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Abstract. This article investigates the relationship between1 Introduction

net primary production (NPP) of Chinese fir, temperature and

precipitation. The spatial-temporal NPP pattern in the potenChinese fir Cunninghamia lanceolatd_amb) Hook), a typ-

tial distribution area of Chinese fir from 2000-2010 was es-ical subtropical coniferous tree species, is one of the most
timated utilizing a MODIS MOD17 product in a geographic important timber species in Southern China due to its fast
information system (GIS) environment. The results showeddrowth, high yield and excellent wood quality (Wu, 1984).
that the highest NPP value of Chinese fir is in the FujianTraditionally, Chinese fir plantations were established af-
province in the eastern part of the study region. The relationier native evergreen broad-leaved forests were harvested,
ship between NPP of Chinese fir and climate variables was$lashed, and burned. Since the 1950s, with the increasing
analyzed spatially and temporally. On the regional scale, predemand for timber because of the economic development,
cipitation showed higher correlation coefficients with NPP the plantation area of Chinese fir has been enlarged, and the
than did temperature. The spatial variability pattern indicatedspecies has been repeatedly planted on the same sites with-
that temperature was more important in central and easterfut periods of fallow. Subsequently, decreasing production
regions (e.g. Hunan and Fujian province), while precipita-0f Chinese fir plantations has been reported since the 1980s
tion was crucial in the northern part (e.g. Anhui province). (Fang, 1987; Ma, 2001), primarily due to soil degradation
Zonal analysis revealed that the impact of precipitation on(Ding et al., 1999; Yang et al., 2000). Climate influences the
the production was more complicate than that of temperatureStructure and function of forest ecosystems and plays an es-
|arger amount of precipitation is not a|WayS Correspondingsentiﬁﬂ role in the grOWth and health of forest. Existing stud-
with greater NPP value. When compared to natural forestsi€s on the relationship between the productivity of planta-
plantations appear to be more sensitive to the variability oftions and climate are scarce and limited to plot scale (Chen
precipitation, which indicates their higher vulnerability un- etal., 1980a, b; Lu, 1980). However, it is necessary to clarify
der climate change. Temporally, NPP values decreased déuch relationships spatially at the regional level in order to
spite of increasing temperatures, and the decrease was largextensively and comprehensively understand the influence of

in plantations than among other vegetation types. climate on the productivity of plantations. Moreover, climate
change affects the growth and production of forests directly

through changes in the meteorological drivers of growth and
through carbon dioxide fertilization, and indirectly through
complex interactions present in forest ecosystems. Temporal
analyses of such relationships are indispensable.
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Forest ecosystems have the strongest carbon absorptiamique opportunity for examining the spatial patterns of NPP
capacities among all ecosystems. In China, plantations are i the plantation ecosystem of Chinese fir in southern China
significant part of forest ecosystems, and they are very imporand its relationships to climate. Consequently, the objectives
tant when studying the carbon budget of terrestrial ecosysef the current study were to (1) explore spatial-temporal pat-
tems. Since the early 1970s, the plantation area of China ha®rns of NPP in the potential distribution area of Chinese fir
been gradually increasing to be now the highest in the worldplantations, and (2) to examine the influence of temperature
Forests in southern China are primarily plantations, whichand precipitation on the production of Chinese fir.
compose 54.3 % of the total plantation area of China. Car-
bon uptake by plantations is the most important reason for
the increased carbon storage in China (Fang et al., 2001 Methods
It contributes about 65% of the C sink in the terrestrial ) o
ecosystems of southern China (Wang et al., 2009). Zhao and-1 Site description
Running (2010? showed that the'past. decade (ZOOO—ZOOQ}he study region chosen for this work is defined by the
was the worldwide warmest one since instrumental measure- RN : , : )

otential distribution area of Chinese fir plantations, which

ments of temperatures began in the 1880s. A better undergpans a latitude range from 21.22 to 33.R8and longitude

standing of the decadal-scale carbon balance dynamics )
plantation ecosystems can benefit the interpretation of Obcfrom 97.33 to 121.28E (Wu, 1984). It covers 10 provinces

served variation in atmosphere-biosphere carbon exchangérgaioug?ﬁﬂ ng‘;r’] 'gggd'ngfgfllzng\}uiur{:‘:’ ‘;'Ii?]%);n Haur; q
(Fung et al., 1997) and evaluation policies to mitigate anthro- "~ """ =~ gaong, 9xi, ' :

