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Abstract

Rainfall use efficiency (RUE) of subtropics evergreen coniferous forests and RUE spatial patterns in
Chinese subtropical zone were estimated. RUE and ecosystem net primary productivity (NPP) spatial
distribution, as well as the relationship between RUE and rainfall were particularly focused. RUE of subtropical
evergreen coniferous forests and the spatial patterns were estimated based on the data collected from the related
weather stations and peer-reviewed literatures. In our study, a gradually increasing tendency of NPP from
northwestern to southeastern part of the subtropical zone is observed. No significant differences in RUE
among these tree species are visible. RUE of the evergreen coniferous forests reduces as the rainfall increases.
RUE reaches the peak when rainfall is less than 700 mm. However, the distribution of RUE is not evident. In
linear regression, longitude, latitude, and PAR account for approximately 1.4% of the variability in RUE. These
findings suggest that the RUE of evergreen coniferous forests in southern China has a functional convergence.
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Introduction

Precipitation is an essential factor in controlling biodiversity and ecosystem functioning of terrestrial
biomes. Net primary productivity (NPP) is a central component of ecosystem carbon cycle and primary
indicator of ecosystem functioning (Ouyang ez al., 2014). Rainfall use efficiency (RUE), the ratio of NPP to
precipitation, has been suggested as a measure of the productive use of the weather and measures the amount
of rainfall that is converted into forest production (Llorens ez al., 2009; Liu ez al., 2013 ). It is a critical indicator
for evaluating responses of forest ecosystems to alter precipitation patterns. Importantly, it helps to further
understand the coupled relationship between water and carbon cycle in forest ecosystems and also to predict
the effects of the future changes in climate on the processes of water and carbon cycle by understanding the
spatiotemporal variations in the forest ecosystems and the related mechanisms (Huxman ez 4/., 2004; Yu ez 4l.,
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2004, 2008; Ponton et al., 2006; Hu et al., 2009). It is also one of the essential indices to determine the best
water supply for plant development and higher productivity (Bohn ez 4/., 2002). Currently, how to establish
reasonable forest vegetation and obtain the most significant ecological functions under the condition of very
limited water resources has been a relevant research field in many countries. However, it is very difficult to
understand the exchange characteristics between CO; and rainfall in natural forest ecosystems due to the
multiple effects of resource partitioning, morphology, structures, and functions (Barbour ez 4/, 2003).

In China, the total area of the subtropical zone is about 2.4x10°km?, about 25% of the total land area
of China (Tang ez al., 2009; Lu and Wang, 1992). In the subtropical zone, the amount of total area of the
coniferous forests is much higher than that of broad-leaved forests. The Chinese evergreen coniferous forest is
an important part of the global forest composition. In the middle and south China, such as Hunan and
Zhejiang province, the ratios of the total areas of coniferous forests to the total forest area are more than 80%.
Broad-leaved forests are most widely distributed in Guanxi and Guizhou among the nine provinces in Southern
China, but the ratios of broad-leaved forest areas to the total forest area are only account for 47.5% (Si, 1989).
Therefore, these evergreen coniferous forests in the subtropical zone are quite crucial. However, up to date,
very few studies are involved in RUE of these evergreen coniferous forests in Chinese subtropical zone (Yu ez
al., 2008). Currently, the global profile of RUE of the evergreen coniferous forests in China is not yet
uncovered, which is a bottleneck to accurately evaluate the relationship between RUE and site conditions. In
view of this situation, it remains unclear about various characteristics of RUE of these evergreen coniferous
forests on an ecosystem level and the related control mechanisms (Hu ez 4/., 2009).

In the present study, RUE of the evergreen coniferous forests in Chinese subtropical zone was studied
based on meteorological data retrieved from the meteorological stations in southern China and some data from
published literatures. Our aims were: (1) to clucidate the distribution pattern of RUE in the evergreen
coniferous forests in southern China; (2) to understand the relationship between RUE and site conditions.
This study will help to understand the adaption of the subtropical coniferous forests to water and guide to use
the climate conditions in southern China to maximize the productivity of the forest ecosystems. Moreover, this
work will provide essential data for the worldwide forest ecosystem to further understand the adaption of the
subtropical coniferous forests to rainfall.

