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Abstract. The land use changes (LUC) have altered the vegetation net primary productivity (NPP). 

Human appropriation of net primary productivity resulting from LUC (HANPPluc) can be used to quantify 

the consequence of LUC on vegetation NPP. HANPPluc is defined as the difference between the potential 

and actual NPP availability in ecosystems. Based on the Thornthwaite Memorial model, CASA model, 

and multiple linear regression, this paper estimated the potential and actual NPP, explored the temporal 

and spatial changes of HANPPluc, and analyzed the impact of LUC on vegetation NPP in Anji, China. 

There was a significant increasing trend in annual HANPPluc from 1984 to 2014. The total mean value of 

HANPPluc was 155 Gg C year-1, while HANPPluc per unit was 82 ± 54 g C m-2 year-1. The growth of Moso 

bamboo (Phyllostachys pubescens) forests area caused an increase of 33.5 Gg C year-1 in NPP. However, 

the urbanization was the main reason for the decrease of NPP, which resulted in a decrease of 97.9 Gg C 

year-1 in NPP. This study quantified the impact of LUC on vegetation NPP, and provided key data for 

urban landscape planning, Moso bamboo management, and regional ecological carbon cycle models. 

Keywords: potential NPP, CASA model, Thornthwaite Memorial model, Moso bamboo forests, 

urbanization 

Introduction 

The Northern Hemisphere atmospheric CO2 concentration has been successively rising 

at an increasing rate, mainly due to the continued burning of fossil fuels and land use 

changes (LUC) (IPCC, 2013). By fixing atmospheric CO2, the forest ecosystems and 

cropland ecosystems mitigate the rise in CO2, and play important roles in the global 

carbon cycle. The economy in the subtropical region of China has developed rapidly since 

1978, and the economic achievement of China is mainly belonged to the subtropical 

region (Shi et al., 2020). The rapid economic development had accelerated the process of 

urbanization, and the area of urban land had increased significantly, which led to the 
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decrease in the area of forests and croplands. This is verified by the data on the 

subtropical region of China, where the area of urban land had increased by 4.9% of the 

total area, while the area of forests and croplands had decreased about 15.1% of the total 

area during the period 1980-2018. The urbanization has decreased the carbon 

sequestration ability of the forests and croplands (Chen et al., 2020; Mahbub et al., 2019). 

Thus, some obvious questions arise: how to monitor and evaluate the carbon fixation 

ability of the ecosystems, and how to quantify the impact of urbanization on carbon 

sequestration. 

Moso bamboo (Phyllostachys pubescens) forests are common in the subtropical region 

of China, covering approximately 3.9 million ha of area, and account for 74% of the 

Chinese bamboo forests area and 80% of the world’s bamboo forests area (Song et al., 

2016). Over the last 30 years, the area of Moso bamboo forests had increased 

significantly, and the rate of increase was approximately 3% (Chen et al., 2018; Song et 

al., 2013). The Moso bamboo growing pattern is greatly different from other forest types 

and accumulate large amounts of carbon (Cao et al., 2019). How to evaluate the carbon 

sequestration ability of the Moso bamboo forests, and analyze the impact of the growth of 

bamboo forests area on carbon sequestration are problems faced by ecologists. 

Net primary productivity (NPP), which is equal to the difference between the amount 

of carbon absorbed by plant photosynthesis and the carbon released by plant respiration, 

can reflect the carbon fixation ability of plants (Garbulsky and Paruelo, 2004). Therefore, 

quantifying the consequence of LUC on vegetation NPP will guide urbanization, control 

the decrease of ecosystem NPP, and mitigate the climate warming trends (Foley et al., 

2005). Human appropriation of net primary productivity resulting from LUC (HANPPluc) 

can be used to quantify the consequence of LUC on vegetation NPP, and has been widely 

used worldwide (Haberl et al., 2014; Huang et al., 2020; Weinzettel et al., 2019). 

HANPPluc is the loss of potential NPP due to LUC, and is defined as the difference 

between potential and actual NPP availability in ecosystems. Potential NPP (NPPpot) is 

the NPP of native ecosystems that would most likely exist in the absence of human 

activities, while actual NPP (NPPact) is the NPP of current ecosystems. As a percentage of 

NPPpot, the global HANPPluc varied between 4% and 56% during the period 1990-2015 

(Haberl et al., 2014, 2007; Plutzar et al., 2016; Pritchard et al., 2018; Saikku et al., 2015). 

