal hill and plain region of Fujian and Guangdong (IV). According to the temperature
zone division in the China eco-geographical regionalization [39], Fujian province spans the
middle subtropical zone and the southern subtropical zone. The location of this division
line is close to the boundary of region IV. Among these divisions, region IV is located in the
south subtropical zone, while the other three regions are located in the middle subtropical
zone. Fujian Province is abundant in forest resources, the majority of which are evergreen
needleleaf forests and evergreen broadleaf forests.
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Figure 1. The geographical location of the study area: (a) the geographical location of the study area
in China; (b) the distribution of forest type, site area, demarcation line, and main rivers in Fujian
Province. I, II, III, and IV, respectively, represent the mountainous region of Wuyi Mountain; the
coastal low mountain and hill region of Zhejiang and Fujian; the mountainous and hill region in
Jiangxi, Fujian, and Guangdong; and the coastal hill and plain region of Fujian and Guangdong. The
demarcation line is that between the middle and southern subtropical zones.

2.2. Data and Preprocessing
2.2.1. Phenological Data

The phenological data were obtained from the MCD12Q2 (version 6) land cover
dynamics product of the National Aeronautics and Space Administration’s (NASA’s) Terra
and Aqua satellites combined Moderate Resolution Spectroradiometer (https://Ipdaac.usgs.gov/,
accessed on 16 February 2023). It is a yearly dataset with a spatial resolution of 500 m,
extending from 2001 to 2019. In this dataset, the vegetation index is the 2-band Enhanced
Vegetation Index (EVI), which is calculated from the MODIS Nadir Bidirectional Reflectance
Distribution Function—Adjusted Reflectance for the time series. After filling in the missing
values contaminated by snow, rain, clouds, and other factors, cubic spline smoothing is
used to recreate the EVI time series. The EVI time series interval of continuous growth and
fall is judged using the sliding window method. An interval is considered to be in a growth
cycle when both its highest value and amplitude are equal to the designated thresholds.
The phenological datasets involve the determination of phenological change dates, which
are derived from the extreme points of the curvature variations relative to the curve that
the logistic function has fitted to the growth cycle [40]. The date of phenology is generally
expressed using the day of year (doy). The dataset can identify up to two growth cycles.
Some forest types in Fujian Province have bimodal EVI curves. However, because of the
tiny variation between the two peaks, the dataset was unable to capture the difference
between the two growth seasons. Even if there is only one growing season, the variation
between the two peaks can be reflected in the fluctuation of the EOS. To date, the dataset
has been used to study phenological changes on a global scale [41-43], and has shown a
high correlation with ground observation data in Alberta [44]. For comparison with this
data, we utilized the phenological measurement data from Fujian Province in the earlier
literature [45]. Although the EOS range came a bit later, it produced a consistent SOS range
and consistent spatial distribution findings. The SOS, EOS, LOS, and POP datasets of forest
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remote-sensing images from 2001 to 2019, after image preprocessing, were used as the
phenological spatial and temporal characteristics and to carry out driving-force analysis.

2.2.2. Thematic Data

The land-cover data were obtained from the European Space Agency’s Climate Change
Initiative product, and achieved a spatial resolution of 300 m (https:/ /www.esa-landcover-cci.org/,
accessed on 24 February 2023), the classification scheme of which is based on the United Na-
tions Land Cover Classification System. The product is more accurate and more consistent
as to the actual distribution of China’s forests than are the other land-cover products [46].
For the classification of forest types, the area of closed to open (>15%) forests is defined as
the main forest type of the pixel. Mixed pixels of trees and shrubland, grassland, or other
vegetation are also present in the product. Because the forest coverage area in the mixed
image is smaller, spectral differences exist in the areas that have greater forest coverage and
other vegetation in common, which causes information errors. Thus, the mixed forest pixels
were removed in this study. In recent years, China’s land cover pattern has changed rapidly.
To ensure the spatial consistency of the distribution and forest types, the areas in which
product extraction did not change from 2001 to 2019 were selected. The obtained forest
types include evergreen needleleaf forests (ENF) and evergreen broadleaf forests (EBF),
deciduous broadleaf forests (DBF1), and closed (>40%) deciduous broadleaf forests (DBF2).
It also includes vegetation dominated by shrubland (SHL). Since deciduous broadleaf forest
makes up a small portion of the forest types in Fujian Province, it is frequently accompanied
by other surface vegetation. Among them, “closed (>40%)” means that the pixel includes
a certain area of upper, middle, and lower trees and shrubs in addition to the deciduous
broadleaf forest. Therefore, the categorization in the source data was maintained, and it
separated deciduous broadleaf forest into two groups, namely, closed >15% (DBF1) and
closed to open >40% (DBF2). ENF and DBF2 were mainly distributed in region I, EBF was
mainly distributed in regions I and III, and DBF1 and SHL were mainly distributed in
region IV (Figure 2a). The altitude distribution of most pixels of the five forest types was
approximately 500 m. For the most part, DBF2 had the highest altitude distribution, while
SHL had the lowest (Figure 2b).
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Figure 2. (a) The proportions of individual regions in the area as to distinguished forest types. (b) The
elevation distribution of different vegetation types in Fujian Province. In the figure, ENF, EBF, DBF1,
DBF2, and SHL, respectively, represent evergreen needleleaf forests, evergreen broadleaf forests,
deciduous broadleaf forests, closed (>40%) deciduous broadleaf forests, and shrubland.

The National Earth System Science Data Center, National Science and Technology
Infrastructure of China (http://www.geodata.cn/, accessed on 21 February 2023) offers
gridded monthly temperature and precipitation datasets, spanning from 2000 to 2020,
with a spatial resolution of 1 km [47]. These datasets were generated by downscaling in
China via the Delta spatial downscaling scheme, based on the global 0.5° climate dataset


https://www.esa-landcover-cci.org/
http://www.geodata.cn/

Forests 2024, 15, 334

6 of 30

02040 80 120
- — KM

Elevation(m)
- <200
200-500
== 5001000
= (0002085

released by the Climate Research Unit and the high-resolution climate dataset released by
WorldClim. The raster data of the SOS and EOS were combined to locate the beginning
and end months of the growth period of each pixel. The raster data of precipitation and
temperature, with a lag of 0-3 months and an accumulation of 2-3 months, from 2001 to
2019 were then obtained according to the monthly precipitation and temperature data,
which were used to input the independent variables of the climate factors in GeoDetector.

The digital elevation model utilized the Shuttle Radar Topography Mission
data of the United States Space Shuttle Endeavour, with a resolution of 90 m
(https:/ /www.earthdata.nasa.gov/, accessed on 27 February 2023). The slope and as-
pect data were calculated based on elevation data. To discretize the topographic factors,
the elevation, slope, and aspect data were respectively divided into four, six, and nine
categories according to the basic landform types of China [48] and the Operational Rules
for the Ninth National Forest Resources Inventory in Fujian Province (https:/ /fzly.fuzhou.gov.cn/
zwgk/ztzl /rcly / zybh /201803 /t20180306_2023061.htm (accessed on 8 March 2023). The results
after the division are shown in Figure 3.
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Figure 3. The division of the (a) elevation data, (b) slope data, and (c) aspect data in Fujian Province.