. - . .~ Chonggqing, with a total area of 134 million hectares (Fig. 1).
pogenic CQ emissions (IGBP Terrestrial Carbon Working e ) . :
Group, 1998). . The potent|_al dlstr|bu_t|on area _of Chinese fir plantanpn_s

Net primary production (NPP) has received much atten-'S " the humid subtropical area in southern China. This is
a region of low mountains and hills with a very broken to-

tion not only because it is related to the global carbon cycle : .
but also because it is greatly influenced by the changing C”_pography and complicated geology. Plantations are generally

I 0, -
mate (Prentice et al., 2001). On the regional or global scaleloCateOI on slopes with steepness of more tha_m 20%, gen
. ler lower slopes generally being used for agriculture. The
NPP can be estimated by process-based ecosystem models,. . . -
oil type is usually red earth, but the soil can be originated

which are based on the fundamental mechanisms controllingﬁ;rom verv different parent materials. The soil conditions var
NPP, such as moisture, temperature, solar radiation and nu- y P ' y

trition (Running and Coughlan, 1988: Melillo et al., 1993), significantly in terms of texture, depth, fertility, and other

However, these ecosystem models generally estimate pote'ha_hysmal and chemlc_al characterl_stlcs. Naturally, Chinese fir
. Lo o : - is a component of mixed subtropical evergreen broad-leaved
tial NPP, primarily because of the difficulty in obtaining ex-

isting and detailed land cover and soil information. On theforests (Wu, 1984).
other hand, satellite remote sensing data can provide neal 5 pata collection and processing
real time information regarding vegetation cover, biome type

and disturbances (Wang et al., 2013). As a result, models Uspata sources required in the current study comprised MODIS
ing satellite data make NPP estimation simpler and possiblyypp and GPP data, and land cover and climate data. Re-
more accurate (Potter et al., 2004; Ruimy et al., 1994; Fieldyote sensing and geographic information system techniques
etal., 1995; Zhao et al., 2006). _ ~ were employed for processing, analyzing and mapping of all
Remote sensing has been used to monitor gross primar¥patia| data. In addition, R programming language (R Core
production (GPP) anq NPP dynamics on the regional a”dl'eam, 2014), and a suite of R packages (sp, Bivand et al.,
global scale (Nemani et al., 2003; Zhao et al., 2006). Thep013; rgdal, Bivand et al., 2014; ggplot2, Wickham, 2009)

Moderate Resolution Imaging Spectroradiometer (MODIS)yas utilized for MODIS data download and statistical analy-
on NASAs satellites, Terra and Aqua, is one of the most re-gjg.

liable data sources to monitor the terrestrial biosphere. The

algorithm of MODIS NPP is based on “radiation use effi- 2.2.1 MODIS data

ciency”, original logic proposed by Monteith (1972) sug-

gesting that NPP of sufficiently watered and fertilized an- MODIS product MOD 17 was chosen for evaluation of GPP
nual crops is linearly related to the amount of solar energyand NPP in our study. MODIS data are formatted as a HDF
absorbed by the plants over a growing season. The resulteOS (Hierarchical Data Format — Earth Observing System)
ing MODIS GPP and NPP products have been validated asile in a sinusoidal projection with a grid of 1 ksl km.
being able to capture spatial and temporal GPP and NPP paEach tile is 1200¢ 1200 km (Zhao et al., 2005). To cover
terns across various biomes and climate regimes, and they athe study area, six tiles with horizontal numbers from 26 to
consistent with the ground flux tower-based GPP and field28 and vertical numbers from 5-6 for 11 years (2000-2010)
observed NPP estimation (Zhao et al., 2005). The availabilitywere downloaded using the R script of ModisDownload.R
of GPP and NPP calculated from the MODIS data provides ahttp://r-gis.net/?e¢eModisDownload). Six tiles of each time
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Figure 1. Location of the study area (green) in southern China. Names and borders of provinces are shown. Flags represent weather station:
located within the study region. Red asterisk indicates Huitong county, which is the central place of Chinese fir production.