Materials and Methods

Acquisition of NPP data

Total biomass, NPP, geographic sites, altitude, forest types, tree species, ages, and other data came from
the paper by Luo (1996). For some forest observatory stations not listed by Luo (1996), their sites were
determined in the centers of the counties, where these forest observatory stations are located. If the biomass
data is insufficient in some stations, Luo (1996) asserts that it can be calculated according to the related data
obtained from the same tree species available other local stations with the same site conditions. Other data are
referenced from the paper written by Xiao and Xu (1999). All sites are shown in Figure 1.

In our study, NPP was calculated as NPP = Ps + Pb + PI + Pr + Pu, where Ps, Pb, PI, and Pr means the
annual net growth of tree layer stems, branches, leaves, and roots, respectively; Pu is the annual net growth of
understory shrubs and herb. We first calculated the volume growth rate of the trees during the recent ages (3-
S years) according to regions, tree species and the volume growth rate model, and these data were then
multiplied by the biomass of stem, branch, and root to achieve the annual net growth of tree layer stems,
branches, and roots. The combination of the annual net growth from different tree species is the total amount
of annual net growth of tree layer stems, branches, and roots. The biomass of leaves per year is considered as the
annual net growth of leaves and the combination of the data of different tree species; we got the annual net
growth of the whole forest leaves. Since only a few studies have reported the biomass of understory shrubs and
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herb, consequently, the biomass of a large number of tree species cannot be measured directly. Thus, according
to correlations of biomass of tree layer and understory shrubs and herbs, the biomass of understory shrubs and
herbs were calculated based on the ratio constant, which were reported in the study of Luo (1996).

The main coniferous species in the subtropical zone are Pinus massoniana, P. armandi, P. taiwanensis,
P. densata, P. yunnanensis, P. kesiya var. Langbianensis, P. tabulaeformis, Cunninghamia lanceolata, Cupressus
funebris., Picea asperata, and Abies fabric. Their distributions are listed in Table 1. P. asperata and 4. fabric are
the dominant species in the dark coniferous forests belonging to cold temperate coniferous forest type, and
they distributed in the mountains with high altitude (2000-4180 m) in Chinese subtropical zone. P.
tabulaeformis is the most extensive dominant species in the forests in temperate zone in China. In the
subtropical zone, the species is distributed in the northern part of the zone with the high alticude of 200-3500
m. C. funebris is distributed mainly in the northern and western parts of the subtropical zone. P. armandi, P.
taiwanensis, and P. densata are the dominant species in regional temperate coniferous forests with a higher
altitude, distributing in the mountains with the altitude of 718-3445 m. P. massoniana, C. lanceolata, P.
yunnanensis, and P. kesiya var. Langbianensis are the dominant species in the warm coniferous forests. P.
massoniana is the pioneer tree with great ecological amplitude in dry and infertile areas. C. lanceolata, another
important species in plantation forests, is distributed on the whole subtropical zone. P. yunnanensis is the
dominant species in the coniferous forests among Yungui Plateau and is found abundantly in mountainous
terrains with 970-3050 m. P. kesiya var. Langbianensis is also considered another species found on mountainous

terrains but is located in the western part of the subtropical zone.
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Figure 1. Distribution of subtropical evergreen coniferous forests
Table 1. Main evergreen forest trees in Chinese subtropical zone
Tree species Longitude Latitude Altitude

Pinus massoniana 105.22° ~120.03 ° 23.60° ~32.65° 120~1420 m

Cunninghamia lanceolata 103.37°~121.10° 23.60° ~33.07° 20~1910 m
Cupressus funebris 95.10° ~113.08 ° 25.37°~33.62° 200~3500 m

P armandi, P taiwanensis, P densata 94.17°~119.38° 26.07 © ~34.07 © 718~3445 m
P yunnanensis, P. kesiya var. Langbianensis 97.48°~106.57 ° 24.30°~28.63° 970~3050 m
P, tabulacformis 103.67° ~118.05° 32.65°~35.50° 100~3200 m
Picea asperata, Abies fabri 94.17 ° ~121.20° 25.90°~3395° 2000~4180 m
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Meteorological data
The total solar radiation data were collected from the databank of 122 weather stations in southern
China. The annual mean of the total solar radiation (1989-1993) was calculated by determining the latitude
and longitude (Luo, 1996). If rainfall data was insufficient from some weather stations, it can be collected from
the close stations with the same conditions as indicated by Luo (1996).

Calculation of RUE

RUE is calculated according to the formula listed below:
RUE =NPP/PPT

NPP is the net primary production

PPT is the annual precipitation.