In China, HANPPluc varied between 6% and 26% of NPPpot during the period 2000-2015 

(Chen et al., 2015; Huang et al., 2020; Lin et al., 2016). How to simulate NPPact and 

NPPpot are key problems for HANPPluc estimation. 

The Carnegie-Ames-Stanford approach (CASA) model is a widely used method for 

NPPact estimation in China, and the simulated NPPact was consistent with the observed 

NPP (Chen et al., 2017; Xu and Wang, 2016; Zhang et al., 2016). At present, empirical 

models that use correlations between climate data and measured NPP at individual sites 

have been widely used for NPPpot estimation (Lin et al., 2016). Based on Liebig’s Law of 

Minimum, the Miami model uses temperature and precipitation to estimate NPPpot (Gang 

et al., 2014; Zhang et al., 2015). NPPpot is not only related to temperature and 

precipitation, but also to other environmental factors. Actual evapotranspiration is used by 

the Thornthwaite Memorial model to estimate NPPpot (Liu et al., 2019; Yin et al., 2020). 

The Chikugo model is the function of precipitation and net surface radiation (Chen et al., 

2015). 

The accuracy of measured NPPpot directly affected the accuracy of empirical models. 

The core zone in a nature reserve is designed to strictly protect ecosystems, and 

minimize disturbance by human activities (Geneletti and Duren, 2008). The ecosystem 
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in the core zone is considered to be a natural ecosystem that is undisturbed by humans 

(Zhang et al., 2017b). Therefore, the NPPact in the core zone would be considered to be 

the NPPpot. However, the NPPpot estimation models based on the correlations between 

NPPpot in the core zone and climate data has not been reported. 

Given the above scientific challenges, this study used the CASA model to simulate 

the NPPact. Based on the core zone in the nature reserve, the NPPpot estimation models 

for the different forest types were established using multiple linear regression. Anji and 

TianMu Mountain Nature Reserve, located in eastern subtropical China (see Fig. 1a), 

were selected as test region. The forest types in Anji and the core zone in TianMu 

Mountain Nature Reserve are similar, and these are Moso bamboo forests (MBF), 

subtropical broadleaf forests (SBF), and subtropical needle leaf forests (SNLF). Based 

on the core zone in TianMu Mountain Nature Reserve, the NPPpot estimation models for 

the three forest types were established using the correlations between the measured 

NPPpot and temperature, precipitation, and solar radiation. The NPPpot in the croplands 

was estimated by the Thornthwaite Memorial model. The objectives of this study were 

to (1) estimate the NPPact and NPPpot in Anji, (2) explore the temporal and spatial 

changes of HANPPluc in Anji, and (3) analyze the impact of LUC on vegetation NPP. 

Materials and methods 

Study area 

Anji and the core zone in TianMu Mountain Nature Reserve are located in 

northwestern Zhejiang Province, China (see Fig. 1b). The area of the core zone in 

TianMu Mountain Nature Reserve and Anji are about 598 and 188601 ha. The forest 

types in Anji and the core zone in TianMu Mountain Nature Reserve are the MBF, SBF, 

and SNLF (see Fig. 1c and d). The SBF consists of the following six different tree 

species: Cyclobalanopsis glauca, Castanopsis sclerophylla, Castanopsis sclerophylla, 

Castanopsis eyrei, Schima superba, and Quercus fabri. The five different tree species in 

the SNLF are Pinus massoniana, Cryptomeria fortune, Pseudolarix amabilis, Pinus 

taiwanensis and Cunninghamia lanceolata. 

The Moso bamboo growing pattern is greatly different from other forest types. It can 

reach maximum height (10-20 m) in 2-4 months, and accumulate large amounts of 

carbon (Cao et al., 2019). The Moso bamboo is widely distributed in Anji, and the area 

of it increased significantly during the period 1984-2014. The croplands also exists in 

Anji, however, the area of the croplands, SBF, and SNLF has been decreased at a rapid 

rate due to the urbanization and increase of MBF. 