were merged and converted into one GeoTIFF format im-2.2.3 Climate data

age using the MODIS Reprojection Tool (MRT). The Sinu-

soidal projection of each image was transformed into an Al-

bers equal-area projection in the process of converting HDFayerage annual precipitation and temperature data (2000—
files into tiff images. The mosaic images were then cllpped2010) from 75 stations were acquired as a text file from
into the study area in ESRI Arcinfo. Chinese meteorological data sharing service systettp: (
/lcdc.cma.gov.cn The temperature and precipitation data
were transformed into the grid format from the text format
in Arcinfo. To match MODIS data and land cover data, or-
dinary kriging was chosen as an estimator to interpolate the

the Global Landcover 2000 web site (Bartholomé and Bel- cllmatlc data to be gridded surface with resolution of 1 km
ward, 2005). The GLC2000 data was based on the SPOTusmgamodule of the geostatistical analyst in ArcGIS. A uni-

4 vegetation VEGA2000 data set, which provides accuratef'ed projection corresponding to all other data was then de-
baseline land cover information. Additionally, the distribu- fined for the interpolated temperature and precipitation data.

tion of Chinese fir was specially modified from the arti- The trends of regional climatic variables in time series were
ficial Chinese forest map, which we applied from “Data analyzed based on the Mann—Kendall method using R. The

Sharing Network Infrastructure of Earth System Science”'\/lann_Kendall _me_thod IS con5|de_r ed to be more suitable for
(http://www.geodata.chy a Chinese web that provides data non—n_ormally distributed dgta, \.Nh'Ch are frequently encoun-
related to nature science. The distribution area of Chinese ﬁFered in hydro-meteorological time series (Yue et al., 2002).
is corresponding to that of coniferous forest partly in Global

Landcover 2000. So we replaced those coniferous forest ar-

eas with Chinese fir utilizing ArcGIS software to make anew 2 3 Analysis of NPP temporal change pattern

land cover map that contains Chinese fir. The land cover data

was then transformed to the same projection with the MODIS

data (Fig. 2).

2.2.2 Land cover data

The 1-km resolution Landcover 2000 (GLC2000) data con-
sistent geographically with the study area was retrieved from

The temporal fluxes of NPP over the 11 years of study were
examined with the temporal change tendency analysis for

www.biogeosciences.net/11/5595/2014/ Biogeosciences, 11, 502014
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100° E 105° E 110° E 115°E 120° E has the same trend with temperature or precipitation, while a
' — ' ' ' negative R implies the opposite. Additionally, a zonal anal-

33°N
1

% S e ysis was conducted to examine the NPP pattern along pre-
G pa cipitation and temperature gradients. Zonal analysis is one
® ’;‘:& of the most important spatial analysis tools in ArcGIS. It is
w (B the creation of an output raster (or statistics table) in which
' 5 L? the desired function is computed on the cell values from the

30°N
1
R o

Z
N input value raster that intersect or fall within each zone of a
- specified input zone data set (ESRI). The mean NPP value
% (dependent factor) for each range of precipitation and tem-
perature (independent factors) was calculated using [Zonal-
z Jkm stats] of ArcInfo, where the independent factors were used as
S Lesend zones and the dependent factor was used as a value.
egen
B chinese fir Bush 2.5 Validation of MODIS data using flux tower data
- Coniferous forest :I Meadow

[ Brosd-tcaved evergreen forest [] Farmland Eddy flux towers provide valuable opportunities to validate
, satellite data, because they measure carbon, water and en-

[ Broad-teaved deciduous forest [ Others ergy exchange on a long-term and continuous basis (Run-
Figure 2. Distribution of eight vegetation classes as retrieved from _nmg_et al., 1999). C_;PP qenve,d from eddy flux measurer_nents
the Global Landcover 2000 web site and Chinese artificial forest'" Qianyanzhou, ‘]'angx' province, was empl_oyed _to valld.a}te

map. MODIS GPP. Vegetation around the tower is mainly artifi-
cial forest with the stand age around 30 years including, e.g.

planted pine and Chinese fir (Ma et al., 2010). Eddy flux GPP

each pixel separately, utilizing the following equation: on daily basis in 2006 were provided by Qianyanzhou Exper-
imental Station. Correspondingly, MODIS GPP data in 2006

(i i) (i NPP) were downloaded. To match the footprint, subsets af#4
= = ! pixels around the tower were extracted. In accordance with
. N2 1) MODIS GPP, which is an 8-day composite, 8-day summa-
nx Yy i2— (Z i) tions of eddy flux GPP were created to make a correlation
i=1 i=1 with average of MODIS GPP subsets.

