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Abstract: Subtropical forests have great potential as carbon sinks; however, the relationship between
net ecosystem productivity (NEP) and climate change is still unclear. This study took Zhejiang
Province, a subtropical region, as an example. Based on remote sensing classification data of forest
resources, the integrated terrestrial ecosystem carbon cycle (INTEC) model was used to simulate
the spatiotemporal dynamics of the forest NEP in Zhejiang Province during 1985-2015 and analyze
its response to meteorological factors such as temperature, precipitation, relative humidity, and
radiation. Three patterns emerged: (1) The optimized INTEC model can better simulate the forest NEP
in Zhejiang Province, and the correlation coefficient between the simulated NEP and observed NEP
was up to 0.75. (2) From 1985 to 2015, the increase in the total NEP was rapid, with an average annual
growth rate of 1.52 Tg-C-yr~!. During 1985-1988, the forests in Zhejiang Province were carbon sources.
After 1988, the forests turned into carbon sinks and this continued to increase. During 2000-2015, more
than 97% of the forests in Zhejiang Province were carbon sinks. The total NEP reached 32.02 Tg-C-yr~!,
and the annual mean NEP increased to 441.91 gC-m~2-yr~!. The carbon sequestration capacity of
forests in the east and southwest of Zhejiang Province is higher than that in the northeast of Zhejiang
Province. (3) From 2000 to 2015, there was an extremely significant correlation between forest NEP
and precipitation, with a correlation coefficient of 0.85. Simultaneously, the forest NEP showed
a negative correlation with temperature and radiation, with a correlation coefficient of —0.56 for
both, and the forest NEP was slightly negatively correlated with relative humidity. The relative
contribution rates of temperature, precipitation, relative humidity, and radiation data to NEP showed
that the contribution of precipitation to NEP is the largest, reaching 61%, followed by temperature
and radiation at 18% and 17%, respectively. The relative contribution rate of relative humidity is
the smallest at only 4%. During the period of 1985-1999, due to significant man-made disturbances,
the NEP had a weak correlation with temperature, precipitation, relative humidity, and radiation.
The results of this study are important for addressing climate change and illustrating the response
mechanism between subtropical forest NEP and climate change.
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1. Introduction

Net ecosystem productivity (NEP) represents the net primary productivity minus the
photosynthetic carbon product consumed by heterotrophic respiration and is an important feature
of the carbon cycle of forest ecosystems. Given that carbon can also be sent to the atmosphere via
combustion, NEP can underestimate the total exchange between the forest and atmosphere when
disturbances associated with combustion occur. Further, NEP does not account for the fate of carbon
removed from forests via harvest, erosion, or leaching. Nonetheless, NEP is an important component of
the net carbon exchange between terrestrial ecosystems and the atmosphere. In recent years, research on
forest ecosystem NEP has attracted more and more attention [1-4]. However, the relationship between
the spatiotemporal patterns of NEP and climate change remains uncertain [5-8]. The impact of climate
change on the spatiotemporal patterns of NEP is different in different regions [3,7,9]. Therefore, it is
important to precisely simulate forest ecosystem NEP and analyze its response to environmental factors.

There are many research methods for carbon budgets in forest ecosystems including sample
plots [10], micrometeorology [11], remote sensing [12], and simulation models [13]. Model simulation
is an important method to study forest ecosystem NEP. Commonly used models include the empirical
model, parametric model, and process model [14]. Process models such as integrated terrestrial
ecosystem carbon cycle (INTEC), boreal ecosystem productivity simulator (BEPS), biome biogeochemical
cycles model (BIOME-BGC), and so forth are based on developing an understanding of ecosystems by
simulating the effects of biological processes such as canopy photosynthesis, absorption, transpiration,
and soil moisture on net primary productivity (NPP) to reveal the growth of biomass, the interaction
of vegetation with environment, and the response mechanism of ecosystems to climate change [15].
Therefore, process model results are more reliable than those of other models. On the other hand,
due to the advantages of stability and reliability of repeated measurements, as well as wide-scale and
even global coverage, remote sensing technology is one of the most important macroscopic research
methods of the carbon cycle [16]. Therefore, remote sensing technology combined with process models,
with the advantage of reflecting both the ecological and physiological processes of vegetation, can
achieve large-scale simulation of the carbon cycle process, reflect the spatial distribution and dynamic
changes of the carbon cycle at regional and even global scales, and effectively solve the problems of
spatiotemporal heterogeneity and scale complexity of forest ecosystems, which greatly improves the
reliability of terrestrial vegetation carbon cycle estimation [8,17,18].