2.3. Methods
2.3.1. Workflow

Based on the datasets, the workflow of this research is shown in Figure 4. To begin,
the spatiotemporal variation of phenology was analyzed by calculating the mean values of
the SOS, EOS, LOS, and POP phenologies on a pixel-by-pixel basis for each year. Theil-Sen
(Sen) median analysis and the Mann—Kendall (MK) test were employed to analyze the
change trends at the pixel level, as these tests can derive phenological differences across
areas. Then, the raster data of forest phenology were used to locate the beginning and
ending months of the growing season pixel by pixel; these were then combined with the
monthly precipitation and temperature data to calculate the annual raster data with a lag
of 0-3 months and an accumulation of 2-3 months. Finally, the dependent variables were
the SOS and EOS. The discrete variables of lagged and cumulative air temperature and
precipitation, forest type, and topographic factors were used as independent variables.
Regarding GeoDetector, factor, interaction, risk, and ecological detection were utilized to
understand the degrees to which individual and combined factors had effects on the SOS
and EOS. The key determinants of phenological spatial heterogeneity were identified.
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Figure 4. The research framework of this study. SRTM is the elevation data that could produce slope,
as well as the aspect data. ESA CCI represents the land-cover data from the European Space Agency’s
Climate Change Initiative product. SOS, EOS, LOS, and POP represent the start of the growth season,
the end of the growth season, the length of the growth season, and the date-position of peak value,
respectively. Sen + MK represents the methods of Theil-Sen median analysis and the Mann-Kendall
test.

2.3.2. Trend Analysis

Sen analysis and the MK test can reflect the change trends of forest phenology, and
have the advantages of strong anti-noise performance and robustness to outliers [49,50].
Sen analysis and the MK test have been used in long-time-series trend analysis. Taking the
SOS as an example, the calculation formula is as follows.

) SOSj — SOS; o
B = Median <..>,2001 <i<j<2019, 1)

where SOS; and SOS; represent the SOS starting doy of years j and i, respectively, and f is
the median of the slopes of the SOS. If > 0, the SOS has a delayed trend; otherwise, it
has an advanced trend. The time-series data of phenological parameters were calculated to
obtain positive and negative trends, and the MK test was then conducted to calculate the
significance test statistic Z, as follows.

S—1
\/Var(s)’ 5>0
Z = 0, S=0 , 2)
_S4+1 S<0

\/Var(s)’

where S is the statistic, Var(S) is the variance of S, and the calculation formulas for S and
Var(S) are, respectively, given by Equations (3) and (4).
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s=yr) Y 1,1581(S0S; - 508) 3)
Var(s) = n(n—ll)éZn+5) @

In Equation (3), (SOS; — SOS;) is the difference between the SOS values of years j and
i, and sgn(0) is a sign function, which is calculated by Equation (5). In Equation (4), n is the
length of the time-series, and the value of n in this study is 19.

+1, SOS;—808; >0
sgn(xj—x;) = ¢ 0, SOS;—S0S; =0 (5)
~1, SOS;—808; <0

According to the positive and negative values of §, the Sen trend is divided into
delayed, advanced, and no fluctuation. When the standardized statistics are |Z| > 1.65,
|Z| > 1.96,and |Z| > 2.58 at the 0.01, 0.05, and 0.001 significance levels, respectively, the
null hypothesis of no trend is rejected, as shown in Table 1. The spatiotemporal trend of
phenology was finally discovered.

Table 1. The significance classification of the phenological trends.

B V4 Trend Significance Classification
258 < Z Extremely significantly delayed
B>0 196 < Z <258 Significantly delayed
1.65 < Z <1.96 Slightly significantly delayed
Z <1.65 Not significantly delayed
=0 V4 No fluctuations
Z <1.65 Not significantly advanced
B <0 1.65 < Z <1.96 Slightly significantly advanced
196 < Z <258 Significantly advanced
258 < Z Extremely significantly advanced

Note: B is the median value of the slope of the phenological parameter, and Z is the statistic for the
significance test.

2.3.3. GeoDetector

GeoDetector was used to detect the spatial differentiation of the SOS and EOS, reveal
the driving force behind the geographical differentiation, and explore the degrees of influ-
ence of various factors on the phenological parameters [32]. It has been used in the study
of spatial and temporal dynamic driving forces, such as vegetation cover, land aridification,
and landscape-pattern changes [51-54]. The principle is to judge the relationships between
spatial heterogeneity and potential driver factors through variances. If a driver factor has an
important impact on the dependent variable, the spatial distribution of the driver and the
dependent variable should be similar. The g-value calculated using variance was used to
quantify the degree of single-factor and two-factor driving. The independent variables were
discretized during GeoDetector preprocessing; the values of all the independent variables
represent the data intervals. The functions of GeoDetector include factor, interaction, risk,
and ecological detection.

The SOS/EOS and driving factor X pixel values corresponding to the same posi-
tion were extracted through gridding. The grid points each represent a spatial range of
500 m x 500 m, which is consistent with the spatial resolution of MCD12Q2. The point-
data were fed into the “GD” package [55] in R 4.2.2 [56] to run the GeoDetector model
and explore the driving forces behind the spatiotemporal differentiations between the SOS
and EOS. Topography, weather, forest type, and time lags were taken into account when
choosing the driving factors. Previous research selected 3 months as a threshold for the
time-lag response of terrestrial plant development at the world scale or forest growth at
the regional scale within Fujian Province [18,28,57,58]. The lagged and cumulative datasets
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were created by choosing time windows of 0-3 months for the meteorological parameters
and combining them with the phenological months. Table 2 displays the descriptions and
value ranges of the factors.

Table 2. The descriptions of the GeoDetector factors.

Factor Description Value Range Unit

X0 Forest type ENF; EBF; DBF1; DBF2; SHL \

X Elevation data [0, 2085] m
X5 Slope data [0, 50.4] ©

X3 Aspect data [—1.0, 360.0) °

Xy Monthly average precipitation (175.9,2711.7] 0.1 mm
X5 Monthly average air temperature (3.2,22.6] °C
Xe Monthly average precipitation in the previous month (174.1,1972.5] 0.1 mm
X7 Monthly average temperature in the previous month (1.6,24.4] °C
Xg Monthly average precipitation two months ago (248.8, 2488.7] 0.1 mm
X9 Monthly average temperature two months ago (0.4, 27.0] °C
X10 Monthly average precipitation three months ago (182.8, 3241.7] 0.1 mm
X11 Monthly average temperature three months ago (—0.1,284] °C
X12 Accumulated average precipitation in the past two months (266.7, 1789.4] 0.1 mm
X13 Accumulated average temperature in the past two months (1.5,25.7] °C
X4 Accumulated average precipitation in the past three months (308.8, 2083.5] 0.1 mm
X15 Accumulated average temperature in the past three months (1.2,26.4] °C

Note: The value ranges of variables X, and X5 are the common values of the temperature or precipitation datasets
derived from the monthly positioning of SOS and EOS data.

Factor detection explores the single-factor effects on the spatial differentiation of the
phenological parameters, and the explanatory degree of each factor is measured by the
g-value, the equations for which are as follows.