Data selection

In order to identify insufficient data, the analysis tool of ARCGIS (ESRI, USA, v. 9.3), QQPLot, was
used. TheNPP data were selected to calculate RUE. If the data shown in the QQPlot distribution figures does
not show normal distribution, they will be modified logarithmically to obtain the desired distribution. Some
outliers shown in QQPlot distribution figures were discarded after the data transformation.

Prediction of spatial interpolation

All the data of NPP and RUE were collected in the observatory stations distributed in the research
region. In order to predict the spatial distribution of NPP and RUE on horizon and achieve an expansion of
these data from some isolated sites (i.c., the sites of the observatory stations) to the whole research region, the
approximations of NPP and RUE for other sites near the observatory stations were calculated by using the
method of function spatial interpolation. In ARCGIS, interpolation of inverse-distance-squared is used. For
the image of vegetation distribution, order symbols were utilized to create the order distribution images of NPP
and RUE, followed by the use of colours with different orders. Therefore, distribution images can be created
for both of them in the whole research region and the transformation of data from the isolated sites to the
whole region is obtained.

Data analyses

All data were analyzed via Excel and SPSS (v. 16.0, SPSS Inc, USA). The statistical analysis methods
utilized in this research include Onaway-ANOVA, Pearson’s Correlative, and Simple and stepwise multiple
linear regressions.

Results

The spatial distribution of total solar radiation and rainfall

Solar radiation is absorbed by plants through photosynthesis and is transformed into chemical energy
that can be used by other organisms. In the subtropical zone in China, the total solar radiation ranges 3075-
6137 MJ-m™a™. From the spatial distribution of total solar radiation (1989-1993) (Figure 2), the highest total
solar radiation occurs in western Sichuan province, most of Yunnan province and some parts of Guangxi
province, which shows more than 4981 MJ-m™a"', whereas the lowest total solar radiation occurred in castern
Sichuan province. In Chonggqing city, Guizhou province, Hunan province, and parts of Hubei province, total
solar radiation is less than 4024 MJ-m™a™. In other areas in the subtropical zone, the total solar radiation ranges
from 4024 to 4981 MJ-m2.a’,

The annual rainfall ranges 410-2215 mm. As shown in Figure 3, the rainfall in the subtropical zone
gradually increases from northwestern to southeastern coastal areas. From the regional distribution of rainfall,



Zhang X-J et al. (2020). Not Bot Horti Agrobo 48(1):492-502.
496
the lowest rainfall (< 899 mm) occurs in the western and northern parts of the subtropical zone, including
Henan and western Sichuan. The rainfall in some parts of the subtropical zone, including most parts of Sichuan
and Yunnan, Guizhou, Hubei, Anhui, Jiangsu province, reaches 899-1290 mm. the rainfall of other parts of

the subtropical zone (Guanggxi, Jiangxi, Hunan, Fujian, and Zhejiang province), are estimated to be higher than
1290 mm.
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Figure 2. Spatial pattern of total solar radiation in Chinese subtropical zone (MJ-m2a™)
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Figure 3. Spatial pattern of annual precipitation in Chinese subtropical zone (mm)
NPP spatial distribution
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The average of NPP in the subtropical evergreen coniferous forests in China is 1340.9 gm™a™. The NPP
spatial distribution shows a gradually increasing tendency from northwestern to the southeastern part of the
subtropical zone (Figure 4). The NPP in the western and northern parts of the subtropical zone (southern
Henan, Sichuan, most parts of Hubei, and western Yunnan) is less than 1268 g:m™?a™. In Jiangsu, Anhui,
western Guizhou, and eastern Yunnan, the NPP is shown to be 1268 -1525 g:m™a™'. The highest NPP (>1525
gm™>a') occurs in the eastern part of both the low-latitude subtropical zone and the middle-latitude
subtropical zone. Our study shows that NPP is much higher in the southeast part of China, which has a close
relationship with the rainfall, since the rainfall in southeast China is much higher than that in northeast region.
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Figure 4. Spatial pattern of NPP in Chinese subtropical zone (g:m?a™)

RUE spatial distribution

RUE in the subtropical evergreen coniferous forests in China is 0.19 -2.89 gm™>mm™, with an average
of 1.12 gm™mm™ (Figure 5). In general, RUE in the subtropical zone does not show spatial distribution rule.
The lowest RUE (<1.03 gom™mm™) occurs in Hubei, Anhui, most of Guangdong, Guizhou, and some parts of
Guangxi. The high RUE (>1.18 gm™>mm™) is found in southern Shanxi, most of Sichuan and Yunnan,
Guizhou, some parts of Hunan, Fujian, few parts of Zhejiang. RUE in the other parts of the subtropical zone
is varied from 1.03 to 1.18 gm>mm™.