 

Design of HANPPluc estimation procedure 

HANPPluc is defined as the difference between NPPpot and NPPact. The CASA model 

was used to calculate NPPact in Anji and the core zone in TianMu Mountain Nature 

Reserve from 1984 to 2014. In order to estimate NPPpot, we assumed that: (1) Because 

no human activity is permitted in the core zone in a nature reserve (Hull et al., 2011), 

for the MBF, SBF and SNLF, the NPPact in the core zone in TianMu Mountain Nature 

Reserve would be considered to be NPPpot; (2) According to Tobler’s first law (TFL) of 

geography (Waters, 2017), the NPPpot in degraded regions should be equal to that in 

non-degraded regions when the degraded and non-degraded regions have similar natural 

conditions (Lin et al., 2016). The forest types in Anji and the core zone in TianMu 
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Mountain Nature Reserve are similar. Therefore, the NPPpot in the MBF, SBF and 

SNLF in Anji would be considered to be equal to that in the core zone in TianMu 

Mountain Nature Reserve. 

 

 

Figure 1. Location of (a) subtropical region of China and (b) Anji and the core zone in TianMu 

Mountain Nature Reserve, and the land cover maps in (c) Anji and (d) the core zone in TianMu 

Mountain Nature Reserve. The cyan square points are the plots of in-situ NPP observation, and 

the black triangle points are the carbon flux stations using the eddy covariance observation 

systems to measure NPP 
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Figure 2 shows the process of the HANPPluc estimation. Firstly, based on the 

meteorological data, NDVI, and land cover maps, the CASA model was used to 

estimate the NPPact in Anji and the core zone in TianMu Mountain Nature Reserve from 

1984 to 2014. Secondly, based on the CASA-simulated NPPact, meteorological data, and 

land cover maps in the core zone in TianMu Mountain Nature Reserve, the NPPpot 

estimation models for the SBF, SNLF, and MBF were established using multiple linear 

regression. Thirdly, according to assumption 2, based on the meteorological data and 

land cover map in 1984, the NPPpot in the SBF, SNLF, and MBF in Anji was simulated 

using the NPPpot estimation models for the three forest types. Fourthly, based on the 

meteorological data and land cover map in 1984, the Thornthwaite Memorial model was 

used to estimate the NPPpot in the croplands in Anji. Finally, the HANPPluc in Anji was 

calculated as the difference between NPPpot and NPPact. 
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Figure 2. Flowchart of HANPPluc estimation. The gray cylinders are the datasets in Anji and 

the core zone in TianMu Mountain Nature Reserve, the green cylinders are the datasets in the 

core zone in TianMu Mountain Nature Reserve, and the blue cylinders are the datasets in Anji 

 

 

Input data 

The datasets we used for HANPPluc estimation are the meteorological datasets, 

NDVI, and land cover maps. The meteorological datasets, including monthly 

temperature, monthly precipitation, and monthly solar radiation, were provided by 

China Meteorological Administration (http://data.cma.cn/). The meteorological datasets 

are quality controlled, and the percentage of correct data is approaching to 100%. The 

meteorological datasets were also resampled to match the spatial resolution of 

HANPPluc using ordinary kriging method. The NDVI provided by AVHRR Global 

Inventory Modeling and Mapping Studies (GIMMS) group was used for NPPpot 

estimation. The NDVI3g dataset was downloaded from NASA Ames Ecological 
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Forecasting Lab (https://ecocast.arc.nasa.gov/data/pub/gimms/3g.v1/), and then was 

resampled to match the spatial resolution of HANPPluc using ordinary kriging method. 

The land cover maps in Anji were derived from Landsat MSS and OLI scenes using the 

supervised Maximum-Likelihood classification (Chen et al., 2020). 

 

Field work 

In Tianmu Mountain Nature Reserve, eight sampling plots were selected to validate 

the NPP of the actual vegetation (see the cyan square points in Fig. 1d), and the size of 

each plot is 20 m×20 m. There were four sampling plots in the SBF, three sampling 

plots in the SNLF, and one sampling plot in the MBF. At each sampling plots, the mean 

heights, breast diameters and crown diameters of stand-grown trees were derived from 

the field investigations which carried out during the period 2005-2010. 

In the SBF in Tianmu Mountain Nature Reserve, there was one carbon flux 

observation station which using the eddy covariance observation systems to measure 

NPP (Chen et al., 2017). The carbon flux observation station was established in 2012, 

and the measured NPP has been obtained since 2013. In Anji, there was also one carbon 

flux observation station in the MBF (see Fig. 1c). The carbon flux observation station 

was established in 2010, and the measured NPP has been obtained since 2011. Details 

can be found in Chen et al. (2020). 