n
nx Y i xNPR —
i=1

Qslope=

wheren is the total number of study years and NR#®an-

nual NPP during the yedrof each pixel (Stow et al., 2003). 3 Results

Positive Qgiope Signifies an increasing tendency through the

time series, while a negative one infers a decline. A higher3.1 Characteristics of climate variables

absolute value 00sjope denotes a stronger magnitude of an

increase or a decrease. Tgiope parameter here was used Spatially, hydrothermal gradients present zonal characteris-
as a binary indicator to show whether NPP is increasing ottics. It is evident that temperatures in the south and east
decreasing at each pixel. Percentages of pixels that decreasee higher than those in the north and west (Fig. 3a, b).
growth are presented in the results. Spatially, NPP pattern®n the other hand, precipitation featured a decreasing trend
were characterized by calculating the 11-year average NPRom southeast to northwest. The mean decadal temperature

values geographically. gradually increased from 2000-2010 based on the Mann-
Kendall analysis (Fig. 3c), which was in an agreement with

2.4 Analysis between NPP pattern and the overall warming trend. Moreover, the annual precipita-
climate variables tion slightly decreased following a linear trend over the study

) ) ) ) gears (Fig. 3d).

To examine the relationship between the geographical NP

pattern and climatic factors, a spatial correlation analysis be3.2  Spatial-temporal pattern of NPP

tween the 11-year average NPP and corresponding climate

variables was implemented on both regional and pixel scalesGPP from Eddy flux measurements in Qianyanzhou was
The Pearson product moment correlation coeffici@tgas  used to validate MODIS GPP (Fig. 4). The result showed
used to calculate the correlation between the NPP and annual good correlation between the two data sourees (.79,
mean precipitation and annual mean temperature. A Righ P < 0.0001). Vegetation production in the current study was
value signifies a positive relationship while a IaRvvalue characterized utilizing NPP value intervals, which presented
represents the opposite. A positive R implies that the NPRgreat spatial variability (Fig. 5a). For the entire study area,
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Figure 3. Spatial patterns and temporal changes of climate variables in the study r@itemperature surfacé€b) precipitation surface;
(c) mean annual temperature (MATJ) mean annual precipitation (MAP). Mean annual temperature shows significantly increasing trend
except a relatively low value in 2008, while mean annual precipitation shows significantly decreasing trend during the study years.

the average production in the south and east is higher than Temporally, from 2000-2010, the NPP values of Chinese
that in the north and west. The area with the highest pro-fir showed a decreasing trend (Fig. 6). During the period of
duction was located in the southern part of the Yunnanll years, the highest NPP occurred in 2002 and the lowest
province, where the dominant vegetation is composed of ane in 2009. The difference between these 2 years was 1009
broad-leaved evergreen forest. NPP of the broad-leaved e\, about 15 % of the average NPP.

ergreen forest in the Fujian province is the second highest The results of the spatial-temporal changes of NPP were
within the whole study region. The third highest NPP was obtained from the temporal change tendency analysis con-
in the southeastern part of the Sichuan province. The broadducted for the study years (Fig. 7a). The results showed a
leaved evergreen forests in the middle and northern parts aofreat increase in NPP in the Fujian province and in the north-
the study area presented relative low NPP values. Amongern part of the study region. Parts of Sichuan, Guizhou and
conifer forests, the highest values were found in the southYunnan provinces, areas near the margins of the study region,
ern part of the study region, followed by most of the Fujian also had similar tendencies. On the contrary, NPP in most re-
province, the western region and some regions of the Hugions of Hunan and Jiangxi provinces declined over the study
nan and Jiangxi provinces. The lowest NPP values of conifeiperiod. Overall, the main production area of Chinese fir had
forests are present in the northern part of the study region. Iran evidently decreasing productivity, while NPP around most
particular, as a type of a conifer forest, Chinese fir exhibits aof the margin area increased. In terms of vegetation type, per-
similar NPP pattern as coniferous forests in general, exceptentages of NPP decreases during the period of 11 years are
that it has its highest NPP value in the Fujian province inpresented in Fig. 7b. Farmland and deciduous broad-leaved
the eastern part of the study region, but lower values in theforest showed mostly increasing NPP values during the study
southern, western, central and northern part of the study reyears, while coniferous and evergreen broad-leaved forests
gion. In general, in the potential distribution area of Chinesehad areas with both increasing and decreasing NPP, with the
fir plantations, broad-leaved evergreen forests have the highproportions of decreasing NPP equaling 50 and 55 %, respec-
est production (Fig. 5b). Compared to NPP of other conifer-tively. Chinese fir showed the especially high NPP decrease
ous forests in the region, the value of Chinese fir is relativelyof 66 %.