Yb_ Nyo? SSW
67:1—%: ~ggpr1€ 01, (6)
L
SSW = Y Njo7,SST = No?, 7)
h=1

where g measures the degree to which the terrain and climate factors explain the phe-
nological parameters, & is the stratification of variable Y or the classification of factor X,
and N, and N are the numbers of spatial units of the & classification and the whole area,
respectively. Moreover, 07 and 02 are the variances of the Y values of the h layer and the
whole area, respectively, and SSW and SST are the sum of variance within the layer and
the total variance of the whole area, respectively.

Interactive detection mainly evaluates the degree to which the spatial heterogeneity
of phenology is explained by combined factors. The g(X; N X;) is formed by stacking
the two variables together to calculate the g-value of the interaction. A determination is
made as to whether the combined influence of the two elements is enhanced, weakened,
or independent of one another by comparing the separate g-values (7(X1),4(Xz)) and
g(X; N Xy). The comparison criteria for g-values and interaction types are shown in Table 3.

Table 3. The types of interaction between two independent variables.

Interaction Types Judgement Criteria
Nonlinear weakened (X1 N Xz) < Min(q(X1),q(Xz2))
Univariate weakened Min(q(X1),9(X2)) < (X1 N Xp) < Max(q(X1),9(X2))
Bivariate enhanced q(X1 N Xz) > Max(q(X1),9(X2))
Independent (X1 N Xp) =q(X1) +9(X2)
Nonlinear enhanced q(X1 N Xz) > q(Xq) +q(X2)

Note: g is the number that quantifies the degree of influence of the driving factor.
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Risk detection mainly determines whether there is a significant difference in the
phenological mean between two factor regions via a t test. The formula is given by Equation
(8), where Y}, represents the mean value of the attribute in subregion , 1, is the number
of samples in the subregion, also called the number of pixels, and Var represents variance.

A A o
Yn=1"Yn=2 [ Vm’(?hzl ) + Vm’(?hzz) ] 1/2
np=1 Mp=2

Ecological detection explores the significant differences in the effects of the interactions
of different factors on the spatial distribution. The formula is given by Equation (9),
where Nyxj and Ny», respectively, represent the sample sizes of the two factors X; and
X5, and SSWy, and SSWyy,, respectively, denote the sum of within-layer variances of the
stratification formed by X; and X;. The calculation formula is given by Equation (10),
where Ly and Ly, respectively, represent the numbers of layers of variables X; and X.

Ny (Nx, —1)SSWx,

= ©)
Nx, (Nx, — 1)SSWy,
L
_ : 2 _ & 2
SSWXl = Z NhO'h,SSWX2 = Z NhO'h (10)
h=1 h=1

3. Results
3.1. Spatial Pattern of the Phenological Parameters

Figure 5 depicts the spatial patterns of the phenological parameters and the differences
in the phenological mean values among different forest types and elevations. The spatial
patterns of the four phenological parameters display characteristics of spatial heterogeneity
with different elevations, site areas, and forest types. The overall pattern of the SOS
exhibited an advance from northeast to southwest. Specifically, the SOS started earlier at
the junction between region I and region III, and also that between region I and region
IV, at approximately 73-96 doy. In the north of region I and the west of region II, the
SOS began later, at about 90-136 doy (Figure 5a). The EOS presented a spatial feature of
gradual advancement from the coast to the inland region (Figure 5b), and most occurred at
324-344 doy. The LOS was affected by the spatial characteristics of the SOS and EOS, so it
appeared to have a spatial pattern of shortening in site areas I, II, and III from the boundary
to the middle of the site areas, with the average value mostly ranging from 234 to 260 doy.
However, overall, the LOS was longer in region IV (Figure 5c), at about 247-296 doy. The
POP presented a pattern of advancement from the coast to the inland region (Figure 5d),
which was similar to the EOS pattern, and centered on 183-201 doy overall. To explore the
spatial patterns of phenology in detail, the phenological parameters and elevation data
were used for regression analysis to explore the altitude gradient of phenology. As the
elevation increased by 1000 m, the SOS was significantly delayed by 8 d (p < 0.05), whereas
the EOS and POP were significantly advanced by 11 and 5 d, respectively, and the LOS was
significantly shortened by 19 d (Figure Al).

From the perspective of the forest type, the SOS, EOS, and POP of SHL were later than
those of the other four forest types (Figure 6a,b,d), and the LOS was longer (Figure 6c).
Moreover, the SOS, EOS, and POP of DBF2 were advanced, while the LOS was shorter. The
ENF and EBF experienced little fluctuation in different regions, and the regional mean sizes
were similar. However, the SOS and POP of DBF1 fluctuated greatly among the site areas
(Figure 6a,d); in particular, the difference in the POP between regions I and II was large
(Figure 6d).



Forests 2024, 15, 334 11 of 30

(a) 3
z z
3 o
® 25 ®
a S I
- -
.
z Z
Z s
=] o
(o] (o}
30% 30%
20% 20%
V4 = 10% Z 10%
£ =
g SOS(DOY) s s 0%
$ Sese 10 37 64 73 80 85 90 96 o e i 257 318 324 330 336 344 354
116°0'E 118°0'E 120°0'E 116°0'E 118°0'E 120°0'E
© i X
¢ A ) A
o L )
N . g 9” = d
Q S b1 S
.~ NN
z Z
% 2t :
S &
30% 30%
20% 20%
V4 il 10% z. ~ . 10%
= = ]
2 LOS(DOY) s -4 POP(DOY) s
EN | [ s EEN .
N . © 145 225 234 241 247 251 260 e KM 161 183 189 195 201 208 217
116°0'E 118°0'E 120°0'E 116°0'E 118°0'E 120°0'E

Figure 5. The spatial distributions of the (a) SOS, (b) EOS, (¢) LOS, and (d) POP in the Fujian province.
The histograms present the proportion of pixels in the phenological interval. DOY indicates the day
of the year.
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Figure 6. The fluctuations of the (a) SOS, (b) EOS, (c) LOS, and (d) POP among different forest types
and site areas.

3.2. Variation Trends of the Phenological Parameters
3.2.1. Temporal Variability of the Mean

As shown in column (f) of Figure 7, the overall forest SOS was, not significantly,
advanced at a rate of 0.15 days per year (p > 0.05), while the EOS and POP were significantly
advanced by 0.51 and 0.57 days per year, respectively. The LOS decreased by 0.36 days
per year due to the more advanced trend of the EOS, compared to the SOS, but the trend
was not significant (p > 0.05). The overall fluctuation range of the SOS was the largest
(25 d), followed by the LOS and POP (23 and 22 d, respectively), and finally the EOS (16 d).
At the regional scale, the advancement trends presented by the four sites were generally
consistent with the overall pixels. Among all the phenological parameters, the fluctuation
ranges of the SOS in different regions were relatively coincident, but that of DBF2 in regions
III and IV was lower than the others (Figure 7d). Moreover, the overall fluctuation of the
four phenological parameters of SHL and DBF1 presented differences; SHL exhibited the
largest fluctuation in the EOS (30 d), and the largest fluctuation for DBF1 was in the POP
(33 d).
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Figure 7. The phenological time trends of (a) evergreen needleleaf forests, (b) evergreen broadleaf
forests, (c) deciduous broadleaf forests, (d) deciduous broadleaf forests mixed with other vegetation,
and (e) shrubland, in the four site areas, as well as that of (f) all forest pixels.