Based on the physiological and biochemical processes of the carbon cycle, INTEC model takes
the effects of forest disturbances and changes in forest age into consideration. Forest age has a very
important impact on the productivity of forest ecosystems [19,20], which makes InNTEC one of the
most advanced models to simulate the spatiotemporal changes of forest ecosystem NEP. Furthermore,
the INTEC model can reconstruct the characteristics and driving mechanisms of carbon cycling in
past forests and predict the spatiotemporal evolution of carbon cycles in the future [21]. The INTEC
model is an integrated model of terrestrial ecosystem carbon cycles which combines the Farquhar
photosynthetic model [22], the canopy radiation transfer model, the CENTURY soil model [23], the
nitrogen cycle model, the net nitrogen mineralization model of Townsend et al. [24], and the NPP-age
model [25,26]. This model calculates the long-term trend of the forest carbon cycle by iterations based
on the characteristics of NPP-age, forest age, and NPP in the reference year, and comprehensively takes
the impacts of climate change, CO, concentration rise, forest disturbances, and nitrogen deposition on
the carbon cycle into consideration.

The INTEC model has been used extensively in research. For example, Chen et al. [26] used the
InTEC model to estimate the carbon balance of Canada. Shao et al. [27] used the INTEC model to
estimate the soil organic carbon density of the Chinese forest ecosystem. Zhou et al. [28] used the
InTEC model to simulate the carbon storage changes of the Poyang Lake area. Wu et al. [29] used the
InTEC model to reconstruct the interannual variation of NEP at the site scale. Zhang et al. [30] used
the INTEC model to estimate the carbon changes of US forests.
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Subtropical forest ecosystem total net ecosystem productivity in the East Asian monsoon region is
about 720 million tons of carbon per year or about 8% of the global NEP; it plays an important role
in the global carbon cycle and has challenged the traditional understanding that temperate forests
in Europe and America are the main carbon sink functional areas [31-33]. China is an important
distribution region of subtropical forests, while Zhejiang Province is located on the northern edge of the
subtropical zone and plays an important role in the carbon balance of the regional forest ecosystems.
In addition, the arbor forests in Zhejiang Province are still dominated by young and middle-aged
forests, and changes in their age will impact the carbon cycle and the future evolution of regional forest
ecosystems. Therefore, this study takes the main forest type in Zhejiang Province as our study target,
based on forest resources extracted from remote sensing information, and uses the INTEC model to
simulate the forest ecosystem NEP in Zhejiang Province. We analyze its spatiotemporal evolution
pattern of NEP, and its response to meteorological factors such as temperature, precipitation, relative
humidity, and radiation. The findings have important scientific implications for addressing climate
change in subtropical forest ecosystems.

2. Study Area and Method

2.1. Study Area

Zhejiang province is located on the southeast coast of China, Southern Yangtze River Delta
(118°01"-123°08" E, 27°01’-31°10" N) (Figure 1). The terrain presents a stepped slope from southwest
to northeast. The southwest is dominated by mountains, the central part is dominated by hills, and
the northeast is plains. Zhejiang Province has a subtropical monsoon climate, annual precipitation is
980~2000 mm, annual sunshine hours are 1710-2100 h, and the annual mean temperature is 15-18 °C.
The soil types are mainly red soil and yellow soil, and the main forest types are coniferous, broadleaf,
and bamboo forest, with a forest coverage rate of 60.5%.
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Figure 1. Study area of Zhejiang Province and the location of the forest resource inventory.
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2.2. The InTEC Model

The INTEC model divides the whole ecosystem carbon pool into four vegetation carbon pools
(coarse root, fine root, stem, and leaf), five litter carbon pools (surface structure litter, surface metabolism
litter, soil structure litter, soil metabolism litter, and woody litter), and four soil carbon pools (surface
microorganism, soil microorganism, slow pool, and inert carbon pool) to analyze the long-term
ecosystem carbon balance. The vegetation carbon pool is calculated according to annual NPP and a
certain carbon allocation ratio. The four vegetation carbon pools are calculated based on the initialized
annual NPP combined with different carbon allocation ratios, and the four vegetation carbon pools are
added to obtain the total biomass carbon pool. The carbon of litter increases soil carbon pools, while
soil heterotrophic respiration leads to a reduction in soil carbon pools. The carbon of litter is calculated
based on the turnover rate of different parts of the vegetation; the turnover rate is shown in Table 1.
Soil heterotrophic respiration is the amount of soil carbon pool decomposition to the atmosphere,
which is determined by the decomposition rate of each carbon pool. The forest ecosystem NEP is
the difference between annual NPP and heterotrophic respiration, where NPP varies with climate,
atmospheric composition, soil conditions, and disturbance factors [25,26,34,35].

Table 1. Partition coefficients, turnover rates, and decomposition rates of vegetation and soil carbon.