low, 626 g C nT2yr—1,
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3.3 Relationship between NPP pattern and 0
climate variables & 300 -

z

Representations of spatial patterns may be different when ob- 150 1
served on different scales. In order to comprehensively clar-

ify the relationship between the NPP pattern and climatic 0~
factors, an analysis was conducted at three levels: the entire N CF EB DB B M F
study region, zonal analysis and pixel scale. Regionally, both Vegetation type

temperature and precipitation presented positive correlations

with NPP values, where the correlation with precipitation Figure 5. Spatial pattern of NPP in the study regi¢a) spatial pat-
was significant and higher than that for temperature (Fig. 8atern of average NPP during study years, the intervals was chosen
b). The relationship between the NPP pattern and climatid®@sed on the quartile of cumulative distribution of the NE# the

factors was further examined through a correlation analysignean NPP of each vegetation type. Error bars represent standard de-
between NPP of each pixel and climate geographically Correyiation within vegetation type. Abbreviations: N, coniferous forest;
F, Chinese fir; EB, evergreen broad-leaved forest; DB, deciduous

sponding to NPI.D' The Ve“t‘“y average NPP and correspondin road-leaved forest; B, bush; F, farmland; M, meadow.

yearly data of climate variables were correlated to each other

using the Pearson product moment correlation. Correlation

coefficients of NPP and annual mean precipitation are shown

in Fig. 9a. High correlations between the two variables were Additionally, the analysis of the NPP pattern along each
found in the central and northern part of the whole studyclimatic factor was implemented utilizing a zonal analysis.
region, while low or negative correlations were detected inEspecially, the NPP patterns of Chinese fir, coniferous forests
most southern regions. The correlation coefficients betweerand broad-leaved forests along climate variables were an-
NPP and annual mean temperature are shown in Fig. 9b. Thalyzed and compared. For all three vegetation types, NPP
central areas of the study region presented high r values, eglong precipitation exhibited a more complex pattern than
pecially Hunan, Jiangxi and Chongging provinces, whereasalong temperature (Fig. 10). In terms of precipitation, the
negative r values were found within the southern margin ofNPP values of Chinese fir present a gradual increase with
the study region. For comparison, in the central and easterthe precipitation above 1400 mm and below 1700 mm, with
areas of Chinese fir, NPP values were more strongly cora sharp decrease above 1700 mm, and the same pattern was
related to temperature than to precipitation. In the northerrfound in coniferous and broad-leaved forests (Fig. 10a, c, €).
part they exhibited higher correlations with precipitation than Along decreasing precipitation below 1400 mm, the produc-
with temperature, and in the southern part negative correlativity of both coniferous and broad-leaved forests presented
tions with both temperature and precipitation. a similar pattern: decreasing NPP with precipitation above

Biogeosciences, 11, 5595606 2014 www.biogeosciences.net/11/5595/2014/
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& 70
: Y 4%
970 mm and a sudden increase above 1100 mm and then & 60
gradual decrease until 1400 mm. Such a pattern is not obvi-.s 7 7

ous in Chinese fir, except that there is a sudden change at theZ’ 50 7

precipitation level of 1100 mm. g
In terms of temperature (Fig. 10b, d, f), an increasing trend

of NPP of Chinese fir is evident from the turning point tem-

40 -

5
Q
S
perature of 15.8C, with a short, relatively stable interval % 30
ranging from 15.5 to 19C. A similar pattern was found in ‘s 204
coniferous and broad-leaved forests, with a small difference &
within the interval from 15.5 to 19C. Within this interval, '§ 104
the NPP values of coniferous forests present a gradual in-5
crease, while broad-leaved forests exhibit a sudden increase o ; . “ % # #
and then a slow decrease. In comparison, the pattern of NPP N CF EB DB B M
along the annual average temperature experienced by Chi- Vegetation type

nese fir is similar with that of coniferous forests, both of . . .