Differences in NPP and RUE among tree species

There are very significant differences in NPP among the tree species in the subtropical evergreen
coniferous forests (P<0.01, Table 2). According to their NPP, the order from high to low is as follows: P.
massoniana, C. lanceolata, P. yunnanensis, P. kesiya var. Langbianensis, P. armandi, P. taiwanensis, P. densata,
Cupressus funebris, P. tabulaeformis, P. asperata, and A. fabri. NPP of P. massoniana and C. lanceolata is 1741.3
and 1506.3 gm™a’, respectively, and NPP of P. asperata and A. fabricis 951.1 and 837.9 gsm™a™!, respectively.
NPP of other tree species is observed to be 1229.8-1266.9 g-m™a'with RUE level of 0.99- 1.29 g.m™mm™.
There are not significant differences in RUE among these tree species (P>0.05, Table 2).



Zhang X-J et al. (2020). Not Bot Horti Agrobo 48(1):492-502.
498
< miﬁﬁnxg,

P : - Henan

p J Jiangsu__
4y e < ) 8 2 o R
i ) _ = Anhui O
L : . : 1\
Ry Hubei

e
Sichtian : o :
i 7. Chongqi ; ; -
; g S N 5 ZNgjiang
2 73 b H 5,3 Jiangxi
! 5  Res / 4 3 unan o 1angxi
ﬁg f . Guizhou = & 5 . iy
s%'“_aﬁ Y% G ujian  SF
¥, = - ﬁ ?
» 3 ;.}3 ‘:}ﬁ & [ 3 ‘,:‘:(
Yunpan ) ‘-@
Guangxi 'ar /Taiwan
Bl o5 [ Jrs-rar

] 0.85 1oz I 1.37 - 1.64
) os- s o0 - 288

Figure S. Spatial pattern of RUE in Chinese subtropical zone (gm>mm')

Table 2. NPP and RUE of evergreen coniferous species distributed in Chinese subtropical zone

Species NPP RUE Sampling number
P, massoniana 1741.3+78.6 1.25+0.05 49
C. lanceolata 1506.3+77.1 1.07+0.06 90
C. funebris 1229.8+118.3 1.2140.07 12
P armandi, P. taiwanensis, P densata 1229.9468.62 1.15+0.11 23
P yunnanensis, P. kesiya var. Langbianensis 1266.9+60.0 1.28+0.10 18
P, tabulacformis 951.1+114.7 1.29+0.16 8

The relationship between RUE and rainfall

Water and solar radiation are the main factors that limit the productivity of the vegetation in China

(Piao et al., 2001). Because of less variance amplitude in solar radiation in the subtropical zone, according to
the effect of rainfall on RUE, the order of the effect is classified in order that the rule of change in RUE was
discussed. In the subtropical zone, RUE of the evergreen coniferous forests reduces as the rainfall increases, and

RUE reaches the peak when rainfall is less than 700 mm (Figure 6).

The main factors affecting RUE on regional level

As shown in the regression analysis (Table 3), there is no significant relationship between the spatial

variation in RUE and any geographic or meteorological factor (2>0.05). Therefore, it is not possible to predict

the spatial variation in RUE using any geographic or meteorological factor. The changes in latitude, longitude,
and PAR only result in 0.2%, 0.6%, and 0.2% variation in RUE, respectively. The variation in RUE is 1.4%,
combining the changes in latitude, longitude, and PAR. Therefore, the spatial variation in RUE is less affected

by geographic and meteorological factors.
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Figure 6. Relationship between RUE and precipitation
Table 3. Regression equations of RUE on longitude, latitude, altitude, and PAR (n=253)
Parameter Regression equation R? Signiﬁcance
Longitude RUE=-0.003xlongitude+1.493 0.002 0.494
Latitude RUE=0.012xlatitude+0.775 0.006 0.207
Altitude RUE=0.000005xaltitude+1.235 0.0001 0.835
PAR RUE=0.000048xPAR+1.227 0.002 0.478
Combined RUE=-0.005xlongitude+0.014xlatitude+1.469 0.014 0.310
Discussion

The work of Luo in 1996 is the earliest and most publicly comprehensive data in forest biomass and
productivity in China. Therefore, based on this data, we have combined the local meteorological data to
estimate light energy and WUE of the evergreen coniferous forests in the Chinese subtropical zone. Combined
with the data with Luo, the statistical process and results of this work can be reflected more comprehensively
and truthfully.