Pool ID Description Broadleaf = Coniferous Unit
fw NPP allocation coefficient to wood 0.4626 0.3010 None
for NPP allocation coefficient to coarse root 0.1190 0.1483 None
fi NPP allocation coefficient to leaf 0.2226 0.2128 None

Biomass fhr NPP allocation coefficient to fine root 0.1960 0.3479 None
Carbon pool Kw Wood turnover rate 0.0288 0.0279 yr’1
Ker Coarse root turnover rate 0.0448 0.0269 yr‘1
K Leaf turnover rate 1.0000 0.1925 yr!
Ke Fine root turnover rate 0.5948 0.5948 yr!
SLA Specific leaf area 31.5 70.0 mzkg2
Surface structural leaf litter
Kt decomposition rate 3.9LemAY yr!
Surface metabolic leaf litter
Kem decomposition rate 148A" yr '
Soil Carbon Kisl Soil structural litter decomposition rate 48Lc*A* yr!
pool Kfmi Soil metabolic litter decomposition rate 18.5-A % yr’1
Kw Woody litter decomposition rate 2.88-Lc *A* yr‘1
Ksm Surface microbe decomposition rate 6.0-A * yr‘1
Km Soil microbe decomposition rate 73-A*Tm* yr!
Ks Slow C decomposition rate 0.2-:A*Cr* yr‘1
Kp Passive C decomposition rate 0.0045-A *-Cr * yr‘l

*: A is the effect of soil temperature and moisture on the decomposition rate of soil organics, Lc is the effect of
structural lignin content on the decomposition rate, and Tm is the effect of soil structure on the transfer of active Soil
Organic Matter (SOM).

The INTEC model includes four core processes: (1) The Farquhar photosynthetic model, based on
leaf photosynthesis, is used to simulate gross primary productivity (GPP) [25,36]; (2) Reconstruct the
historical NPP according to the normalized NPP-age relationship and meteorological data, distributed
to each vegetation carbon pool through different distribution ratios; (3) Simulate soil moisture and
temperature according to the three-dimensional distributed hydrological model [37]; and (4) the
CENTURY soil model and net nitrogen mineralization model of Townsend et al. [38] is used to simulate
the C\N cycle.

The INTEC model takes the effects of man-made and natural disturbances on forest NEP into
consideration. Therefore, this study assumes that forest growth is affected by felling, forest recovery
processes, forest age change, climatic factors, and soil factors.
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2.3. Model Parameters and Input Data

2.3.1. Parameters of the INTEC Model

By reviewing related literature, the carbon distribution coefficients of the organs (stem, branches,
leaves, and roots) of coniferous and broadleaf forest [39,40], turnover rate, specific leaf area, and
decomposition rate of each part of the soil, as shown in Table 1, were obtained.

2.3.2. Forest Distribution Data of Zhejiang Province

Classification of forest types for Zhejiang Province was based on the Landsat TM imagery from
1984 to 2014. After radiation correction and geometric correction, the maximum likelihood classification
method was used to obtain the forest distribution information of coniferous forests, broadleaf forests,
and bamboo forests in Zhejiang Province [41]. To keep the same spatial resolution with other data, the
local average method [42] was used to push the scale of the Zhejiang forest distribution data from 30 m
resolution to 1 km resolution abundance data.

2.3.3. Meteorological Data

Observational data of 410 weather stations in Zhejiang Province and its surrounding provinces
from 1985 to 2015 was provided by the National Meteorological Center of China Meteorological
Administration [43,44], including the monthly maximum temperature, monthly minimum temperature,
average relative humidity, total precipitation, and monthly average radiation. The inverse distance
weighting method was used to interpolate site meteorological data into 1 km resolution spatial data.

2.3.4. Soil Data

Soil data with 1 km resolution for Zhejiang province was derived from the Harmonized World
Soil Database (HWSD1.2), including silt and clay fraction, depth of soil layer, and soil effective water
holding capacity. Soil bulk density was calculated by the silt and clay fraction with the Brooks-Corey
model of Saxton [44]. The wilt point was calculated by the silt and clay fraction [45].

2.3.5. Leaf Area Index (LAI) Data

The Moderate Resolution Imaging Spectroradiometer (MODIS) LAI data of Zhejiang province
was derived from the US National Aeronautics and Space Administration (NASA) website. Due to
the noise and other defects of LAIyiopis [46,47], the LAlyopis data was smoothed using the locally
adjusted cubic-spline capping algorithm [48], then the integrated ensemble Kalman filter algorithm was
used to assimilate the LAI after smoothing to obtain high-precision Zhejiang Province LAI data [49,50].

2.3.6. Forest Age Data

The InNTEC model takes the effects of forest age change on forest productivity into consideration.
Therefore, this study sorted out the forest resource inventory sample age information from 2004. Then,
1 km spatial resolution age data from Zhejiang Province was interpolated by a Kriging interpolation
method, as shown in Figure 2.
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Figure 2. The age of forests in Zhejiang Province in 2004.