3.2.2. Variation Trends of the Regions

Figure 8 depicts the geographical distributions of the phenological parameter trends
over the past 19 years, as obtained via Sen and MK analysis, as well as the differences in
the variation trends of the plot areas and forest types. More than 50% of the pixels for all
phenological parameters showed an advanced trend. In terms of SOS and LOS, EOS and
POP showed a broader spatial distribution of advance trends (Figure A2a,d,g,j), which
account for 74% and 71.3% of the total, respectively. However, most of the advanced trends
in these four phenological parameters were not significant. Specifically, the proportions
of pixels that showed significant advancement were only 5.6%, 20.5%, 12%, and 17.7%
for SOS, EOS, LOS, and POP, respectively, whereas the proportions of pixels that did not
show significant advancement were 51.1%, 53.5%, 51.7%, and 53.6%. Furthermore, in
comparison to EOS and POP, with 19.2%, and 23%, SOS and LOS show a relatively higher
proportion of delayed pixels (Figure A2¢,f,i]), accounting for 31.4% and 30.1%, respectively.
Nevertheless, the observed trends were predominantly insignificant, with only 1.3%, 2.3%,
1.2%, and 1.5% of the trends being significant for SOS, EOS, LOS, and POP, respectively.
Regarding the trend of no fluctuation, SOS and EOS exhibited a relatively larger proportion
(Figure A2b,e,h k), accounting for 11.9% and 6.8% of the total pixels, respectively. Following
them were LOS and POP, with proportions of 6.2% and 5.7%, respectively.

Table 4 shows different site-area pixel proportions in the same trend category and
the advanced or delayed pixel proportions of different forest types. The areas with a
significantly advanced SOS were mainly concentrated in region II, followed by region I.
Furthermore, region I had the highest proportion of places with nonsignificant advance-
ment, no fluctuation, and nonsignificant delay, followed by region III. The significantly
delayed areas were mainly focused in region I, followed by region IV. In addition, the
highest proportion of extremely significant trends was in region 1V, followed by region
I. The higher values for areas of all trends in the EOS, LOS, and POP were concentrated
in region I, as opposed to the those of the SOS advanced trends. Regions III and IV also
accounted for large proportions of delayed trends. From the perspective of forest type,
the advanced trend was greater than that of the delayed trend in all forest types. DBF1,
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ENF, EBF, and DBF2 were the most advanced forest types, corresponding to the SOS, EOS,
LOS, and POP, and severally accounting for 72%, 80%, 69%, and 78%, respectively. The
proportion of the delayed trend of the EOS in DBF1 accounted for the largest value, at 47%.
Regarding the SOS, LOS, and POP, the delayed trends in SHL accounted for the largest
proportions, namely, 49%, 39%, and 33%, respectively.
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Figure 8. The trend figures of the (a) SOS, (b) EOS, (c) LOS, and (d) POP. In this figure, ESA (ESD),
SA (SD), SSA (SSD), NA (ND), and NF, respectively, represent the trends of extremely significantly
advanced (or delayed), significantly advanced (or delayed), slightly significantly advanced (or
delayed), not significantly advanced (or delayed), and no fluctuation.
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Table 4. A pixel-proportions table describing site areas as to the same trend and the advanced or
delayed trend proportions in different forest types.

Site

Period J° ESA SA SSA NA NF ND SSD SD ESD Trend ENF EBF DBFI DBF2 SHL
I 28% 31% 36% 51% 5%% 58% 54% 47% 32% . . . . .

sos L 40% 42% 36% 19% 13% 8% 4% 3% 2% Advance 66% 60% - 72% - 65% - S1%
m 9% 12% 16% 21% 19% 23% 16% 14% 11% . . . . .

IV 23% 15% 12% 9% 9% 13% 26% 36% 55% D¢y 34% 40%  28%  35%  49%

I 54% 54% 55% 54% 55% 50% 45% 44%  45% . .

EOS 0 26% 23% 20% 16% 12% 10% 8% 7% 5% Advance 80%  78%  66%  76%  61%
M 13% 15% 16% 20% 23% 25% 28% 29%  23% . . . . .

vV 7% 8% 9% 11% 10% 15% 19% 20% 29%  Delay  20% 22%  34%  24%  39%
I 65% 61% 59% 54% 53% 48% 47% 46% 51% . . . . .

LOS 0 16% 16% 16% 15% 17% 16% 18% 19% 18% Advance 68%  69%  53%  66%  64%
M 11% 14% 15% 20% 21% 24% 23% 22% 20% . . . . .

IV 8% 9% 10% 11% 10% 12% 12% 13% 10% Delay  32% 31%  47%  34%  36%
I 54% 56% 57% 55% 54% 48% 41% 37% 40% . . . . .

pop I 28% 23% 20% 1e% 13% 11% 9% 8% 8% Advance  77%  72%  74%  78%  67%
M 11% 13% 14% 19% 23% 27% 33% 35% 34% . . . . .

vV 7% 8% 9% 10% 11% 14% 16% 19% 17%  Delay  23% 28%  26% = 22%  22%

Note: SOS, EOS, LOS, and POP represent the start of the growth season, the end of the growth season, the length of
the growth season, and the date-position of peak value, respectively. ESA (ESD), SA (SD), SSA (SSD), NA (ND), and
NE respectively, represent the trends of extremely significantly advanced (or delayed), significantly advanced (or
delayed), slightly significantly advanced (or delayed), not significantly advanced (or delayed), and no fluctuation.
ENE, EBF, DBF1, DBF2, and SHL, respectively, represent evergreen needleleaf forests, evergreen broadleaf forests,
deciduous broadleaf forests, closed (>40%) deciduous broadleaf forests, and shrubland. Designations I, II, III, and
IV, respectively, represent the mountainous region of Wuyi Mountain; the coastal low mountain and hill region of
Zhejiang and Fujian; the mountainous and hill region in Jiangxi, Fujian, and Guangdong; and the coastal hill and
plain region of Fujian and Guangdong.