 

HANPPluc estimation 

HANPPluc is the loss of the potential NPP due to LUC (g C m-2 year-1), and can be 

calculated as: 

 

  (Eq.1) 

 

where NPPpot is the NPP of the potential natural vegetation that would most likely exist 

in the absence of human-led land use (g C m-2 year-1), and NPPact is the NPP of the 

actual vegetation (g C m-2 year-1). 

 

NPPact estimation 

The CASA model was used to estimate the NPPact. The monthly value of NPPact can 

be calculated as (Field et al., 1995; Potter et al., 1993): 

 

  (Eq.2) 

 

where S is the total solar radiation reaching the earth’s surface (MJ month-1). FPAR is 

the fraction of photosynthetically active radiation and was calculated following the 

procedure of Zhu et al. (2006).  is the temperature stress indicator,  is the water 

stress indicator. The equations of  and  can be found in Potter et al. (1993). 

LUEmax is the maximum light-use efficiency of the vegetation (g C MJ-1), and the values 

of LUEmax for the MBF, SBF, SNLF, and croplands can be found in Chen et al. (2020). 

 

NPPpot estimation 

The Thornthwaite Memorial model was used for the NPPpot estimation in the 

croplands. The Thornthwaite Memorial model uses the relationship between actual 
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evapotranspiration and carbon fixation to estimate NPPpot (Lieth, 1975; Liu et al., 2019). 

The yearly value of NPPpot can be calculated as: 

 

  (Eq.3) 

 

  (Eq.4) 

 

  (Eq.5) 

 

where V is the mean annual actual evapotranspiration (mm), Prec is the mean annual 

precipitation (mm), L is annual maximum evapotranspiration (mm), and Temp is mean 

annual temperature ( ). 

The NPPpot was affected by the temperature, precipitation, and solar radiation in Anji 

and the core zone in TianMu Mountain Nature Reserve (see Table 1). Therefore, the 

NPPpot estimation models for the SBF, SNLF, and MBF were established using multiple 

linear regression. The multilinear regression equation is 

 

  (Eq.6) 

 

where Ta is the mean monthly temperature (°C), P is the monthly precipitation (mm), S 

is the monthly solar radiation (MJ month-1), a, b, c, and d are the regression coefficients. 

 
Table 1. Pearson correlation coefficient (R) between NPPpot and temperature (Ta), 

precipitation (P), and solar radiation (S) for each forest type 

Forest type Ta P S 

SBF 0.81* 0.28* 0.82* 

SNLF 0.79* 0.27* 0.80* 

MBF 0.82* 0.29* 0.83* 

*At 5% signification level 

 

 

Land use transition matrix 

The land use transition matrix was used to detect the transition of different land 

cover type during the period 1984-2014 (Lü et al., 2020). The area of one land cover 

type in the year 1984 can be calculated as: 

 

  (Eq.7) 

 

where  is the area of the land cover type that was converted from type i to type j 

between 1984 and 2014, n is the number of land cover type,  is the area of the land 

cover type that showed the persistence of type i between 1984 and 2014. 

The area of the land cover type that was occupied by type j in the year 2014 is 

 

  (Eq.8) 
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Changing trend 

The slope of linear regression equation was used to calculate the HANPPluc changing 

trend during the period 1984-2014, and can be calculated as: 

 

  (Eq.9) 

 

where n is the number of years (n = 31),  is the HANPPluc in the year i. A 

positive slope value indicates that the HANPPluc is in an upward trend, and a negative 

slope value means that the HANPPluc is in a decreasing trend. 

Results 

Spatial pattern of LUC 

Figure 3 shows the LUC in Anji during the period 1984-2014. The land use 

transition matrix was obtained using Equations 7–8 (Table 2). Over the last 31 years, 

there was about 57.8% of the total area of Anji where the land cover type were not 

changed. The area of MBF increased from 30.4% of the total area of Anji in 1984 to 

43.7% in 2014, while the area of SBF and SNLF decreased about 7317 and 5666 ha. 

