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Abstract

Stand density management diagrams (SDMDs) are powerful tools for the design, display and evaluation of
different density management regimes derived without long-term thinning trials in the field. The SDMDs can be
used to predict the future stand development based on specific thinning schedules and optimize the forest
management. In this study, SDMDs, generated from common one-time inventory data, provided information
about the evolution of quadratic mean diameter, stand volume, stem and aboveground biomass with stand
development for the widely planted Chinese fir (Cunninghamia lanceolata [Lamb.] Hook) plantations in southern
China. A system of four equations was fitted simultaneously to the data collected from 74 inventory plots. The
relative spacing index was used to characterize the growing stock. These SDMDs can be used by local forest
managers to estimate the stand volume, stem and aboveground biomass, and could be the reference tools to

determine optimum thinning schedules.
Keywords: stand density management diagrams, stand volume, biomass, forest management

Introduction

An increasing number of forest products, such as timber and bioenergy, are required for the development of society
and economy and the improvement of people’s lives. To meet these demands, large-scale afforestation and
reforestation activities have been conducted in China during recent decades, resulting in large plantation areas
constituting nowadays about one-third of total global forest plantation area (SFA, 2008). Chinese fir
(Cunninghamia lanceolata [Lamb.] Hook) is one of the most important plantation tree species with good timber
quality, fast growth and >1000 years of cultivation history in southern China (Zhao et al., 2009; Chen et al., 2013).
Currently, Chinese fir plantations cover an area of 8.54 million ha, which corresponds to 21 per cent of the total
plantation area in China according to the seventh national forest inventory (Jia et al., 2009). Chinese fir plantations
are usually managed in a clear-cutting system with a rotation period of 25 years, with variations from 20 to 30
years depending on site quality (Wu, 1984). Chinese fir is now one of the most important timber species in the
Chinese forest product industry. The country has committed to increase its total forest area by 40 million hectare
in the next few decades, and the number and area of Chinese fir plantations will likely increase as well (Xu, 2011;
Hu et al., 2014). In order to improve timber output and economic benefits, as well as ecological functions, suitable

forest management is required.
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Thinning plans are essential to control tree competition, resulting in an improvement in stand stability and wood
quality. To achieve these goals, stand density management diagrams (SDMDs) have widely been used in forest

plantation management (Castedo- Dorado et al., 2009; Schnell et al., 2012; Castafio-Santamaria et al., 2013).

Stand density management, conceptually, is the process of controlling tree competition through density regulation
to meet different management targets (Newton, 1997). Normally, stand development is displayed by an increase
of tree dimensions with decreasing numbers of trees per hectare (Long et al., 2004). One useful approach to
describe stand development is the application of SDMDs, which integrate the relationship between stand density,
stand structure, canopy dynamics and production efficiency. This application links quantitative silviculture to
ecology (Jack and Long, 1996). In contrast to long-term observation plots, SDMDs can quickly be adapted to
different site conditions and management objectives, overcoming the restrictions of complex and time-consuming
measurement series in the field that are commonly focused on specific site conditions and silvicultural targets
(Schnell et al., 2012). Therefore, the application of SDMDs can be considered as one of the most effective methods
for the design, display and evaluation of different density management regimes in even-aged stands (Jack and
Long, 1996). Nevertheless, real observations of field thinning experiments that look into cause and effect
mechanisms are certainly the best and most reliable way to design thinning (Schnell et al., 2012). On the other
hand, in the absence of long-term observations or experiments, SDMDs offer the possibility of deriving basic

stand growth models whenever immediate results with limited resources are needed.

SDMDs represent a system of empirical quantitative functions that illustrate the cumulative effects of various
competition processes on tree and stand yield variables (Newton and Amponsah, 2005). The main axes usually
are the average size of tree attributes (e.g. the height of dominant trees, diameter or volume) and stand density.
The first SDMD was proposed by Ando (1962), who presented competition and yield functions (based on the
stand density) and the self-thinning rule in a two-dimensional graphical format. Afterwards, yield variables in the
form of stem biomass, total aboveground biomass (Barrio-Anta et al., 2006), empirical- based volume functions
(Newton and Weetman, 1994), above- ground bioenergy and cellulose production (Pérez-Cruzado et al., 2011)
have been included in SDMDs for different forest types. SDMDs were also used to control shrub growth in the
ecarly stages of stand development (Smith, 1989), reduce stand susceptibility to pests (Long and Shaw, 2005),

assess crown fire potential (Gomez-Vazquez et al., 2014) and optimize wildlife habitats (Sturtevant et al., 1996).