3.3. Exploration of the Driving Factors of SOS and EOS Spatial Differentiation
3.3.1. Single-Factor Exploration

Before factor detection, all driving factors must be discretized. The terrain factors have
actual division rules, and the forest type data are discrete; however, the temperature and
precipitation data intervals across factors are diverse, and there are no consistent rules.
The “GD” package was used for the automatic identification of the best techniques and
classifications for discretization processing. All the data were then divided and the g-values
for the driving factors were computed for different site areas. Figure 9 shows the degrees
of influence of the driving factors that affected the spatial differentiation of the mean SOS
and EOS in the four regions in the 19-year observation period. In all regions, the impacts of
terrain factors on the SOS were less than those of climate factors. Regions II and III were
the most affected by the accumulated precipitation in the previous two months and the
precipitation in the previous month (63.7% and 63.9%, respectively). The precipitation in
the same month had the highest degree of influence in both regions I and IV (49.9% and
65.2%), but the degree of interpretation was higher in region IV. The temperature in the
current month had a higher impact than the other factors in region IV (Figure 9d). In the
four regions, the explanatory power of terrain factors as to the EOS was slightly greater
than that for the SOS, and the elevation and aspect factors ranked relatively higher. The
lagged or cumulative effects of precipitation in the previous two and three months on the
EOS ranked in the top four. The types of top-ranked EOS factors were basically the same in
the four regions, but the ranking order in region IV was different from those of the others.
In summary, precipitation had the highest explanatory power for the SOS and EOS, but the
lag time was different. Moreover, terrain factors had more obvious influences on the EOS.
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Figure 9. The factor detection g-values of the SOS and EOS in regions (a) I, (b) II, (c) III, and (d) IV. In
means that the factor has passed the significance test. The lagged impacts of precipitation
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and temperature are, respectively, presented in the formats “#month_pre” and “#month_tmp,” where
“#” represents the number of preseason months. Moreover, the cumulative impacts are, respectively,
presented in the formats “acc#_pre” and “acc#_tmp,” where “#” denotes the cumulative length.
Finally, DEM is the elevation, Slope and Aspect are terrain factors, and FC_type is the forest type.

3.3.2. Two-Factor Analysis

According to the factor detection results, the interaction g-values between two factors
were calculated for different site areas and compared one by one to determine the interac-
tion type and judge whether the two-factor interaction was stronger or weaker than the
individual factors. Table 5 lists the top five factor-interactions in the interaction detections
of different site areas. In the majority of the factor interactions, the SOS exhibited nonlinear
enhancement, and the EOS exhibited bivariate enhancement. This proves that the EOS
was not only affected by current factors, but also by other factors, and that the effects of
factor interactions on the SOS were stronger. The interaction of the lagged effect of the
temperature in the past three months (X11) and the temperature in the current month (Xs)
in regions I, II, and III had the strongest explanatory power for the SOS (78.2%, 85.4%, and
76.6%, respectively). In region IV, the interactive effect of X5 and the precipitation in the
current month (Xy) had the strongest explanatory power for the SOS (85.6%). In terms of
the EOS, the interaction between the accumulated precipitation in the past three months
(X14) and the accumulated temperature in the past two months (X;3) had the strongest
explanatory power in regions I and IV (83.9% and 85.3%, respectively). The interaction
between Xj4 and the lagged effect of the temperature in the previous month (X7) or in
the previous two months (X9) was the greatest in regions Il and III (75.4% and 77.4%, re-
spectively). In general, the interactions between climate factors accounted for the majority.
Among the top five factor-interactions, those types involving the SOS in the four regions
differed greatly, while those of the EOS were basically the same, but the ranking order
demonstrated a difference. The main combined driving factors of the SOS and EOS were
any two factors among X1, X5, X4, X14, and X7. The combination of two factors enhanced
the interpretation of a single factor. Thus, the factors jointly, not independently, affected the
spatial differentiation of phenology.

Table 5. Ranking of g-values for interaction exploration.

Period Site Area Factor Interaction Ranking
I X11 ﬁX5 (0782) T > X15OX5 (0730) T > X9ﬁX5 (0718) T > X6ﬂX5 (0711) TT > X120X5 (0700) TT
505 1T X11NX5 (0.854) 11 > X1oNX5 (0.849) 11 > XgNX5 (0.831) 11 > X1oNX7 (0.828) 1 > X14NX5 (0.819) T
I X11NXs5 (0.766) T > X11nX4 (0.739) 11 > XsNX5 (0.736) 11 > X5NXy (0.729) 11 > X15NX5 (0.728) T
v X5QX4 (0856) TT > X70X4 (0827) TT = Xlsz5 (0827) TT > X6OX5 (0816) TT > X13OX4 (0811) TT
I X14MX13 (0.839) T > X14NXg (0.836) T > X15NX14 (0.834) T > X14N X7 (0.827) T > XgNXy (0.804) T1
EOS 11 X1aNXy (0754) T > X14ﬂX13 (0747) T > X14MNXog (0735) T > X14OX5 (0731) T > Xng7 (0728) TT
I X14QX9 (0.774) T > X15OX14 (0.770) T > X14QX13 (0.767) TT > X14OX7 (0763) TT > XgﬂXg (0759) TT
v X14MX13 (0.853) 11 > X14NX7 (0.852) 14 > X12NXo (0.850) 1 > X15MX14 (0.845) 11 > X14NX1; (0.833) 1

Note: 171 represents nonlinear enhanced, 1 represents bivariate enhanced. This table lists only the top
five factor-interactions in terms of g-values, with parentheses presenting the g-values of the interactions.

3.3.3. Interval Factor Detection

Interval detection is the intermediate result of risk area detection. The driving-factor
intervals corresponding to the earliest start/end and the latest start/end of the SOS and EOS
were obtained by calculating the phenological mean values in the classification intervals
of the discrete driving factors. Then, the specific laws as to the influences of terrain and
climate factors on the spatial differentiations of the phenological parameters were obtained.
In the period 2001-2019, the SOS and EOS in DBF2 occurred the earliest, and those in SHL
occurred the latest (Figure 10a). Regarding elevation, the SOS in the areas with an elevation
of less than 200 m occurred the earliest and the EOS occurred the latest, while the opposite
was true in the areas with an elevation between 1000 and 2500 m (Figure 10b). These
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two conclusions are consistent with the characteristics presented in the spatial distribution
patterns of phenology in Section 3.1. Regarding the SOS and EQOS, those in the north
occurred earlier, while those in the south occurred later (Figure 10c). In terms of the slope,
the SOS started earlier and the EOS ended later on gentler slopes, while steeper slopes
displayed the opposite trend (Figure 10d).

(@) (b)
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EOS(DOY)

326
336

= SHL = EBF =1000
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ENF = DBFI1 = 500-1000
DBF2 =200-500
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= North = Northeast
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u>45  m35-44

East = No aspect
25-34 w1524 = Southeast Southwest
m5-14 <5 South

Figure 10. The mean SOS and EOS for (a) forest type, (b) elevation, (c) slope, and (d) aspect factors.

Table 6 reports the intervals corresponding to the maximum SOS and EOS for each lag
and accumulation factor. The precipitation factors had a certain positive correlation with
the SOS. The SOS had positive relationships with the temperature in the current month,
the temperature in the previous month, and the cumulative temperature in the previous
two months. Moreover, it had negative relationships with the temperature in the previous
two months, the temperature in the previous three months, and the cumulative temperature
in the previous three months. The EOS had negative correlations with all precipitation
and temperature factors; it occurred earlier in the areas where there was more rainfall and
higher temperatures.

Table 6. The earliest or latest intervals and the mean values of the intervals of the SOS and EOS
corresponding to the temperature and precipitation factors.