The area of croplands also decreased about 25324 ha due to the urban expansion, and 

the area of urban land increased from 2.0% of the total area of Anji in 1984 to 8.5% in 

2014. The area of river increased about 809 ha during the period 1984-2014. 

 

 

Figure 3. The land cover maps in the year (a) 1984 and (b) 2014 

 

 

NPPact estimation and validation 

The NPPact in Anji and TianMu Mountain Nature Reserve were simulated by the 

CASA model (see Eq. 2). The observed NPPact at the eight sampling plots in Tianmu 

Mountain Nature Reserve were used to validate the simulated NPPact (see Fig. 4a). The 

results show that the simulated annual NPPact was largely consistent with the observed 

NPPact (R
2 = 0.91, p < 0.01), and the value of RMSE was 73 g C m-2 year-1. 
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Table 2. Land use transition matrix (unit: ha) of Anji during the period 1984-2014 

 SBF SNLF MBF Croplands Urban River 

SBF 18,215 667 10,335 1,330 523 118 

SNLF 656 8,763 9,528 3,484 918 23 

MBF 2,472 4,592 43,211 3,949 3,192 33 

Croplands 2,513 3,638 19,359 35,551 9,365 838 

Urban 14 45 214 1,505 1,852 155 

River 2 0 9 121 226 1,621 
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Figure 4. Comparison of (a) the simulated annual NPP with the observed NPP at the eight 

sampling plots in Tianmu Mountain Nature Reserve, and comparison of the simulated monthly 

NPP with the NPP derived from the carbon flux stations (b) from 2013 to 2014 in TianMu 

Mountain Nature Reserve and (c) from 2011 to 2014 in Anji 

 

 

The NPPact derived from the eddy covariance observation systems in TianMu 

Mountain Nature Reserve (see Fig. 4b) and Anji (see Fig. 4c) were also used to validate 

the simulated NPPact. The results show that the monthly NPPact simulated by CASA 

model was largely consistent with the NPPact derived from the eddy covariance 
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observation systems (R2 ≥ 0.59, p < 0.01). Therefore, the NPPact simulated by CASA 

model can be used for HANPPluc estimation. 

 

NPPpot estimation and validation 

The NPPpot in the croplands in Anji from 1984 to 2014 was simulated by the 

Thornthwaite Memorial model (see Eqs. 3–5). According to Tobler’s first law (TFL) of 

geography, the NPPpot in the SBF, SNLF, and MBF in Anji would be considered to be 

equal to that in the core zone in TianMu Mountain Nature Reserve. Based on the 

monthly CASA-simulated NPPact, temperature (Ta), precipitation (P), and solar 

radiation (S) for eight months (January, February, April, May, July, August, October, 

and November) from 1984 to 2014 in the core zone in TianMu Mountain Nature 

Reserve, the NPPpot estimation models for the SBF, SNLF, and MBF were established 

using multiple linear regression (see Table 3). 

 
Table 3. The NPPpot estimation models for each forest type 

Forest type NPPpot estimation models R2 p 

SBF  0.74  < 0.01 

SNLF  0.71  < 0.01 

MBF  0.76  < 0.01 

Ta: temperature, P: precipitation, S: solar radiation 

 

 

The monthly mean CASA-simulated NPPact for four months (March, June, 

September and December) from 1984 to 2014 in the core zone in TianMu Mountain 

Nature Reserve was used to validate the simulated monthly mean NPPpot of the three 

forest types (see Fig. 5). The results show that the simulated NPPpot was consistent with 

the CASA-simulated NPPact (R
2 ≥ 0.68, p < 0.01). 
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Figure 5. Comparison of the simulated NPPpot with the NPPpot in the core zone in TianMu 

Mountain Nature Reserve 

 

 

HANPPluc interannual variability 

The HANPPluc in Anji from 1984 to 2014 were calculated using Equation 1. Using 

Equation 9, we can find that there was a significant increasing trend with the rate of 
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2 g C m-2 year-1 in annual HANPPluc, increasing from 1 g C m-2 year-1 in 1984 to 

48 g C m-2 year-1 in 2014 (see Fig. 6). The highest annual HANPPluc appeared in 2007, 

with the value of 248 g C m-2 year-1, while the lowest annual HANPPluc appeared in 

1984, with the value of 1 g C m-2 year-1. The annual averaged HANPPluc was 82 g C m-2 

year-1, and it means that the NPPact decreased about 82 g C m-2 year-1 due to the LUC. 

 

 

Figure 6. Interannual changes in the annual NPPact, HANPPluc, NPPpot, and HANPPluc/NPPpot 

in Anji during the period 1984-2014 

 

 

The increase of HANPPluc is also visible in the increase of HANPPluc as a percentage 

of NPPpot (i.e. HANPPluc/NPPpot), which increased from 0.2% in 1984 to 6.7% in 2014. 