2.3.7. Nitrogen Deposition Data

The nitrogen deposition data came from global gridded estimates of atmospheric deposition of
total inorganic nitrogen (N), NHy (NH3 and NH;*), and NOy, (all oxidized forms of nitrogen other
than N»O), and the data set was generated using a global three-dimensional chemistry transport (TM3)
model with a spatial resolution of 5 degrees longitude by 3.75 degrees latitude [51,52]. Based on this
data, linear interpolation was used to interpolate the annual nitrogen deposition spatial distribution
data of Zhejiang Province from 1985 to 2015.

2.3.8. Reference NPP

To achieve the spatiotemporal simulation of the forest carbon cycle, the INTEC model needs to
correct the initial NPP by reference NPP. Therefore, this study used the boreal ecosystem productivity
simulator (BEPS) model to simulate the NPP of Zhejiang Province in 2004 and took this as the reference
NPP. The NPP simulation process based on the BEPS model refers to Mao et al. [53].

2.4. NPP-Age Parameter Optimization

A semi-empirical mathematical function (Equation (1)), which was developed by Chen et al. [54],
and forest resource inventory data were used to reconstruct the NPP-age relationship in
Zhejiang Province.

c
age
exp(“%)
where a, b, ¢, and d are parameters in this study, whereby 398 age data points of broadleaf forest
plots, 725 age data points of coniferous forest plots (Figure 1), and NPP data from the Zhejiang forest
resources inventory in 2004 were used to optimize these parameters by nonlinear regression.

p(22) -1

NPP(age) = a| 1+ 1



Forests 2019, 10, 708 7 of 21

2.5. Site Verification and Carbon Cycle Simulation

This study simulated the carbon cycle of forest ecosystems in Zhejiang Province, based on the
verification of the INTEC model using three different forest type flux sites. We used observed data of
an evergreen broadleaf deciduous forest flux site [55-57] and bamboo forest flux site [58] in Zhejiang
Province, Qianyanzhou, and a coniferous forest flux site in Jiangxi Province, near Zhejiang Province, to
undertake the verification. The details of the three-flux site are shown in Table 2. Zhejiang and Jiangxi
provinces are in subtropical regions. Evergreen broadleaf forests, bamboo forests, and coniferous
forests are typical forest types in subtropical regions. Therefore, using the observation data of these
three sites to verify the model is adequate.

Table 2. The location of flux towers for the three kinds of forest.

Site Country Latitude Longitude Forest Type

Anji China 30.46 119.66 Bamboo
Tianmushan China 30.35 119.43 Evergreen broadleaf
Qianyanzhou China 26.74 115.06 Artificial coniferous

Based on the site verification of the INTEC model, this study took meteorological data, soil data,
LAI, forest age data, N decomposition data, reference NPP, and forest distribution data of Zhejiang
Province as the input data, with 2004 as the reference year of the forest age data and NPP data (Table 3),
and utilized the INTEC model after optimization. The simulation flow chart is shown in Figure 3.

Table 3. Summary of model input data in Zhejiang Province.

Data Type Index Time I;l"ee :)1111 (E(a)ln Spatial Resolution
Forest distribution Three forest
data distribution data 1984-2014 Every four years 1km
Tmax 1985-2015 Monthly 1km
Meteorological Trr}i“ . 1985-2015 Monthly 1km
data Precipitation 1985-2015 Monthly 1km
Relative humidity 1985-2015 Monthly 1km
Radiation 1985-2015 Monthly 1km
Silt anc.l clay 1 km
fraction
Soil data . Soil depth . 1 km
Soil water holding 1k
. m
capacity
Wilt point 1km
Soil bulk 1km
LAI Leaf area index 2004 Yearly 1km
Age Forest age 2004 Yearly 1 km
Ndep N decomposition 1985-2015 Yearly 1km

NPP Reference NPP 2004 Yearly 1km
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Figure 3. Flow chart for the simulation.
3. Results

3.1. NPP-Age Relationship

The NPP-age relationship and parameters of Zhejiang Province after optimization are shown in
Figure 4. First, the NPP of coniferous and broadleaf forest increased rapidly with age and then began
to decline after reaching the highest value. When the age was greater than 200 years, NPP hardly
changed with age. The NPP of broadleaf reached the highest value faster than that of coniferous forest,
but the NPP value after stabilization of coniferous forest is higher than that of broadleaf forest.

