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Abstract

A provenance trial involving 16 Chinese fir prove-
nances was established in southern China in 1979, and
biomass, nutrient content and nutrient use efficiency
were assessed at the age of 23. One-way analysis of vari-
ance revealed significant inter-provenance variation
(p<0.0001) in measured variables. The mean total
 biomass ranged from 98.8±5.3 to 163.3±4.2 t ha–1, and
the stemwood accounted for 47–65% of the total bio-
mass, followed by roots (11–24%), stembark (7.4–13.7%),
and needles and branches (<10 %). Much of the nitro-
gen, phosphorus and potassium were stored in the
 needles, although the concentration varies among prove-
nances. Whole-tree nutrient use efficiency varied from
115.4±2.1 to 180.2±1.02 g g–1, while efficiency in
 stemwood production ranged from 53.9±3.1 to
106.3±1.1 g g–1. Provenances did not display consistent
variation in all measured variables, suggesting the need
for multiple criteria for selection in future tree improve-
ment program. In conclusion, the study reveals the exis-
tence of considerable variation in biomass production
and nutrient use efficiency among Chinese fir prove-
nances that can be exploited for selecting desirable
genotypes for enhancing productivity of Chinese fir
plantations.

Key words: Biomass production; Cunninghamia lanceolata;
Tree improvement; forest nutrition.

Introduction

Chinese fir (Cunninghamia lanceolata (Lamb.) Hook.)
is a fast-growing evergreen coniferous tree with high
yield and excellent wood quality. Its natural distribution
ranges from 34°03’N to 20°41’N latitude, distribute
among 16 Provinces in China. The planting history of
Chinese fir extends over more than 1000 years (WU,
1984), but the area under Chinese fir plantations has
expanded rapidly since the 1980s (ZHANG et al., 2004).
Chinese fir plantations are usually established for
industrial timber production with a short rotation peri-
od of 20–25 years. Many short rotation plantations that

couple intensive management may lead to high rates of
nutrient removal during harvesting, thus raising con-
cerns about tree nutrient utilization efficiencies (WANG

et al., 1991). 

The decline in yield of Chinese fir over successive
rotations has been recognized and become a major con-
cern among forest managers and scientists (MA et al.,
2000a, 2002, 2003; TIAN et al., 2002). The standing wood
volume of the second and third rotations of Chinese fir
plantation decreased by 30% and 47%, respectively,
compared to the first rotation (CHEN, 1983). The domi-
nant tree height of the second and third rotation of Chi-
nese fir was reduced by 7% and 23%, respectively com-
pared to the first rotation (FANG, 1987). In addition,
degradation in soil physical, chemical, biological and
biochemical properties under successive rotations of
Chinese fir have been widely reported (YANG et al., 1996;
YING, 1997; MA et al., 2000b; YU et al., 2000; SUN et al.,
2003; ZHANG et al., 2004). 

The traditional provenance trial for timber plantation
mainly focused on tree growth and biomass productivity,
but paid little attention to nutrient use efficiency of
trees (ANONYMOUS, 1991, 994; LI et al., 1993). A range
wide provenance variation in growth, photosynthesis,
and transpiration of Chinese fir has been observed (YU,
1997; SHEN et al., 1994). The patterns of biomass distri-
bution in Chinese fir stands and the magnitude of nutri-
ent loss associated with harvesting method have also
been characterized (LI et al., 1994; YING, 2004; YANG,
1999; YANG, 2000). However, these studies have rarely
continued beyond comparison of total stand yield or con-
clusion of the order of biomass in tree components.
Detailed information about biomass productivity and
nutrient use efficiency of different provenances is still
scarce. Thus, this study was carried out to characterize
variations in biomass distribution and nutrient use effi-
ciency among 16 Chinese fir provenances to identify
fast-growing genotypes that have good nutrient-use effi-
ciency and woody biomass productivity.