Factor Range of Max Max SOS Range of Min  Min SOS ;é:;gg (;); Max EOS &‘;ﬁgg (;); Min EOS
SOS Mean Mean (d) SOS Mean Mean (d) mean (d) Mean (d)
Mean Mean

Xy (2030, 2710] 95 [456, 896] 67 [176, 288] 343 (991, 1460] 321
X5 (17.9,21.1] 94 [3.2,8.0] 60 [5.5,8.9] 344 (17.2,22.7] 323
Xe (1460, 1970] 98 (251, 580] 72 [174, 399] 340 (961, 1430] 329
Xz (14.2,18.3] 92 [1.7,5.6] 64 [9.1,12.9] 349 (21.4,24.5] 323
Xg (910, 1480] 89 [266, 557] 80 [249, 635] 344 (1210, 2490] 322
X9 [0.4,5.2] 89 (13.8,18.7] 71 [13.8,17.1] 343 (24.8,27.0] 324
X0 (681, 749] 86 (965, 1340] 71 [285, 824] 356 (2180, 3240] 324
X11 [0.1, 6.0] 102 (20.1, 23.6] 75 (24.6, 25.3] 333 (27.7,28.5] 325
X1z (1260, 1680] 99 [310, 532] 73 [267, 624] 342 (954, 1790] 322
X13 (13.4,18.5] 90 [1.6, 5.6] 72 [11.5,15.3] 345 (22.9,25.7] 324
X4 (939, 1440] 92 [309, 536] 77 [343, 803] 345 (1290, 2080] 324
X15 (7.1,8.2] 87 (12.1,13.3] 80 [13.3,17.0] 340 (24.2,26.5] 325
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3.3.4. Significance Analysis of Factor Interactions

Ecological detection principally reflects whether there were significant differences
in the spatial variation of the SOS and EOS due to each set of driving factors. There
were significant differences in the effects of all factors on SOS in regions I and IV. The
interactions among the elevation (X;) and the precipitation in the past three months (X1),
the aspect (X3) and the cumulative temperature in the previous three months (X15), and the
monthly precipitation (X4) and the precipitation in the previous month (X¢) did not have
significantly different effects on the SOS in region II. The interactions of the forest type (X)
and slope (X;) with X¢ and Xj5 also did not present significant differences (Figure 11a).
For the EOS, there were significant differences in the effects between all factors in regions
I and II. In contrast, the effects of the interaction between X4 and the temperature in the
previous two months (X9) in region III, as well as that between X; and X3 in region IV, had
no significant difference in the spatial differentiation of the EOS (Figure 11b).
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Figure 11. The ecological detection results of the (a) SOS and (b) EOS in site areas. Variables X
to Xj5 represent the driving factors, Y indicates that the factor had a significant difference in the
95% confidence interval for the SOS or EOS, and N represents “no significant difference.” The factors
with no significant difference were labeled according to different regions, and all the other factors
except the labeled ones had significant differences.

4. Discussion
4.1. Spatiotemporal Variation Characteristics of Forest Phenological Parameters

The four phenological parameters of subtropical forests in Fujian showed different
spatial patterns; the SOS occurred later in the north and earlier in the south, and the EOS
and POP occurred later in the east and earlier in the west, which is similar to the results of
previous studies [18,59,60]. Compared with the phenological length in subtropical Mexico,
which is in the same latitude zone, the mean values of the EOS and POP were similar, but
the SOS was in Fujian later [61], which may be related to the higher mountain altitudes
in subtropical Mexico compared to Fujian. However, it is worth noting that the LOS and
EOS showed visibly shorter or later phenomena at the junction of the four site regions, as
compared with other areas. On the one hand, the junction has a higher elevation (Figure 3a),
which indicates that the LOS and EOS are highly sensitive to altitude. On the other hand,
the junction is also at the intersection of different growth environments, and the fluctuation
of the soil environment and microclimate makes the forest growth unstable. Moreover, the
regional growth period within the north and south areas is longer; this is basically consistent
with the distribution of tree growth centers, such as Shunchang County and Jiangle County,
indicating that the length of the growth period is closely related to forest productivity. In the
analysis of phenological mean distributions, there were differences in the central tendencies
of different sites and forest types. In most forest types, the concentrated distribution days
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of SOS, EOS, and POP in area II were later than other site areas, and the LOS was longer.
The central distribution of II and IV was different in most forest types. These regions are
located in coastal areas, but also in different subtropical areas. This means that the change
in secondary zones could affect the differentiations in phenology. Moreover, the mean
phenological distribution of SHL and DBE2 was different from those of other forest types
in the same site area. The SOS, EOS, LOS, and POP of SHL distribution were later or longer.
Shrublands may extend their growing season to survive, because they have low heat and
cold requirements [62]. In contrast to other forest types, DBF2 mixed with more other types
of vegetation and showed earlier distribution of SOS, EOS, and POP as well as shorter LOS,
suggesting that the increased presence of other vegetation restrained the growth of the
forest as a whole. Productivity can be increased through the timely removal of understory
vegetation, acceptable levels of thinning to increase the light gap, and the reduction of
competition amongst understory plants. The clear geographical difference also offered a
relatively high degree of explanation for the driving forces in the GeoDetector model.

From the perspective of the overall time change characteristics, both the SOS and
EOS had advanced trends; however, the EOS was noticeably more advanced, causing the
LOS to exhibit a shortening trend and the POP to exhibit an advancing trend. The spatial
differentiation of the SOS trend was relatively obvious, and most of the delayed trends
of the SOS appeared around major rivers. The reason for this could be that the intense
disturbances near the river impact the physiological and structural makeup of the forest,
and major weather disasters occur when they are severely impacted, which is in line with
what is observed in coastal areas. Furthermore, we discovered that the delayed trend was
higher in region 1V, with the advanced and delayed trends having similar proportions
in SHL in SOS and DBF1 in LOS, respectively. This shows that ENF and EBF are more
stable than SHL and DBF1. In conclusion, the following measures should be considered
for actual production and operation. Mixed forests should be planted at the intersection of
forest sites to increase the stability of the forest, and growing trees next to rivers requires
careful consideration of a variety of issues. On the one hand, tree species’ resistance to
waterlogging must be taken into account; on the other hand, to keep rivers flowing, the area
of forests must be considered. Evergreen arbor species may be preferable for urban forest
greening, as SHL and DBF have weak stability, and SHLs do not have good environmental
adaptability in humid and coastal subtropical climates.

4.2. Exploration of the Drivers of the SOS and EOS

According to the study on the influences of the driving factors via GeoDetector, the top
five factors affecting the spatial differentiation of the SOS and EOS in the four regions were
the same, and these parameters were primarily affected by the lagged effect of preseason
precipitation. This suggests that rainfall is the primary driver, a phenomenon resembling
tropical and subtropical forest phenology in North and South America [63]. However,
the lag lengths of the dominant factors of the SOS and EOS were different. The main
influencing factors of the SOS in regions I, III, and IV were the lag factors of the precipitation
in the current and previous months, respectively, and that in region II was the cumulative
precipitation in the previous two months. These findings indicate that the production
of new forest leaves in region II may require a higher water content. Precipitation is a
main influencing factor in most places because it occurs before the growing season, and
proper precipitation can encourage spring leaf growth. For the EOS, the precipitation from
two months prior was the main driving factor of the regional differentiation in regions I, II,
and III, whereas that in region IV was the cumulative precipitation in the past three months.
The EOS was also mainly affected by the preseason precipitation. It is worth noting that
the primary EOS factors varied with the difference between the middle and South Asian
tropics, and changes in the EOS may also be impacted by variations in soil types.