1000
Coniferous Forest type Coniferous Broadleaf
Broadleaf a 480285  352.282
.
s 800 | b 2.829 5315
> c 21.788 14.057
5 d 0.698 0.887
E 600}
Q
80
&
o, 400
Z
200 F
0 100 200 300

Age (year)

Figure 4. NPP-age relationship diagram and new parameters of coniferous forest and broadleaf forest
in Zhejiang Province (a/b/c/d refer to Equation (1)).
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3.2. InTEC Model Optimization

The simulation and verification results of three forest NEP values are shown in Figure 5. As shown
in Figure 5, the model simulation NEP is consistent with the trend of the three-flux observation NEP time
series. The correlation coefficient is between 0.54 and 0.75. Broadleaf forest has the highest precision
(r = 0.75, RMSE = 20.77 gC-m~2-yr~!). Verification of the results showed that the optimized InTEC
model can be used to simulate and predict the spatial distribution of forest NEP in Zhejiang Province.
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Figure 5. Comparison between the model simulation net ecosystem productivity (NEP) and flux NEP
at (a) the Tianmushan flux site, (b) the Anji flux site and (c) the Qianyanzhou flux site.

3.3. Simulation Results of the Forest Ecosystem NEP of Zhejiang Province

The forest ecosystem NEP total trend of Zhejiang Province from 1985 to 2015, based on the INTEC
model after optimization, is shown in Figure 6. As shown in Figure 6, during 1985-2015, the forest
NEP in Zhejiang Province showed an overall increasing trend, with an average annual increasing
rate of 1.52 Tg-C-yr~!. The forests in Zhejiang Province were carbon sources between 1985 and 1988.
After 1988, the forests in Zhejiang Province gradually turned into carbon sinks, and the carbon sink
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speed began increasing rapidly. The annual average total NEP reached 26.38 Tg-C-yr~! between 1989
and 2015.

50
40
30
20
10

NEP (Tg-C-yr')

—
o

0 1 " 1 N 1 N 1 L 1 L 1 N 1 i
i 19?%1 990 1995 2000 2005 2010 2015
20F
-30

Year

Figure 6. The time series of NEP of forests in the Zhejiang Province simulated by the INTEC model
during 1985-2015.

The spatial distribution of the forest ecosystem NEP is shown in Figure 7 (every 2 years). The
forest carbon sink/source situation can be analyzed more intuitively in Figure 7. Before 1989, Zhejiang
Province’s forests were a carbon source, and among them, carbon source forests accounted for 36% in
1985. In 1989, 19% of the forests were still in the carbon source stage. By 1999, most of the forests had
been converted into carbon sink forests; only 5% of the forests were still in the weaker source stage, and
annual average NEP reached 381.76 gC-m~2-yr~!. Then, the carbon sink ability continued to increase,
and further statistics indicated that more than 97% of the forests in Zhejiang Province were carbon sinks
from 2000 to 2015. The annual average NEP reached 441.91 gC-m~2-yr~!, and the annual average NEP
of coniferous forest and broadleaf forest were 416.36 gC-m~2-yr~! and 632.47 gC-m~2-yr!, respectively.

As shown in Figure 7, in the past 15 years, the areas with the largest forest carbon sink capacities
in Zhejiang Province were mainly distributed in the mountainous areas in the east and southwest
of Zhejiang Province, while the weaker areas were mainly distributed in the northeastern plains of
Zhejiang Province. The changes in annual total NEP and NEP density of every city in Zhejiang Province
during 1985-2015 are shown in Figure 8. The change of total annual NEP for each city ranged from 0.24
to 12.63 Tg-C-yr~!, and decreased in the following order: Lishui > Jinhua > Hangzhou > Hangzhou >
Taizhou > Ningbo > Wenzhou > Quzhou > Shaoxing > Huzhou > Jiaxing (Figure 8a). The change of
NEP density for each city ranged from 138.20 to 872.03 gC-m~2-yr~!, and decreased in the following
order: Ningbo > Jinhua > Taizhou > Lishui > Quzhou > Shaoxing > Hangzhou > Wenzhou > Jiaxing >
Huzhou (Figure 8b).
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Figure 7. The spatial distribution of forest NEP values in Zhejiang Province during 1985-2015.
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Figure 8. (a) Total NEP changes and (b) average NEP changes in different cities of Zhejiang Province
from 1985 to 2015.
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3.4. Relationship between Forest Ecosystem NEP Values and Meteorological Factors in Zhejiang Province

Figure 9 shows the temperature, precipitation, relative humidity, and radiation data of Zhejiang
Province from 1985 to 2015. As shown in Figure 9, the temperature of Zhejiang Province shows a
significant increasing trend, with an increasing rate of 0.43 °C every 10 years, ranging from 17.24 to
19.16 °C. The average temperature from July to December is 5.7 °C higher than the average temperature
from January to June. On the other hand, the trend of increasing precipitation is not obvious. In
recent years, precipitation has begun to fluctuate greatly, overall ranging from 1124.14 to 1910.14 mm.
The total precipitation in January—June was 222 mm higher than the total precipitation in July-December.
Relative humidity shows a decreasing trend, with a range of 70.58-80.01%. There was no significant
difference in the relative humidity data between January—June and July-December. The radiation data
generally showed a decreasing trend, with a range of 81.43-91.84 w-m~2 s~!. The daily radiation data
from July to December was 9.78 w-m™2 s™! higher than the daily radiation data from January to June.
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Figure 9. Changes in (a) temperature, (b) precipitation, (c) relative humidity, and (d) radiation data in
Zhejiang Province from 1985 to 2015.