Materials and Methods

Study site

The study was carried out in a Chinese fir plantation
established at the Xiqin Teaching Forest Farm (26°40’N,
118°10’E) of Fujian Agriculture and Forestry University,
Nanping city in central Fujian Province, southern
China. The climate of the study site is subtropical mon-
soon type, with an annual average temperature of
19.4°C and an annual average rainfall of 1786 mm. The
average annual relative humidity is 81%, mean length
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of the growing season (sum of days with a daily mean
temperature >5°C) is 300 days, and the frost season
begins from the first ten days of November to early
March of the second year. The stands are located at
150–200 m altitude on a slope of 25°. The soils were
classified as mountainous red clay loam covered with
thin humus, acidic oxisols. The Chinese fir plantation
was established in 1979 using seeds obtained from 16
provenances in 13 provinces (Table 1). Pubei, Wenshan,
Huaiji, Changtai and Rongshui represent the southern
range of distribution of the species, Quannan, Nanping,
Jinping, Chenxi, Enshi and Xuyong represent the cen-
tral range, and Kaihua, Jiande, Xiuning, Luoshan and
Shangcheng represent the northern distribution range
(Figure 1). The planting site was divided into four blocks
and with each block 16 plots were laid. Within a block,
provenances were randomly assigned to the plots and 21
seedlings from each provenance were planted in each
plot. 

Estimation of tree biomass and nutrient analyses

The trial was assessed at the age of 23 years for
height and diameter at breast height (DBH) of every
tree in each plot. The mean average tree was used to
estimate stand biomass as DBH and height did not vary
much within each stand (MA et al., 2007). The average
trees were felled at the ground level using a mechanical

chain saw and the roots carefully dug out from the dif-
ferent soil layers and washed with water. Aboveground
part of sample tree was classified as stemwood, stem-
bark, live branches, dead branches and needles. Fresh
weights of all the tree components were weighed in the

Table 1. – Geographic locations and climatic conditions (mean annual rainfall and mean annual temperature) of the dif-
ferent provenances of Chinese fir included in the trial.

Figure 1. – Natural distribution of Chinese fir (I, II, III) and
provenances represented in the trial (1: Pubei, 2: Wenshan, 
3: Huaiji, 4: Changtai, 5: Rongshui, 6: Quannan, 7: Nanping, 
8: Jinping, 9: Chenxi, 10: Enshi, 11: Xuyong, 12: Kaihua, 
13: Jiande, 14: Xiuning, 15: Luoshan, 16: Shangcheng).
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field and then sub-sampled for determination of the dry
mass and nutrient concentrations. All samples were
dried at 80°C to constant weight to determine the bio-
mass. Biomass of all tree components was summed to
obtain the mean tree biomass. It was then multiplied by
the number of trees per plot and extrapolated to a
hectare (KUMAR et al., 1998; SHUJAUDDIN et al., 2003).

Following dry weight determination, plant tissue sam-
ples were ground to pass a 1 mm mesh prior to chemical
analyses. Triplicate samples were analyzed for N, P and
K. Total nitrogen was determined by micro-Kjeldahl
technique (PEACH and TRACY, 1956; MISRA, 1968). Phos-
phorus and potassium were extracted by wet ashing of
0.5 g plant material in an acid mixture consisting of 10
ml H2SO4, 3 ml HNO3 and 1ml HClO4, following the
method of LACKSON (1958). Phosphorus was determined
following the molybdenum-blue method and potassium
by flame photometry.

Data analysis

Nutrient contents of plant parts were calculated as
the product of nutrient concentrations and plant dry
matter. The stand nutrient content was obtained by
multiplying each biomass fraction by the respective
nutrient concentration and finally summing the con-
tents of the individual fractions. The nutrient use effi-
ciency (NUE) was calculated by two different equations
based on the total amount of nutrient content in the
stand biomass for whole tree as a quantity of total bio-
mass built per unit of the nutrient in the biomass (WANG

et al., 1991; VITOUSEK, 1982), and stem wood as a quan-
tity of stem wood biomass produced per unit of nutrient
in the biomass (HERBERT, 1996; AERTS, 1989) as follows: 

Whole-tree NUE = dry biomass of stand / 
nutrient content of stand (1)

Stem wood NUE = stem wood biomass of stand / 
nutrient content of stand (2)