which experience decreasing NPP values along the temperdzgure 7. Temporal pattern of NPP in the study regi¢a) pixel-

ture until 15.5°C despite stronger NPP fluctuation in Chinese Pased NPP temporal change trend from 2000-2Qapthe per-
fir and a greater decrease in coniferous forests. NPP alonfEntage of areas showing a decrease in NPP for each vegetation
temperature presents a more complicated pattern in broa ype. Abbreviations: N, coniferous forest; CF, Chinese fir; EB, ev-
leaved forests. First there is an increase in NPP. followe rgreen broad-leaved forest; DB, deciduous broad-leaved forest; B,

. . ) rush; F, farmland; M, meadow.
by a sudden decrease right before the turning point of about

15.5°C.
rection in 1 year. Differences in the spatial scales of the two
4 Discussion methods may lead to differences in the predicted GPP of the
MODIS-GPP algorithm and eddy tower (Wang et al, 2013).
4.1 Spatial pattern of NPP and climatic conditions To characterize the spatial pattern of temperature and pre-

cipitation, we chose ordinary kriging as an estimator to in-
We got a good correlation between MODIS GPP and GPPRerpolate the station data. Ordinary kriging is a linear opti-
from eddy flux measurements £ 0.79, P < 0.0001) that mum interpolation method for regionalized single variable
was similar to the correlation in another study using satel-with the minimum variance of the estimation variance. A
lite data from China (Wang et al, 2013). MODIS GPP can becross-validation was conducted to estimate the interpolation
used to estimate the GPP within a pixel (an area of 4km  accuracy, which showed a high correlation coefficient of 0.92
current study), while eddy tower measures GPP over a footbetween the original temperature data and predicted krig-
print that changes according to the wind speed and wind diing value, and 0.85 for that of precipitation data. Moreover,

www.biogeosciences.net/11/5595/2014/ Biogeosciences, 11, 502014
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a) 725 - acterized the relationship between NPP and climate variables
200 | in more detail (Fig. 7a).

* Generally, forest production is correlated with both pre-
~ 675 1 cipitation and temperature. Greater precipitation and higher
N‘& 650 * ¢ o temperatures are accompanied with a higher production, as
g ° Y shown in our results where the production in the south
- 6251 * and east was higher than that in the north and west. Del
E 600 1 o ¢ Grosso (2008) pointed that precipitation was better corre-
Z 575 | lated with NPP than temperature. In our study, considering

=0.64, p<0.05 the whole study area, precipitation had a greater correlation
550 1 with NPP than did temperature on a regional scale (Fig. 8).
525 However, pixel-based correlation analyses between climate

1050 1100 1150 1200 1250 1300 1350 1400 variables and NPP showed that the relationship had great
spatial variability: NPP values were more strongly correlated

MAP (mm) . .
b) 725 - with temperature than precipitation in the central and eastern
part of the study region, while NPP exhibited a greater corre-
700 1 . lation with precipitation than with temperature in the north-
675 - ern part (Fig. 9). These results brought out the importance
T 650 - 2 2 4 of the scale effect. In the zonal analysis, NPP values gener-
e ’//.//‘/, ally increased along both increasing precipitation and tem-
5 625 * . L
S * ° perature _gradlents. However, NP_P v_a_lues a_long th_e precipita-
£ 600 * tion gradient presented more variability, which indicated that
; 575 the effect of precipitation on production is more complicated.
=0.23, p=0.52 Chen et al. (2005) have suggested that the yearly distribution
550 1 of precipitation has a strong effect on the natural vegetation
525 w w w w w w w w growth. In the current study, NPP values tended to decrease

165 166 167 168 169 17 17.1 172 173 when precipitation was more than 1700 mm (Fig. 10a, c, e).
High amounts of precipitation occur in the southern region of
the study area, such as Guangdong and Guangxi provinces,
Figure 8. Correlation between net primary production of Chinese fir where rainfall is distributed unevenly (Chen, 1980a), causing
and climate variables from 2000-2010 on a regional s¢a)élean periods of ample water supply but also drought. This also ex-
annual precipitation (MAP)(b) mean annual temperature (MAT). plains why the production in the southern part of the study
They both show linear trends. NPP of Chinese fir is significantly site has a negative correlation with precipitation based on
correlated to MAP but not to MAT. the pixel level analysis. Additionally, plantations appear to
be more sensitive to precipitation variability. As the results
indicated, Chinese fir has its highest production in the east-
ern part of the study region, not in the southern part as the
we compared our climatic data with WorldClim datatp: natural forest did, which is the only difference in the spatial
IIwww.worldclim.org), which is a set of global climate lay- pattern between artificial and natural forests.
ers (climate grids) with a spatial resolution of about 1 square
kilometer, and found a very similar characteristic between4.2 Climate change and NPP
the the two data sets.