The highest annual HANPPluc/NPPpot also appeared in 2007, with the value of 29.6%, 

while the lowest annual HANPPluc/NPPpot appeared in 1984, with the value of 0.2%. 

The annual averaged HANPPluc/NPPpot was 11%, which means that the NPPact 

decreased about 11% of the NPPpot due to the LUC during the period 1984-2014. 

Figure 6 also shows that there was a significant upward trends in the annual NPPact 

in Anji, and the rate of increase was 3.0 g C m-2 year-1. The annual NPPact varied 

between 382 and 833 g C m-2 year-1, and annual averaged NPPact was 614 g C m-2 year-

1. There was also a significant upward trends in the annual NPPpot in Anji, and the rate 

of increase was 5.4 g C m-2 year-1. The annual NPPpot varied between 474 and 

903 g C m-2 year-1, and annual averaged NPPpot was 697 g C m-2 year-1. 

 

Spatial pattern of HANPPluc 

In Anji, the total mean value of HANPPluc was 155 Gg C year-1, while HANPPluc per 

unit was 82 ± 54 g C m-2 year-1 from 1984 to 2014. The HANPPluc in central Anji were 

higher than those in other regions (see Fig. 7a). In general, the positive HANPPluc, i.e. 

NPPpot was higher than NPPact, appeared in northern, southern and central Anji, while 

the negative HANPPluc appeared in eastern and western Anji. The area of the negative 

HANPPluc regions was 73723 ha, accounting for 39% of Anji area. The MBF is widely 

distributed in those regions, NPPact was higher than NPPpot because of MBF 

management like the On and Off-year management and fertilization (Chen et al., 2018; 

Zhang et al., 2017a). 

Although there was an increasing trend in the annual HANPPluc, the changing trends 

showed a large spatial heterogeneity (see Fig. 7b). The HANPPluc increased in northern 
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and central Anji because of the urbanization and decrease of croplands. The area where 

the HANPPluc increased significantly was 11342 ha, accounting for 6% of Anji area (see 

Fig. 7c). Figure 7b also illustrates that the HANPPluc decreased in the northern, southern 

and central Anji due to land cover changes to highly productive land type (MBF). The 

area where the HANPPluc decreased significantly was 13232 ha, accounting for 7% of 

Anji area (see Fig. 7c). 

 

 

Figure 7. Spatial distributions of (a) annual HANPPluc, (b) changing trends in HANPPluc, (c) 

significant HANPPluc change (p < 0.1), and (d) annual averaged HANPPluc/NPPpot from 1984 to 

2014 in Anji 

 

 

Over the 31 years, the mean value of the ratio between HANPPluc and NPPpot (i.e. 

HANPPluc/NPPpot) was 11 ± 7%. The positive HANPPluc/NPPpot values were distributed 

in the northern, southern and central Anji (see Fig. 7d), and the highest value of 

HANPPluc/NPPpot appeared in central Anji due to land cover changes to urban land. The 

negative HANPPluc/NPPpot values appeared in eastern and western Anji, and the lowest 

value of HANPPluc/NPPpot was in eastern Anji because of land cover changes to highly 

productive land type (MBF). 
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Discussion 

Comparison with previous work 

Compared with previous work (see Table 4), the simulated NPPpot in Anji was 

similar to the result in the core zone in Tianmu Mountain Nature Reserve (Chen et al., 

2017), karst areas of south China (Lin et al., 2016), and coastal areas of Jiangsu (Zhang 

et al., 2015). However, the simulated NPPpot was lower than the result in Zhejiang 

reported by Pan (2020), and was higher than the result in Yangtze River Delta reported 

by Huang (2020). 

For SBF, the simulated NPPpot in Anji was similar to the result in the core zone in 

Tianmu Mountain Nature Reserve (Chen et al., 2017), Zhejiang (Sun, 2009), Gannan 

(Zou et al., 2011), and China (Lin et al., 2012). For SNLF, the simulated NPPpot in Anji 

was similar to the result in the core zone in Tianmu Mountain Nature Reserve (Chen et 

al., 2017), Zhejiang (Sun, 2009), and global tropical and subtropical needle leaf forests 

(Medková et al., 2017). Our result was higher than the result in cold temperate needle 

leaf forests in China reported by Ren (2017). For MBF, the simulated NPPpot in Anji 

was similar to the result in the core zone in Tianmu Mountain Nature Reserve (Chen et 

al., 2017). However, it was lower than the result in Wuyishan Biosphere Reserve (Li et 

al., 2006). For croplands, the simulated NPPpot in Anji was higher than the result in 

global croplands (Haberl et al., 2007). 