Table 2. – Estimates of variance components as percentage of the total variation, and phe-
notypic coefficient of variation (PCV) for biomass, nutrient content (Nitrogen, Phosphorus
and Potassium) and nutrient use efficiency (NUE). 
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One-way Analyses of variance was used to determine
whether biomass, nutrient content and nutrient utiliza-
tion efficiency differ significantly among provenances
using SPSS Statistical Package (SPSS 13.0, SPSS Inc.,
IL, U.S.A.). Means that exhibited significant differences
were compared using Tukey’s test at 5% level of signifi-
cance. The magnitude of variation, as percentage of the
total variation, due to provenance or environment
(error) was quantified for each trait using the restricted
maximum likelihood method, and the phenotypic coeffi-
cient of variation was computed based on the overall
mean and the total variance for each trait.

Results 

Biomass production 

Significant differences (p<0.001) among Chinese fir
provenances were detected for total biomass and bio-
mass of various tree components. The magnitude of
variation due to provenance was higher for total bio-
mass and biomass of various tree components except
stemwood biomass, although its phenotypic coefficient of
variation was comparable to that of total biomass (Table
2). The mean total biomass ranged from 98.8±5.3 t ha–1

to 163.3±4.2 t ha–1. The highest mean total biomass was
recorded for Changtai and Xiuning while the lowest

value was recorded for Kaihua and Jiande (Figure 2).
For needles, the mean biomass varied from 2.8±0.2 t
ha–1 to 12.5±0.8 t ha–1, and Changtai, Shangcheng and
Chenxi recorded the highest value while Xuyong,
 Kaihua and Huaiji recorded the lowest. The mean bio-
mass of live branches ranged from 4.9±0.4 t ha–1 to
17.3±1.4 t ha–1, and Changtai recorded the highest
while Xuyong and Kaihua the least values for this trait.
For dead branches, the mean biomass varied from
0.9±0.1 t ha–1 (Shangcheng) to 5.9±0.3 t ha–1 (Enshi).
For stembark, the mean biomass ranged from 9.0±0.9 t
ha–1 to 19.1±1.9 t ha–1. Wenshan, Xiuning and Pubei
had the highest value for this trait while the lowest
value was recorded for Kaihua, Huaiji and Quannan.
The mean stemwood biomass varied between 58.3±5.8 t
ha–1 (Jiande) and 87.2±6.9 t ha–1 (Xiuning). The mean
root biomass varied between 14.2±0.7 t ha–1 and
39.4±4.7 t ha–1; Changtai had the highest value while
Rongshui, Kaihua and Huaiji had the lowest value for
this trait. Ranking of provenances did not show a consis-
tent trend for all biomass estimates. However, Kaihua,
Xuyong and Jiande ranked the lowest for most biomass
estimates while Xiuning, Changtai and Wenshan record-
ed the highest values. 

In all provenances, much of the biomass was accumu-
lated in the stem wood, which accounted for 46.6% to

Table 2. – Continued.
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Figure 2. – Total biomass accumulation (t ha–1) and biomass of various tree compo-
nents for 16 Chinese fir provenances (mean ± se).

Figure 3. – Biomass distribution patterns among various tree components for 16 Chinese fir prove-
nances.
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65.2% of the total biomass (Figure 3). Percentage contri-
bution of roots to the total biomass ranged from 11.0%
to 24.1%, while that of bark was generally low,
7.4–13.7%. The contribution of either branches or nee-
dles to the total biomass was ≤ 10%. As a whole, the bio-
mass distribution among different tree components was
as follows stemwood > root > stembark > live branches >
needle > dead branches.