Despite precipitation having a higher ranking in the SOS single-factor detection, the
interaction between the temperature in the first three months of the season and that for
the current month had the highest explanatory power for the SOS in regions I, II, and
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III, while the interaction between the temperature and precipitation in the current month
had the highest explanatory power for the SOS in region IV. The results indicate that the
SOS response to temperature is a multi-level response mode, rather than a single-level
mode. Moreover, there are also differences between the central tropics and the South Asian
tropics. The winter temperature impacts the cooling demands throughout the dormant
phase, while the spring temperature is related to the rate of leaf cell division during the
growth period. Thus, the spring phenology of the forest is influenced by both the winter
and spring temperatures in the subtropical region. In the south subtropics (region IV),
the climatic conditions of higher temperature and less precipitation may reduce the heat
accumulation demand and increase the demand for precipitation in the bud-recovery stage
of the dormant period, resulting in the highest values for interaction between precipitation
and temperature for the current month relative to SOS. The explanatory power of the
interaction between cumulative precipitation and temperature in the first two months was
the highest in regions I and IV, and that of the interaction between cumulative precipitation
and lagged temperature was the highest in the other two regions; this is similar to the
conclusion of Ren et al. [64]. It was also found that hydrothermal action was more important,
and that, although there was no spatial difference between coastal and inland areas, their
lags and cumulative lengths were different. Furthermore, the majority of the EOS factor-
interactions were bivariate enhanced, indicating that EOS can be influenced by other latent
factors in addition to temperature, precipitation, topographical characteristics, and the
forest type.

Interval detection can reveal the relationships between phenology and various factors,
and the relationships between phenology and the forest type, geography, and climate in
Fujian Province were explored in this study. The relationships were found to be basically
the same as those in the results of previous analyses of forest types, standing areas, and
elevation data, thus demonstrating the reliability of the GeoDetector results. The detection
showed that the temperatures at different periods had varied legacy impacts on the SOS
(Figure 12a), with a shorter lag and accumulation having a positive effect and a longer lag
and accumulation having a negative effect. This also suggests that the requirement for heat
varies during the dormant period before leaf growth. Furthermore, temperature and precip-
itation were both negatively correlated with the EOS (Figure 12b), and the relation between
SOS and precipitation was entirely positively correlated. The results for precipitation with
S0OS and EOS are in line with the findings of Ge et al. [65], who investigated the impact of
drought on phenological patterns using the standardized precipitation evapotranspiration
index.

In summary, the dominant factors and the degrees of influence showed spatial het-
erogeneity, and the phenological differentiation in coastal areas II and IV was obvious.
Therefore, in actual production, it is necessary to carry out suitable planting and reasonable
management activities. The maximum and minimum values in the four site areas were also
calculated as a reference for the comparison of recommendations, as shown in Table 7. In
region II, thinning should be carried out two months before the start of the growing season
(December of the previous year to February) and two months before the growing season
ends (August to October). On the one hand, this will change the understory microclimate
and reduce the understory species abundance through the gaps in large canopies [66]; on
the other hand, more light radiation will penetrate the gaps, which will reduce the soil sat-
uration due to precipitation, thus advancing the SOS, extending the EOS, and lengthening
the forest growth period to improve forest productivity. The main focus in region IV should
be on the variation of soil moisture throughout the region. Because soil and water loss are
more severe when red soil experiences extreme weather, it is vital to limit the planting scale
of pure forest and pure shrub areas, and to increase biomass via a combination of irrigation
and cash crops. In addition, the growth periods of evergreen trees are longer than those of
deciduous trees, so local dominant trees such as Cunninghamia lanceolata, Pinus massoniana,
and Cinnamomum porrectum should be planted to the greatest possible extent during af-
forestation. Simultaneously, in the inland areas with small phenological fluctuations in
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regions I and III, attention should be paid to forest tending and management aspects closely
related to tree growth, such as release cutting, pruning, and thinning according to forest
ages, as well as replanting in areas with low forest density in broadleaf forests.
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Figure 12. The results of the relationships of lagged and accumulated (a) temperature and
(b) precipitation with phenology. TMP indicates temperature and PRE represents precipitation.

Table 7. The operational measures in various regions.

. . . Reference
Phenological Enhanced Productivity Site Area Value Management Measures
Parameter (Prolonged LOS) (DOY)
Pay attention to frost disasters, and
Advanced I, I1I (inland) 73-95 (I) plant mixed forests near rivers; Selective
will be advanced by lower ’ — cutting and interplanting of artificia
(SOS will be ad d by 1 75-91 (III) g and interplanting of artificial
SOSs temperatures in early spring, pure forest.
higher temperatures in late winter, . . ]
and less precipitation) 1L, TV (coastal) 81:100 (Im) Thinning .an(?l pruning in late winter and
79-92 (IV) early spring; Choosing evergreen trees.
In the process of tree growth, the forest
. 317-344 (I) tending should be strengthened, and the
[ T (inland) 319-337 (III) areas with a low density of broadleaf
Delayed forest should be replanted.
(EOS will be delayed by lower Reasonable thinning and pruning in
EOS temperatures and less

summer and autumn; Prevention of
extreme weather and planting more
and autumn) LIV tal 324-342 (II) local dominant tree species; The
IV (coastal) 324-339 (IV) planting scale of pure forest and pure
shrub areas should be limited, and the
mixed planting of arbors and irrigation
should be carried out.

precipitation in summer

Note: The reference value is the number of days in which the main phenological mean interval is centrally
distributed.
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4.3. Effects of Factor-Driven Tree Physiological Processes on the SOS and EOS

Subtropical forests adapt to changes in climate factors such as light, precipitation, and
air humidity through leaf decay. Preseason precipitation was found to have the greatest
single influence on the SOS. Trees lose old leaves and develop new leaves when there is
no water stress, i.e., when internal and external water values are balanced [67,68]. As a
result, before the formation of new leaves, precipitation increases the internal wetness of
the tree, allowing it to maximize photosynthesis. However, as the soil moisture approaches
saturation, the increase in precipitation contributes to the high water-potential of the trees,
which prevents the plants from starting to spread their leaves. However, precipitation is
usually accompanied by changes in the soil and surrounding temperature which affect soil
respiration and, indirectly, the heat demand for plant growth in spring [69]. The explanatory
power of the interaction of preseason temperature was greater than that for precipitation
alone. After experiencing low temperatures in autumn and winter, evergreen trees also
restrict the growth of bud cells and enter a paradormancy period; the organ enters the
endodormancy phase after cold acclimation and enters the ecodormancy phase when cold
temperature accumulation reaches a particular level; with the long-term increase in spring
temperatures, ecodormancy is disrupted after reaching a specific cumulative temperature,
and germination commences [24,26,70,71]. In general, if the temperature rises during
the endodormancy period, it will take longer to meet the low temperature requirement,
slowing the opening the of ecodormancy phase and delaying bud germination. But, via
GeoDetector interval detection, the autumn and winter temperatures (with a long delay)
were found to display an opposite relationship. Warming near the endodormancy peak can
diminish the depth of bud dormancy, shortening the duration of spring germination and
therefore advancing SOS [72]. A warm spring promotes photosynthesis during the spring
to advance the SOS, and rising temperatures will reduce the accumulated temperature
time and frost damage, advance the leaf emergence time, and have positive effects on trees.
High temperatures also increase transpiration and reduce the water intake of trees. In
subtropical regions, the negative effects of high temperatures can dilute the positive effects,
resulting in the delay of the SOS [73]. Thus, the SOS showed different correlations with
temperatures with variations in lag time. During the growth cycle of subtropical forests,
the chlorophyll content of leaves decreases as the dry and wet seasons continue [74], and
leaf litter usually occurs once or twice. In the second rainy season, the leaves usually tend
to balance water loss through stomatal regulation [75]. With open stomata on plant leaves,
high temperatures promote photosynthesis and transpiration. In addition, the precipitation
makes the soil moist enough. But because of the high temperature, subtropical forests have
a large vapor-pressure deficit, which exacerbates tree defoliation and advances the EOS.
Therefore, the relationship between temperature, precipitation, and the EOS is negative.