After 1999, more than 97% of forests in Zhejiang Province were carbon sinks, and NEP increased
to a relatively stable value. Therefore, this study used 1999 as the boundary to analyze the relationship
between NEP and temperature, precipitation, relative humidity, and radiation in forest ecosystems in
Zhejiang Province at two different stages: 1985-1999 and 2000-2015. It can be seen from Figure 10 that
the correlation between NEP and relative humidity in forest ecosystems in Zhejiang Province is weak,
and the correlation with precipitation is the strongest. From 1985 to 1999, the correlation coefficients
of NEP with temperature, precipitation, relative humidity, and radiation were 0.39, 0.47, —0.18, and
—0.45, respectively, and the correlations were weak. From 2000 to 2015, NEP and precipitation showed
a significant positive correlation; the coefficient reached 0.85. NEP was negatively correlated with
temperature and radiation; the correlation coefficient was —0.56. NEP was slightly negatively correlated
with relative humidity, and the correlation coefficient was —0.18.
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Figure 10. Relationship between NEP and (a) temperature (b) precipitation (c) relative humidity
(d) radiation.

4. Discussion

Research shows that NEP simulated by the INTEC model is consistent with flux observation NEP
at three flux sites (Figure 5), but there are still some errors and this can be analyzed from the following
aspects. First, the NPP-age relationship has an important impact on the simulation accuracy of NEP.
However, there are a lot of forests of different ages in Zhejiang Province, and the age of forest resources
survey gives the average age of the forests, which leads to NEP simulation error. Of course, NPP
simulated by the BEPS model also includes a degree of error, and the transmission of its error may
also affect the NPP-age relationship, thus affecting the NEP simulation accuracy. Second, the kriging
interpolation method was used to interpolate the forest age spatial distribution data, which has a
larger kriging error for the spatial range away from the sampling plot [59]. There is a certain degree of
error in the interpolation results of the spatial distribution of forest age, and it is inevitable to include
error in important input data driving the INTEC model. Third, in this study, three sources of forest
abundance data were used to drive the INTEC model, which solved the influence of mixed pixels on
the NEP simulation to some extent. However, when the local average method is used to scale the forest
distribution data, there will be errors [42], which affects the accuracy of NEP simulations. Fourth, due
to the lack of deforestation data from Zhejiang Province, this study only considered the impact of
felling in the initial years. This study did not consider the impact of fires because there are few fires in
Zhejiang Province. These factors could also lead to errors in the results of the simulation. Although
there are various uncertainties in the NEP spatiotemporal simulation of forest ecosystems in Zhejiang
Province, the overall accuracy of our simulation is good, and the correlation coefficient of broadleaf
forest is up to 0.75. Other than that, due to lack of spatial NEP distribution data, this study did not
perform spatial verification; however, we have verified the accuracy of the model at the site scale to
ensure the accuracy of the results. Therefore, the lack of spatial verification is acceptable.
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During 1985-2015, the forest ecosystem NEP in Zhejiang Province showed an increasing trend, but
it also experienced an evolution of spatiotemporal patterns from carbon source to carbon sink. After
1988, forests in Zhejiang Province gradually became dominated by carbon sink forests, and the forest
carbon sink capacity gradually increased. From 1985 to 1988, forests in Zhejiang Province were carbon
sources, with the NEP reaching —12.75 Tg-C-yr~!. The main reason for this is that Zhejiang Province
experienced serious man-made disturbances during this period, which led to the decline of forest
quality and productivity [60]. After that, with the country’s beginning to emphasize policies promoting
forest resources such as the strengthening of forestry and returning farmland to forest policy [61], the
forest quality of Zhejiang Province gradually improved. The forest structure has become more stable,
the forest area has gradually increased, and the forest has gradually changed from young forest to a
mixture of middle and young forest. Therefore, the forest carbon sink capacity of Zhejiang Province
increased rapidly after 1988. It can be seen from Figure 6 that there was a significant increase in NEP in
2009. In addition to the above reasons, this can also be attributed to the precipitation surge and the
suitable temperatures of 2009, during which better rain and heat conditions allowed NEP to increase
rapidly. In addition, as shown in the spatial distribution of NEP (Figure 7), the carbon sink capacity in
the eastern and southwestern parts of Zhejiang Province is strong, and that in the northeast is weak.
This is mainly because the southwestern part of Zhejiang Province is dominated by mountains and
hills, with less man-made disturbance and better forest quality, while the northeastern part of Zhejiang
Province is dominated by plains. Rapid urbanization, which has caused changes in land use type,
forest destruction, and area reduction to a certain extent, has affected the carbon sink capacity of forests.
The slope map of the NEP changes and the histogram of the frequency distribution of the cities in
Zhejiang Province from 1985 to 2015 are shown in Figure 11. It can be seen from Figure 11a that most of
the areas with slope values less than 0 are located along the coast and around the city; urban expansion
has led to forest destruction in these places. Areas where NEP has increased are widely distributed
throughout Zhejiang Province. It can be seen from Figure 11b that the NEP in most forests in Zhejiang
Province has shown an increasing trend in the past 30 years, and the NEP slope is mainly concentrated
between 0 and 36. Only 21% of forest NEP values have shown a slight decrease. Among them, 90.9%
of these areas have a NEP slope between —8 and 0.
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Figure 11. (a) NEP changes in various cities in Zhejiang Province and (b) histogram of the frequency
distribution from 1985 to 2015.