Factors in the physical environment that the growth andLiu (2010) has conducted an analysis on spatial-temporal
development of plants are radiation, temperature, water anghanges in the climate of China that the average temperature
nutrients (Atkinson and Porter, 1996). Three of these fourhas increased significantly at the rate of TC2per decade
factors are climatic. Previously, a site analysis between cli-over the period of 1955-2000 in south-eastern China (Liu
matic variables and the growth of Chinese fir has been conet al., 2010). Additionally, the average growing season has
ducted on a local scale (Chen, 1980a). It was concluded thathifted 4.6-5.5 days forward and the average end has been
in Hunan and Guizhou provinces, within the central part of 1.8-3.7 days prolonged, increasing the length of the grow-
the current study area, temperature was most strongly coring season by 6.9-8.7 days (Liu et al., 2010). For our data,
related with the growth of Chinese fir, while in the An- a similar trend of increasing temperatures was recorded for
hui province, within the northern part of the current study the period (2000—2010). Warming tends to accelerate flower-
area, the most strongly affecting climate factor was precipita-ing and prolong the photosynthetically active period (Cleland
tion. These previous results were consistent with our findingset al., 2006; Berninger, 1997). Moreover, the length of the
based on a correlation analysis on a pixel scale, which chargrowing season influences the annual vegetation production,

MAT (C)
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Figure 9. Pixel scale correlation coefficients between NPP @)@nnual mean precipitation andy) annual mean temperature.

longer seasons favoring the accumulation of organic mat-ous forests showed a strong increase. Such a difference indi-
ter. Consequently, the production of vegetation will proba- cated that the maintenance respiration of broad-leaved forests
bly increase along an increasing temperature. However, irin winter has probably greatly increased due to warming tem-
the current study, the analysis on the temporal tendencies gferature.

NPP indicated variability among different vegetation types, It is evident that the production of vegetation in the study
of which only farmland and deciduous broad-leaved for- region did not benefit from an increasing temperature. De-
est showed an increase over most regions of the study arespite the potential effects of increasing maintenance respi-
during the period of 11 years. NPP values of Chinese firration or anthropogenic influence, factors related to climate
decreased for most pixels in most areas of the study reehange, for instance increasing variability in rainfall, en-
gion, especially in the central production areas of Hunan andhanced frequency of extreme weather events, such as cold
Jiangxi provinces. Unlike in natural forests, the growth of waves, droughts and floods (Solomon et al., 2007), can in-
plantation forests is manipulated by human beings to somdluence the production of vegetation. The central and south-
extent. Opposite to crops, the NPP values of plantationsern parts of our study region experienced several extreme
showed the largest decreases among all vegetation typeseather events during the study years, including droughts in
There are two possibilities accounting for such phenomenonautumn 2004, floods and hurricanes in 2007 and snowstorms
One possible reason is man-made causes, such as land use2008. Our results (Fig. 6) show that NPP of Chinese fir
change or inappropriate silvicultural management which re-decreased in 2005, which was to some extend influenced by
sults in soil degradation that influences the growth of plan-autumn droughts in 2004. Floods and hurricanes in 2007 also
tations (Ding et al., 1999; Yang et al., 2000). Fires, harvestcorresponded with a declined NPP value in 2007 compared
deforestation or other disturbances that change the land-ugde that in 2006. While snowstorms in 2008 made the NPP
could alter terrestrial net fluxes at regional and global scalesvalue even lower than that in 2007. These events could po-
However, it is extremely challenging to estimate the carbontentially increase the variability in precipitation, which may
balance change associated with land-use change becausefafther explain why the production of plantations had the
current lack of information on the amount and spatial patterngreatest decreases, if they were more sensitive than natural
of deforestation (Piao et al., 2012; Houghton, 2007). How-forests to precipitation variability. Additionally, as the cli-
ever, most of the plantation in southern China is owned by amate changes, extreme events are becoming more frequent
collective. Farmers has always been repeatedly planting Chien average (Solomon et al., 2007), which would potentially
nese fir on the same sites without intercropping or periodsnfluence plantation production, as relatively simple planta-
of fallow (Bi et al., 2007), which reduce the land-use changetion ecosystems are highly vulnerable (Hartley, 2002). Con-
impact. The other reason could be changing climate. Treesequently, the capacity of carbon sequestration by artificial
have a higher maintenance cost. Kremer et al. (1996) proplantations would be threatened. However, since the forest
posed that a high air temperature also increases the maintarea in China has been increasing strongly (Piao et al., 2012),
nance respiration, leading to decreases in NPP. In this studgrowth stocks of Chinese forests are still increasing.
broad-leaved and broad-leaved deciduous forests were found