 
Table 4. Overview of previous work on NPPpot at different scale 

Work Study scale Time period 
NPPpot 

(g C m-2 year-1) 

This study Anji, China 1984-2014 697 ± 100 

Chen et al., 2017 The core zone in Tianmu Mountain Nature Reserve 1984-2014 720 ± 114 

Lin et al., 2016 Karst areas of south China 2000-2013 400-850 

Zhang et al., 2015 Coastal areas of Jiangsu, China 2000-2010 603-832 

Pan and Xu, 2020 Zhejiang, China 1981-2015 896 

Huang et al., 2020 Yangtze River Delta, China 2005-2015 424-631 

This study SBF in Anji 1984-2014 775 ± 106 

Chen et al., 2017 SBF in the core zone in Tianmu Mountain Nature Reserve 1984-2014 717 ± 120 

Sun, 2009 SBF in Zhejiang 1981-1998 500-800 

Zou et al., 2011 SBF in Gannan 1950-2000 733 

Lin et al., 2012 SBF in China 1961-2006 534-847 

This study SNLF in Anji 1984-2014 720 ± 97 

Chen et al., 2017 SNLF in the core zone in Tianmu Mountain Nature Reserve 1984-2014 665 ± 94 

Medková et al., 2017 Global tropical and subtropical NLF 2000 735 

Sun, 2009 SNLF in Zhejiang 1981-1998 500-800 

Ren et al., 2017 Cold temperate NLF in China 1982-2012 430 

This study MBF in Anji, China 1984-2014 805 ± 108 

Chen et al., 2017 MBF in the core zone in Tianmu Mountain Nature Reserve 1984-2014 731-784 

Li et al., 2006 MBF in Wuyishan Biosphere Reserve 1993 826 

This study Croplands in Anji, China 1984-2014 670 ± 63 

Haberl et al., 2007 Global croplands 2000 611 

NLF: needle leaf forests 
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During the period 1984-2014, the annual HANPPluc varied between 1 and 248 g C m-2 

year-1, with the mean value of 82 ± 54 g C m-2 year-1 (see Table 5). Our results were 

similar to the results in the regions where the geographic and climatic conditions are 

similar to Anji (Huang et al., 2020; Zhang et al., 2015). The national HANPPluc values 

from previous studies were also compared with the annual HANPPluc in Anji, and the 

results show that our results were similar to the results in China (Chen et al., 2015) and 

New Zealand (Fetzel et al., 2014). However, the result was higher than the global result 

reported by Haberl (2007). 

In Anji, the ratio between HANPPluc and NPPpot (i.e. HANPPluc/NPPpot) varied 

between 0.2% and 29.6%, with the mean value of 11 ± 7%. Our results were similar to 

the results in the regions where the geographic and climatic conditions are similar to 

Anji (Huang et al., 2020; Zhang et al., 2015). The result was also similar to the result in 

Karst areas of south China (Lin et al., 2016). As shown in Table 5, distinct differences 

in HANPPluc/NPPpot are found in different countries and regions. The HANPPluc/NPPpot 

in China was higher than that in East Asia or Europe (Chen et al., 2015; Haberl et al., 

2007; Plutzar et al., 2016), and was similar to the result in Central Asia (Huang et al., 

2018). The variation of the HANPPluc/NPPpot in New Zealand or global terrestrial 

ecosystems was larger than that in China (Fetzel et al., 2014; Haberl et al., 2014). The 

HANPPluc/NPPpot in Anji was lower than that in China, this is mainly caused by the 

increase of the area of forest types, increasing from 59% in 1984 to 66% in 2014 (see 

Table 2). 

 
Table 5. Overview of previous work on HANPPluc at different scale 

Quantity Study scale Time period Results References 

HANPPluc 

 (g C m-2 year-1) 