Statistics show that during the period of 2000-2015, more than 97% of forests in Zhejiang Province

were carbon sinks, and the total annual NEP of the forest ecosystems was 32.02 Tg-C-yr~! and the

1

annual average NEP was 441.91 gC-m~2-yr~!. The carbon sink capacity was higher than that of

the Poyang Lake Basin forest ecosystem in the same subtropical region with an annual average
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NEP of 204 gC-m~2-yr~! [28], as well as the forest ecosystem of Jiangxi Province with an annual
average NEP of 135.48 gC-m~2-yr~! [62]. Of course, the Zhejiang coniferous forests” average NEP
(416.36 gC-m~2-yr~') was higher than found in any other study [63], and the broadleaf forests’ average
NEP (632.47 gC-m~2-yr~!) simulated in this study, to some extent, was lower than other related
studies [63,64]. This may be due to the fact that forests in Zhejiang Province are still dominated by
young and middle-aged forests [65], but the productivity of coniferous forests is larger than that of
broad-leaved forests. NEP with higher productivity also increases with age, showing rapid growth at a
young age and a rapid decline in old age [21,66].

Many studies have found that meteorological factors such as temperature, precipitation, solar
radiation, and water pressure have a great influence on NEP [67-69]. Therefore, this study analyzed
the relationship between these meteorological factors and NEP in detail. This study analyzed the
relationship between NEP and climatic factors across two stages: 1985-1999 and 2000-2015. Before
2000, the forests in Zhejiang Province were mainly dominated by young forests. However, the age
of young forests has a great impact on NEP, and after 2000, 97% of forests in Zhejiang Province
were carbon sinks; this is more convenient for our later research. Because of the uncertainty in the
relationship between the NEP and meteorological factors over a short period of time, we need to
analyze the relationship over a relatively long period of time. Studies have shown that NEP had a weak
correlation coefficient with temperature, precipitation, relative humidity, and radiation before 2000.
This also proves that the age of the forests and other factors in this period had a great impact on NEP.
After 2000, the NEP began to show an extremely significant positive correlation with precipitation
and significant negative correlation with temperature and radiation and was weakly correlated with
relative humidity. The average annual sunshine hours in Zhejiang Province reached 1710-2100 h, and
the average annual temperature between 15 and 18 °C. Especially in recent years, high temperatures
and dry weather may have affected the carbon sink function of forest ecosystems. Research has
also shown that high temperatures and drought can cause a reduction in the carbon sink capacity of
subtropical forest ecosystems. For example, high temperatures and drought occurred in the summer
of 2010, which reduced the gross primary productivity (GPP) and net primary productivity (NPP)
of southwestern China by 0.65 billion and 0.45 billion tons [70], respectively. The extremely high
temperatures and drought in July—August 2013 reduced the carbon fixation of forests in southern
China by about 100 million tons, accounting for 46% of the net carbon sinks of the national terrestrial
ecosystem [71]. From 1997 to 2007, the annual carbon absorption in the north subtropical evergreen
coniferous forests in the United States decreased by 37.4% due to prolonged drought [35]. The above
cases show that weakening of the carbon sink function of subtropical forest ecosystems, especially
in hot weather, is a common phenomenon. However, Zhejiang Province has a subtropical monsoon
climate, with an average annual precipitation of 980-2000 mm. It has abundant precipitation, which is
an important condition for the growth of young forests; therefore, NEP is positively correlated with
precipitation. The forest NEP in Zhejiang Province is weakly correlated with relative humidity. An
increase in radiation will lead to an increase in the proportion of direct radiation, and the proportion of
scattered radiation will decrease. Most canopy sun leaves are in a state of light saturation, and the
canopy shade leaves are in a state of light loss. Therefore, an increase of radiation has no obvious effect
on the sun leaves, but the photosynthesis of the shade leaf will decrease because the photosynthesis of
the shade leaves accounts for more than 70% of the photosynthesis of the entire canopy. Therefore, the
photosynthesis of the whole vegetation will be reduced, and the increase of radiation will lead to an
increase in soil carbon emissions, so there is a negative correlation between radiation and forest NEP.
The relative contribution rate of temperature, precipitation, relative humidity, and radiation data to the
forest NEP in Zhejiang Province, on the time scale from 2000 to 2015, is shown in Figure 12. As with
the correlation analysis, precipitation is the main influencing factor and its relative contribution rate is
61%, which is also in line with the actual situation of vegetation growth in some arid regions. The
relative contribution rates of temperature and radiation are similar, 18% and 17%, respectively, and the
relative contribution rate of relative humidity is the lowest, at only 4%. Combined with the results of
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the correlation analysis, that is, within the appropriate range, an increase of precipitation will lead to
an increase in forest NEP, while an increase in temperature and solar radiation will lead to a decrease
in forest NEP, and a change in relative humidity will have little effect on forest NEP.