Nutrient content 

The concentration of nitrogen, phosphorus and potas-
sium in various tree components varied significantly
among provenances (p<0.0001), and more that 79% of
the variation was due to provenance (Table 2). The PCV
was considerably higher for phosphorus content than
the corresponding nitrogen and potassium contents in
various tree components. Unlike other tree components,
stemwood and dead branches had the highest PCV in
phosphorus content. Much of the nitrogen was stored in
the needles followed by root, live branches, stembark,
dead branches and stemwood, respectively. The mean
nitrogen content of needles ranged from 11.6±0.5 to
17.5±0.7 g kg–1; of live branches from 3.4±0.1 to
11.4±0.3 g kg–1; of dead branches from 1.3±0.1 to
7.0±0.4 g kg–1; of stembark from 4.4±0.1 to 12.9±0.5 g
kg–1; of stemwood from 0.8±0.03 to 5.2±0.2 g kg–1; of
root from 5.0±0.2 to 11.9±0.5 g kg–1 (Figure 4). Ranking
of provenances with respect to nitrogen content of vari-
ous tree components was not consistent. Shangcheng,
Chenxi, Jinping, and Xuyong had the lowest nitrogen
content in needles, branches, stembarks, and stemwood,

respectively. Jinping also recorded the lowest value for
root nitrogen content. The nitrogen content was the
highest in needles for Rongshui, in live branches for
Wenshan, in dead branches for Enshi, in stembark for
Luoshan, in stemwood for Jinping and in roots for Xiun-
ing.

Much of the phosphorus was stored in the needles,
live branches, stembark and root while it was much less
in the dead branches and stemwood. The mean phos -
phorus content ranged between 0.4±0.01 and 2.0±0.1 g
kg–1 for needles; 0.2±0.01 – 1.4±0.1 g kg–1 for live
branches; 0.04±0.003 – 0.9±0.04 g kg–1 for dead
branches; 0.2±0.004 – 1.5±0.1 g kg–1 for stembark;
0.04±0.001 – 0.7±0.02 g kg–1 for stemwood; and
0.2±0.01 – 1.2±0.1 g kg–1 for root. Luoshan consistently
recorded the highest value for this trait in various tree
components while Xiuning, Chenxi, Jiande and Nanping
recorded the lowest phosphorus content in needles, dead
branches, stemwood and roots, respectively while Quan-
nan had the lowest phosphorus content in live branches
and stembark.

The potassium content of the various tree components
also varied significantly among provenances, and much
of it was stored in the needles followed by live branches,
roots and barks while dead branches and stemwood
were relatively poor in potassium content. The mean
potassium content ranged from 3.4±0.1 to 7.1±0.2 g
kg–1 for needles; 2.2±0.1 – 5.3±0.2 g kg–1 for live
branches; 0.2±0.02 – 1.8±0.1 g kg–1 for dead branches;
1.4±0.1 – 4.7±0.2 g kg–1 for stembark; 0.6±0.02 –

Figure 4. – Nitrogen content (g kg–1) of various tree components for 16
Chinese fir provenances (mean ± se). 
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2.1±0.1 g kg–1 for stemwood; and 2.5±0.1 – 4.3±0.2 g
kg–1 for root. Ranking of provenances according to potas-
sium content of various tree components was not consis-
tent. Huaiji recorded the lowest values in needles and
stembark, Luoshan in stemwood and roots, Chenxi in
live branches, and Jiande in dead branches. The highest
values for this trait was recorded for Shangcheng in nee-
dles, Enshi in live branches, Xuyong in dead branches,
Luoshan in stembark, Kaihua in stemwood and Quan-
nan in the roots.

Nutrient-use efficiency

Nutrient use efficiency for N, P, K and total NUE,
based on both whole-tree and stem wood estimates, var-
ied significantly (p<0.0001) among provenances, and
much of the variation was attributed to provenances
(Table 2). The PCV was higher for P use efficiency than
N and K use efficiencies. In terms of whole-tree nutrient
use efficiency, Xuyong was the most efficient provenance
for N, and Xiuning and Changtai were the least (Table
3). Most efficient provenances for P and K uses were
Nanping and Huaiji, respectively while Loshan and Kai-
huan were the least efficient provenances (Table 3).
While Xuyong was the most efficient in overall NUE,

Table 3. – N, P, K and overall nutrient use efficiency of 16 Chinese fir provenances based on whole tree estimate
(Mean ± se).