In addition to weather considerations, topographical factors were found to influence
the regional differences in the SOS and EOS more than did variation in forest type. How-
ever, among the environmental factors, altitude provides a higher degree of explanatory
power, and the temperature decreases as the altitude increases (Figure A3a). Reduced
ambient temperature inhibits vegetative growth and extends the time it takes for vegetation
to achieve the cumulative temperature needed for growth. The terrain of Fujian Province is
largely mountainous and hilly, with a distinct microclimate in the mountains and regional
precipitation. At low altitudes, the average annual precipitation interval is not greatly
altered with elevation (Figure A3c,d), whereas at high altitudes, the average annual precip-
itation interval increases with elevation (Figure A3e,f). The phenological differentiation
caused by precipitation differences was more obvious in high-altitude areas. The link
between altitude, temperature, and precipitation caused phenological variations that were
consistent with the GeoDetector results. The connection between phenology and elevation,
on the other hand, is not a single reaction to temperature or precipitation, and different
vertical gradients of phenology will yield distinct driving mechanisms [35,76]. The process
behind the vertical properties of phenology is complex; it is controlled by the interplay of
evapotranspiration and vegetation, in addition to temperature and precipitation. A unique
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phenology is created by a mix of biological and abiotic elements, and the relationships
between these factors and phenology must be researched more intensely in the future by
collecting more phenological observation data and carrying out experiments.

4.4. Limitations and Uncertainties

The focus of this study was on the effects of lagged climate factors relative to phe-
nological differentiation, and the inclusion of more potential factors like solar radiation,
evapotranspiration, a standardized precipitation index, and a standardized precipitation
evapotranspiration index in future work may further knowledge of the extent of drought’s
effects on phenology and reduce the uncertainty of these phenological effects. The spatial
resolution of the phenology and land-cover datasets used in this study was relatively low,
and some spatial details may have been overlooked that could have affected the results, due
to the mountainous and hilly terrain and high vegetation coverage. Fujian Province is prone
to tropical cyclones because of its location on the southeast coast, near the western Pacific
Ocean. Forest phenology is impacted by subtropical cold waves, freezing rain, and snowfall
catastrophes. For example, in addition to a January cold wave in 2016, the summer of that
year saw the biggest typhoon since 1949, due to the effects of EI Nino, one which severely
devastated the vegetation and resulted in the shortest LOS. There are uncertainties in the
detection of the EOS, and extreme weather also impacted the original EVI phenological
extraction calculation. Chlorophyll and solar-induced chlorophyll fluorescence imagery
extracts phenology of subtropical evergreen forests effectively, but the determination of
how to assure their spatial resolution at a regional scale to extract phenology remains a
challenge. Additionally, experimental research in physiological ecology is important for a
thorough understanding of the physiological processes of forest growth and can enhance
the comprehension of the underlying mechanisms. Despite these deficiencies, this study
revealed the lagged and cumulative effects of temperature and precipitation on forest
phenology from a spatial perspective using GeoDetector, analyzed the possible causes of
phenological changes, and provided a scientific basis for forest management decisions in
Fujian Province.

5. Conclusions

This study analyzed the spatiotemporal characteristics and trends of subtropical
forest phenology in Fujian Province from 2001 to 2019 and explored the driving forces of
phenological spatial heterogeneity. The findings can provide a reference for phenological
research in subtropical regions around the world. The results revealed the following.
(1) Spatiotemporal changes and trends were ascertained. The SOS, EOS, LOS, and POP
trends were advanced, and the mean values of these were roughly 73-96 doy, 324-344 doy,
234-260 doy, and 183-201 doy, respectively. In spatial distribution, the boundaries of
site areas had obvious differences on the SOS, EOS, and LOS. From the perspective of
forest types, shrubland was found to fluctuate widely, grow late, and have poor stability.
(2) Driver factors of phenological differentiation were identified. Precipitation was found
to be the dominant individual factor driving the SOS and EOS. But the preseason intervals
varied by locale. In region IV, the interpretation of the SOS and EOS given the precipitation
in the current month and the cumulative precipitation in the past three months was the
highest among all regions, with values of 65.2% and 74.7%, respectively. The interaction-
detection results showed that the SOS was mostly affected by monthly temperature and
precipitation in region IV, whereas the interaction effects of monthly present, and for
the past three months, temperature were the most important factors impacting the other
three regions. The hydrothermal interaction between the precipitation of the past three
months and the temperature of the past 1-2 months had the most impact on the EOS.
Furthermore, most of the EOSs were bivariate enhanced and impacted by other factors.
The relationship between the SOS and temperature was related to the length of time from
the interval detection, given that temperature is closely related to bud dormancy. Both
temperature and precipitation exhibited negative relationships with the EOS. However,
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due to the influence of extreme weather, the detection results for the autumn phenology
had limitations. In summary, it is necessary to pay attention to the precipitation in forests
in winter and early spring, as well as the effects of extreme natural disasters during the
growth period in actual production. In the subsequent phase of analyzing the relationship
between phenology and climate, it is suggested that one should consider and quantify the
influence of multiple extreme weather factors on tree growth. It is advisable to plant more
mixed forests near rivers and the junctions of the site areas and coastal areas to improve the
adaptability of forests in the context of climate change. This study explained the driving
relationship between subtropical forest phenology and lagged temperature, precipitation
and topographic factors, and combined the analysis with actual production principles to
guide forestry management to improve forest quality and increase carbon storage. The
results are helpful in providing a further scientific basis for further research on subtropical
phenology and forest productivity given the backdrop of global warming.
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Figure A2. B values of each phenological parameter in the trend analysis. The horizontal axis is
arranged from top to bottom to represent the § values of SOS (a—c), EOS (d—f), LOS (g-i), and POP
(j-1), respectively. The vertical axis, from left to right, represents the spatial distribution of the j
values as follows: less than 0 (a,d,g,j), equal to 0 (b,e,h k), and greater than 0 (¢ f,i1).
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Figure A3. The relationships between altitude and the (a) average annual temperature and
(b) precipitation. Subfigures (c—f) show the relationship between elevation and precipitation in
different elevation gradients.
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