to exhibit different changes during the study years. NPP of

broad-leaved forests decreased considerably, while decidu-
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Figure 10.Zonal analysis of the NPP pattern(@f) coniferous forest with precipitatioip) coniferous forest with temperaturi) Chinese
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Thin lines connect points representing the average NPP against precipitation or temperature. Bold lines represent conditional averages.
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5 Conclusions Chen, C., Feng, Z., and Dong, M.: Correlative analysis between the
growth of Cunninghamia lanceolatand climate factors. Eco-

The current study aimed to characterize the spatial-temporal logical Studies on the Artificial Cunninghamia lanceolata Forests

pattern of NPP and reveal how it is related to climatic fac- (Chinese), 65-86, 1980a.

tors in the potential distribution area of Chinese fir. A se- Che_n, C. ar_1d Feng, Z.: Studies on the mi_croclimate of the artifi-

ries of spatial analyses were implemented to characterize the 2l Cunninghamia lanceolatirests in Hui-Tong county of Hu-

spatial pattern of NPP and climate factors, and to analyze nan province, Ecologlcgl Studies on the Artificial Cunninghamia

. lanceolata Forests (Chinese), 87-97, 1980b.
the impact of those factors on NPP. Generally, the produc—C

. f . . d with the i g . hen, Z., Wang, S., Wang, Y., and Zhao, B.: Degradation of Inner
tion of vegetation increased with the Increasing precipita- Mongolia grassland ecosystem and management through fencing

tion and temperature, presenting a consistent spatial pattern. anq ecological migrating, The Japan-Korea-China Symposium
Both broad-leaved forests and natural coniferous forests had on Grassland Agriculture and Animal Production, 27—29, 2005.
their overall highest production in the southern region, whereCleland, E., Chiariello, N., Loarie, S., Mooney, H., and Field, C.:
the mean precipitation is highest although most variable. On Diverse responses of phenology to global changes in a grassland
the other hand, Chinese fir showed its highest NPP in the ecosystem, PNAS, 103, 13740-13744, 2006.

eastern region, which revealed that it is more vulnerable tdPel Grosso, S., Parton, W., Stohigren, T., Zheng, D., Bachelet, D.,
precipitation variability than natural forests. Consequently, Prince, S., Hibbard, K., and Olson, R.: Global potential net pri-
the increased frequency of extreme weather events occurring Mafy production predicted from vegetation class, precipitation,

: : : : : and temperature, Ecol., 89, 8, 2117-2126, 2008.
mhszmher:; cfi'[“i?;}, pgtenzlr?lly :e\?v?rl]tm?t];rom Iglﬁ,t[)at! Crl]lm?rts Ding, Y., Tian, Y., and Qi, L.: A testing simulation with forecast on
change, mig uence the gro ot tree plantations. 1he long-term productivity of Chinese-fir plantations, Forest. Stud.

results of the current study showing that NPP of Chinese fir i1 1 34-38 1999

decreased more than that of other vegetation types during thpang, J.,Chen, A., Peng, C., Zhao, S., and Ci, L.: Changes in forest

study years could be a consequence of the climate change. piomass carbon storage in China between 1949 and 1998, Sci-

Thus, carbon sequestration of artificial plantations could be a ence, 292, 2320-2322, 2001.

matter of concern. These findings are expected to assist whefang, Q.: Influence of continuous cropping on soil fertility and

developing strategies for the sustainable development of Chi- stand growth in Chinese-fir plantations, Sci. Silvae Sin., 23, 389-

nese fir plantations. 397, 1987.
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