Figure 5. – Phosphorus content (g kg–1) of various tree compo-
nents for 16 Chinese fir provenances (mean ± se). 
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Xiuning and Changtai were the two least efficient prove-
nances (Table 3). It is interesting to note that the overall
NUE followed a similar order as that of nitrogen use
efficiency, implying the leading role of nitrogen use in
deciding total nutrient use efficiency, as N accounted
approximately 62–75% of the total nutrient content. 

Viewed from the point of stem wood nutrient use effi-
ciency, Xuyong again ranked the best in nitrogen use
efficiency followed by Quannan, Wenshan and Luoshan,
while Changtai was the least efficient provenance (Table
4). With regard to P use efficiency, Nanping appeared to
be the most efficient while Luoshan, a provenance from
the most northern, represented the least P use efficien-
cy. The K use efficiency was the greatest in Huaiji, but
the least in Changtai.

Discussion

In general, determinants of patterns of genetic varia-
tion in plant populations are extremely varied and
involve complex interactions between plant attributes,
such as life form, floral architecture, modes of reproduc-
tion, mating system, and ecological and environmental
factors that may influence pollination events, population

 102

Table 4. – N, P, K and overall nutrient use efficiency of 16 Chinese fir provenances based on stem wood esti-
mate (Mean ± se).

Figure 6. – Potassium content (g kg–1) of various tree compo-
nents for 16 Chinese fir provenances (mean ± se). 
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size and isolation (HAMRICK et al., 1992; PROBER and
BROWN, 1994; COATES and BYRNE, 2005). In addition, the
large heterogeneity in environmental conditions within
the natural range of distribution of the species would
favor monomorphic, specialized and genetically different
populations while heterogeneity in time of reproductive
events may lead to polymorphy within populations. In
fact, a range wide provenance variation observed in
growth, photosynthesis, and transpiration of Chinese fir
(YU, 1997; SHEN et al., 1994) is an indicator for the exis-
tence of genetic variation for a number of other traits.
Substantial genetic variation among natural popula-
tions for a variety of quantitative traits has been docu-
mented for economically useful tropical plantation
species such as Cordia africana Lam. (LOHA et al., 2006,
2009), Millettia ferruginea (Hochst.) Baker (LOHA et al.,
2008), Vitellaria paradoxa C.F. Gaertn. (LAMIEN et al.,
2007), Gmelina arborea Roxb. (LAURIDSEN, 2004; HODGE

and DVORAK, 2004), Tectona grandis L.f. (JAYASANKAR et
al., 1999) and Hevea brasiliensis (Willd. ex Adr. de Juss)
Muell.-Arg. (ALIKA, 1980).

The occurrence of Chinese fir over a wide geographical
range, encompassing a great diversity in edapho-climat-
ic conditions of its habitat, is expected to be reflected in
the genetic constitution of its diverse populations. In the
present study, a considerable variation in biomass,
nutrient content and NUE was observed among prove-
nances, and most of the total variation was a prove-
nance effect (Table 2). Differences in local topography
and regional environment as well as geographical and
ecological isolations generally account for variation in
biomass productivity among Chinese fir provenances
(ANONYMOUS, 1994). Within the provenance region, the
growth and productivity of Chinese fir declines gradual-
ly from central habitat to boundary area with varied
geography and eco-climatic conditions, thus lead to
quantitative and qualitative differences in biomass and
wood production among provenances within the region.
As a whole, the variation among provenances indicates
that there is a great scope for further selection of geno-
types to enhance productivity of Chinese fir in short-
rotation plantations. 

From total biomass production viewpoint, Changtai
and Wenshan from the southern range and Xiuning
from the northern range of distribution of Chinese fir
performed best. Generally, growth of Chinese fir
declines towards the northern range of its distribution.
However, provenances from the south and north per-
formed well in terms of biomass production when plant-
ed in the central distribution region. This is in line with
the fact that when species move to a “new” environment,
they express their full genetic potential for growth.
However, the prime goal in short-rotation forestry is to
produce a good quality timber in the shortest possible
time. In this regard, Xiuning, Chenxi, Rongshan and
Wenshan would be the target provenances for future
planting on sites similar to the study area, as they have
the highest stemwood biomass. 