H Temperature
i Precipitation
i Relative humidity

Radiation

Figure 12. The relative contribution rate of meteorological factors to NEP.

However, Figure 13 shows the spatial distribution of the correlation between NEP and temperature,
precipitation, relative humidity, and radiation in the forest ecosystem of Zhejiang Province from 2000
to 2015. From the analysis of Figure 13a, 84% of forests” NEP values in Zhejiang Province are
negatively correlated with temperature. Among them, 10% of forests” NEP values had an extreme,
significantly negative correlation with temperature, and 44% were significantly negatively correlated
with temperature. However, abundant precipitation conditions made 85% of forests in Zhejiang
Province show positive correlations between NEP and precipitation (Figure 13b), in which 19% of
forests” NEP values were extremely significantly positively correlated with precipitation, and 40%
were significantly positively correlated with precipitation. From the analysis of Figure 13c, 44% of
forests” NEP values in Zhejiang Province were negatively correlated with relative humidity. From the
analysis of Figure 13d, 78% of forests” NEP values were negatively correlated with radiation. Among
them, 7% of forests were extremely significantly negatively correlated with radiation, and 44% were
significantly correlated with radiation.

Recent studies have shown that spatiotemporal variability of forest carbon sequestration in
Zhejiang Province mainly exhibits spatial autocorrelation [53,59,65,72]. With the reduction of human
disturbance in the forest, natural factors such as the climate, topography, and soil have a greater impact
on the spatial pattern of carbon sequestration in forest ecosystems in Zhejiang Province. Of course,
this also shows that during the period of 1985-1999, the frequent human disturbance of the forest
affected its carbon sink function, so the correlation between NEP and meteorological factors such as
precipitation and temperature was poor (e.g., Figure 10).
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Figure 13. The spatial distribution of the correlation relationships between forest NEP and (a)
temperature, (b) precipitation, (c) relative humidity, and (d) radiation in Zhejiang Province from 2000
to 2015.

5. Conclusions

This study used the INTEC model to simulate the spatiotemporal pattern of forest ecosystems” NEP
in Zhejiang Province and analyzed their correlation with meteorological factors such as temperature,
precipitation, relative humidity, and radiation. Studies have shown that the optimized INTEC model
can better simulate the spatiotemporal distribution of forest ecosystems” NEP values in Zhejiang
Province, and the correlation coefficient between the simulated NEP and observed NEP is up to 0.75.
From 1985 to 2015, the forest ecosystem NEP of Zhejiang Province showed a rapidly increasing trend,
with an annual average increase rate of 1.52 Tg-C-yr~!, while forests in Zhejiang Province were carbon
sources from 1985 to 1988. After that, the forest carbon sink ability gradually increased, and the annual
average NEP increased to 393.91 gC-m~2.yr~!. The carbon sequestration capacity of forests in the
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east and southwest is higher than in the northeast plains. From 2000 to 2015, forests in Zhejiang
Province were dominated by carbon sink forests. During this period, there was an extremely significant
correlation between forest ecosystem NEP and precipitation, with correlation coefficients of 0.85,
and there was a significant correlation between NEP and temperature and radiation, with the same
correlation coefficient of —0.56. However, there was only slight correlation between NEP and relative
humidity. At the same time, the relative contribution rate of NEP to temperature, precipitation, relative
humidity, and radiation shows that precipitation to NEP was the largest, reaching 61%, followed by
temperature and radiation, which were 18% and 17%, respectively. The relative contribution rate of
relative humidity was the smallest, at only 4%. During the period of 1985-1999, frequent man-made
disturbance led to a weak correlation between NEP and temperature, precipitation, relative humidity,
and radiation. This indicated that precipitation has a great impact on the carbon sequestration function
of forest ecosystems in Zhejiang Province and that temperature and radiation have particular scientific
significance for studying the ability of subtropical forests to cope with climate change.
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