Anji, China 1984-2014 82 ± 54 This study 

Zhejiang, China 2005-2015 71 Huang et al., 2020 

Coastal areas of Jiangsu, China 2000-2010 -23-100 Zhang et al., 2015 

Yangtze River Delta, China 2005-2015 26-102 Huang et al., 2020 

China 2001-2010 45-121 Chen et al., 2015 

New Zealand 1860-2005 11-96 Fetzel et al., 2014 

Global 2000 4 Haberl et al., 2007 

HANPPluc/NPPpot 

Anji, China 1984-2014 11 ± 7% This study 

Coastal areas of Jiangsu, China 2000-2010 -11%-32% Zhang et al., 2015 

Yangtze River Delta, China 2005-2015 6%-19% Huang et al., 2020 

Karst areas of south China 2000-2013 13%-22% Lin et al., 2016 

China 2001-2010 11%-26% Chen et al., 2015 

East Asia 2000 5% Haberl et al., 2007 

Central Asia 1979-2012 0.3%-22% Huang et al., 2018 

Europe 1990-2006 11% Plutzar et al., 2016 

New Zealand 1860-2005 4%-37% Fetzel et al., 2014 

Global 2000 4%-55% Haberl et al., 2014 

 

 

Impact of land use changes on NPP 

Based on the HANPPluc and transition of different land cover types during the period 

1984-2014 (see Table 2), the HANPPluc changes resulting from LUC were calculated 
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(see Table 6). MBF has a strong capacity for carbon sequestration (Cao et al., 2019; 

Chen et al., 2020). Therefore, because of the increase of the MBF, which increased 

about 25207 ha during the period 1984-2014, the HANPPluc in the MBF decreased from 

49.0 Gg C year-1 in 1984 to 15.5 Gg C year-1 in 2014. It means that the NPP increased 

about 33.5 Gg C year-1 due to the increase of MBF. 

 
Table 6. The HANPPluc (Unit: Mg C year-1) resulting from LUC during the period 1984-

2014 in Anji 

Type SBF SNLF MBF Croplands Urban River Total 

SBF 19,192  138  1,481  -390  3,612  637  24,670  

SNLF 503  -2,523  -4,211  -2,782  5,757  111  -3,145  

MBF 3,449  1,770  15,600  701  27,369  129  49,018  

Croplands 3,484  1,059  4,358  2,953  49,732  4,267  65,853  

Urban -91  -215  -1,631  -9,480  0  0  -11,417  

River -45  0  -93  45  0  0  -93  

Total 26,493  228  15,504  -8,952  86,469  5,144   

 

 

The area of the SBF decreased about 7316 ha during the period 1984-2014, while the 

HANPPluc in the SBF increased from 24.7 Gg C year-1 in 1984 to 26.5 Gg C year-1 in 

2014. It means that the NPP decreased about 1.8 Gg C year-1. The area of the SNLF 

decreased about 5666 ha, which caused the NPP decrease of 3.4 Gg C year-1. The area 

of the urban land increased about 12291 ha, which caused the NPP decrease of 97.9 Gg 

C year-1. The area of the river increased about 809 ha, and it led to a decrease of 5.2 Gg 

C year-1 in the NPP. 

The area of the croplands decreased about 25323 ha during the period 1984-2014, 

and the area of the croplands occupied by MBF, SBF, or SNLF was about 16739 ha. In 

the vast majority of the global terrestrial ecosystems, converting croplands to forests 

increases NPP (Krausmann et al., 2013). As a consequence, the NPP increased 

7.5 Gg C year-1. 

Conclusion 

Based on the CASA model and the Thornthwaite Memorial model, this paper 

calculated the NPPact and NPPpot in Anji during the period 1984-2014, explored the 

temporal and spatial changes of HANPPluc in Anji, and analyzed the impact of LUC on 

vegetation NPP. The main findings are as follows: 

(1) Over the 31 years, there was an increasing trend in the annual HANPPluc, but the 

changing trends showed a large spatial heterogeneity. The HANPPluc increased in 

northern and central Anji because of the urbanization and decrease of the croplands. 

While the HANPPluc decreased in northern, southern and central Anji due to land cover 

changes to highly productive land type (MBF). 

(2) In general, the HANPPluc in central Anji were higher than those in other regions. 

The positive HANPPluc, i.e. NPPpot was higher than NPPact, appeared in northern, southern 

and central Anji, while the negative HANPPluc appeared in eastern and western Anji. 

(3) The increase of the MBF led to an increase in NPP, while converting croplands to 

forests also increased NPP. However, the increase of the urban land and river caused the 
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NPP decreasing significantly. Our results indicate that MBF is a good substitute for 

wood due to its strong capacity for carbon sequestration, and we also should control of 

the expansion of urban land. 

The long-term forecasting and evaluation of the temporal and spatial changes of 

HANPPluc has more important significance for land use management, and it is our future 

studies. 
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