High biomass production obviously is an important
consideration in all commercial tree-planting programs.
However, provenances should not be selected only on

growth traits but also on the nutrient cost of biomass
removed by harvesting (KUMAR et al., 1998). Nutrient
use efficiency provides a good measure to evaluate the
differences in nutrient costs of biomass production
(WANG et al., 1991; KUMAR et al., 1998). Provenance
selection that considers nutrient use efficiency, there-
fore, is a potential tool available to the forest managers
to limit the cost of fertilizing needed to maintain stand
growth and soil fertility. There is also growing evidence
pointing to yield reduction and carbon stock change in
successive rotation of Chinese fir plantations due to
depletion of the soil fertility (e.g. CHEN, 1983; FANG,
1987; MA et al., 2003; ZHANG et al., 2004). Thus, prove-
nances that are not only yielding good stemwood but
also efficient in their nutrient use should be considered
in future planting. For this purpose, Rongshui and
Chenxi appear to be the best candidate in terms of both
overall nutrient use efficiency and stemwood production.
Xuyong is, however, the most efficient of all provenances
in terms of nitrogen use efficiency and overall nutrient
use efficiency, thus it can be planted on poor sites
despite its low biomass and stemwood production. 

Given their high nitrogen use efficiency, Chenxi,
Quannan, Rongshui and Kaihua can be suitable prove-
nances for planting on nitrogen-deficient sites while
Hauiji, Jinping, Rongshui and Nanping are suitable for
potassium-limited sites. Available phosphorus is the
major growth limiting factor in Chinese fir plantation
areas (WU et al., 2001). For such areas, Nanping, Quan-
nan, Kaihua and Xiuning would be the target source of
planting materials, as they are the most efficient in
their phosphorus use. On the contrary, Luoshan exhibit-
ed the greatest concentrations of P in various tree com-
ponents despite better NUE for N and K. Consequently,
choosing Luoshan to plant in the south subtropic zone
where the soil is limited in phosphorus availability
would aggravate/accelerate depletion of soil P. 

Stemwood has made up the main part of the total
stand biomass in all provenances, thus nutrients stored
in the stemwood could not be small. Hence, the current
harvesting practices for Chinese fir plantations of clear-
cutting all trees at the same time and removing the
stems (and bark), which contain 68% of the tree biomass
nutrient store, may cause nutrient depletion of the site.
It is therefore recommended that the harvest residues
(needles, branches and roots) are retained on the site (as
is currently practiced) in order to maximize the reten-
tion of nutrients at the site. It should be noted that a
considerable amount of nutrients (N, P, and K) is stored
in the needles, branches and roots irrespective of the
provenances. Nutrient turnover time (the time taken for
95% of the litter to decompose) of Chinese fir litter is
slow and hence the nutrients in litterfall are not
instantly available to the tree (MA et al., 2007). Thus
proper management of harvest residue for enhanced
recycling of nutrients back to the soil should be
designed. 

Conclusions

The study reveals the existence of considerable varia-
tion in biomass, nutrient content and nutrient use effi-
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ciency among Chinese fir provenances, which can be
exploited further for selecting desirable genotypes for
enhancing productivity of Chinese fir plantations. The
fact that none of the provenances displayed consistent
variation for biomass, nutrient content and NUE sug-
gests the need for multiple criteria for selection in
future tree improvement program. As this study is
based on single planting site, further genotype � loca-
tion study is recommended to select genotypes suitable
for different purposes and site conditions.
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Abstract

The sub-tropical species, Eucalyptus longirostrata
(formerly E. punctata var longirostrata) and Corymbia
henryi were investigated as alternative species for

growth on the Zululand coastal plain in South Africa.
Provenance/progeny trials were established in 2001 at
two sites, namely, Nyalazi and Kwambonambi. The seed
material purchased from the Commonwealth Scientific
and Industrial Research Organization in Australia in
2000 included six provenances of E. longirostrata and
five provenances of C. henryi. Six-year diameter at
breast height measurements were completed in 2007.
Individual narrow-sense heritability coefficients for
diameter growth varied from 0.30 to 0.58 for both
species, with heritabilities being higher at the drier

Genetic parameter estimates and parental selection in Eucalyptus
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