The highest total solar radiation occurred in western Sichuan, most of Yunnan and some parts of
Guangxi (Figure 2), but NPP in these areas is not the highest (Figure 4). This finding suggests that total solar
radiation is not the main factor that affects NPP. On the contrary, the change in rainfall (Figure 2) is in accord
with that in NPP (Figure 4) in the subtropical zone. In western Sichuan, the lowest rainfall induces lower NPP
(Figures 2 and 3), and in low-latitude coastal areas (especially in Zhejiang and Fujian province), the highest
rainfall results in the highest NPP (Figures and 4). All the results suggest that total rainfall greatly affects NPP
in the subtropical zone.

From the formula RUE = NPP/PPT, RUE is related to NPP and PPT. In the low-latitude coastal areas,
higher NPP and PPT result in lower RUE (Figure 5), suggesting that PPT is enough for the accumulation of
biomass, and lower total solar radiation is the limited resource for the accumulation of biomass. In contrast,
higher total solar radiation is sufficient for the collection of biomasses in the northern and western parts of the
subtropical zone, but lower PPT limit the accumulation of biomass, and RUE is higher, thus PPT is the limited
resource for the accumulation of biomass.
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In the subtropical region with a longitude of 98-123°, solar radiation reduces from the western to the
eastern part of the region, but rainfall gradually increases as the longitude increased (Figure 2 and Figure 3). In
the western part of the region, solar radiation is plentiful, but rainfall is relatively lacking, thus rainfall becomes
the key factor that limits NPP of the forests in the western part of the subtropical region. In the dry habitats,
plant communities are composed of drought-tolerant plants, and their productivity is low because of low
vegetation cover. An increase in rainfall in the western part may increase RUE. In mesophytic or hygrocolous
habitats, water is not the key factor that affects forest productivity, but other factors might limit forest
productivity, such as active leaching process, increased mineralization due to strong bacterial activity, and high
decomposition of organic matter in the soil. The reduced availability of the nutrients in soil affects nutrition
supply to forests, especially nitrogen; its low availability limits water function, and reduces RUE (Huxman ez
al., 2004; Hu ez al., 2009). The evergreen coniferous forests in the area with 700 mm rainfall are less affected
by water and soil nutrients. Therefore, their potential productivity might be higher. Although the effects of
geographic and meteorological factors on RUE are important, the eco-physiological adaptation of forest trees
to the environment should not be ignored.

Plants adapt themselves to the environment and maintains the equilibrium between carbon acquisition
and water loss (Yu ez al., 1999). On the small time scale, when leaves are under the condition of high PAR or
VPD, they can regulate stomatal closure to maintain the equilibrium between carbon acquisition and water
loss. Water is often the key factor that limits carbon assimilation when plants are under drought condition,
because plants reduce stomatal conductance to decrease water loss; thus, the process of COentering the leaves
is difficule. Consequently, the leaf respiration rate is reduced. When plants are under the environment with
inadequate resources for a long time, they might regulate carbon partitioning between aboveground and
belowground parts. For example, in order to adapt themselves to the environment, plants transport more
carbon to fine roots for nutrition absorption, allocate more carbon to leaves to increase LMA (leaf mass per
area) and leaf longevity, and reduce the nutrients in leaves (Reich ez a/., 1991). Besides, the ability of forest to
fix any resource is also affected by the availability of other resources, and the increase in the use efficiency of the
other resources can reduce the effect of the forest productivity, thus, maximizing the efficiency of all the
resources (Goetz and Prince, 1999).

Conclusions

RUE spatial patterns and the key factors that affected RUE are analyzed in this study. The spatial
changes in the NPP of the evergreen coniferous forests in the zone are evident. The spatial changes in RUE do
not show regularity, but RUE has convergence. No significant differences are observed in RUE among these
tree species in the evergreen coniferous forests in the subtropical zone. Importantly, RUE and rainfall show a
negative interrelationship.

In the present study, when RUE is calculated, water loss is not classified into transpiration, evaporation,
and stem flow, etc. Meanwhile, fog interception is ignored when considering water input into the forests.
Therefore, some errors in water inflow and outflow may happen. In our subsequent study, the water flow will
be calculated accurately to try to make the RUE to be more accurate.
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