Although the importance of stand management in Chinese fir plantations has been highlighted for several decades,
there is no realistic, simple, and easy to follow operating guidance to implement management. Thinning is
considered to be a good management practice to improve stand production in Chinese fir plantations based in
some case studies (Bingshuan, 1989; Liu and Yang, 2008); unfortunately, these approaches remain at a theoretical
level. As a result, forest managers and owners have difficulty applying these silvicultural treatments because of a
lack of forest decision support tools to design, display, evaluate and optimize stand management for different
purposes. SDMDs can overcome these limitations and allow managers to simulate different silvicultural
alternatives. However, to our knowledge, no SDMD has yet been proposed for Chinese fir plantations. Thus, the
objective of this study was to develop SDMDs for Chinese fir plantations based on a relative spacing index to
characterize stand volume, stem and aboveground biomass. These SDMDs allow forest managers to estimate
growth and yield variables of Chinese fir plantations under several management regimes and implement thinning

schedules for a wide range of site qualities and management objectives. This study can also fill the gap between
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the theoretical and practical management of Chinese fir plantations and can be a reference tool to optimize stand

management.
Materials and methods
Study area

The study was conducted in Shitai county (29° 59’ 30" 24’ N, 117" 12’ — 117°59" E, Figure 1), Anhui province,
China. Eighty per cent of this county is covered by forest. It is a mountainous area with an elevation range of 50
— 1000 m and steep slopes with an average of 66 per cent. The region has a mid-subtropical, humid, mountainous
climate with distinct seasonality (Geng and Wang, 2011). The annual average temperature is 16°C with an annual
mean maximum of 40.9°C and an annual mean minimum of -13.2°C (Lu, 2010). The mean annual precipitation is
~1668 mm with high inter-annual variability, and with ~70 per cent of the precipitation occurring in rainy seasons
(Geng and Wang, 2011). Average annual sunshine duration is 1704 h, and evaporative capacity is 1256 mm (Lu,

2010).
Plot design

This study is a part of the Lin*carbon project (http://www.lin2value. uni-goettingen.de/), in which three different
scales of inventories are distinguished: (1) a land use and forest inventory (LUI/FI) that produce information over
the whole extent of a sampling frame based on systematic grids at 3 x 3 km; (2) a forest management inventory
for those stands with forest management information with a 500% 500 m systematic grid, which is also part of a
Sustainable Forest Management (SFM) Cooperation Project between the Shitai Forest Bureau and the German
Development Bank (KfW); and (3) a stand inventory of selected stands with a 100 x 100 m systematic grid.
Seventy-four nested circular plots in the Chinese fir plantations were established. In circular plots of 6 m radius,
trees were measured for 10 cm, dbh, 20 cm while in 10-m radius plots, trees with dbh of .20 cm were measured.
A slope correction was conducted automatically using Vertex III (Haglof Sweden AB) during forest inventory.
Tree diameters were measured with a diameter tape to the nearest 0.1 cm and heights of one or two dominant, one
co-dominant and one suppressed trees were measured in each plot, respectively. A height— diameter relationship
was fitted to the subsample of trees with height measurements using the model proposed by Pretzsch (2009):
d 3

h=13+ 20208 + 03461 % d R*=0.7286, EMSE = 1.60086, (1)

where # is the total height of the tree (m), and d is the diameter at breast height (1.3 m) in cm.
Biomass and volume estimation

The following stand variables were calculated for each plot: the number of trees per hectare (N), quadratic mean
diameter (dg), mean height (H,,), dominant height (Hy4, defined as the mean height of 100 thickest trees per hectare),

stand volume (¥), stem biomass (B;) and aboveground biomass (Bug).

Allometric models (equations 2 — 4), developed in the same study area in Shitai county (Guisasola-Rodriguez,

2014), were used to estimate stem, branch and leaf biomass. Total aboveground biomass was calculated as the
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sum of these components (B; +B5 — B;). Equation 5, developed as a compatible taper function for this species
(Tang et al., 2015), was used to calculate individual tree volume. Individual tree-level biomass and volume were

scaled to stand level in terms of expansion factors of 31.8 for 10-m radius plots and 88.4 for 6-m radius plots.

Bs = 0.020232 x (d* x h)>*** R? =0.9764, RMSE = 0.0179, (2)
By = 0.011774 x d* 716 x h=1692%  p2 _ 0.9722, RMSE = 0.0294, (3)
B, = 0.031911 x d*?%7 x h~1°105 R? = 0.9522, RMSE = 0.0363, (4)
Ve = 0.000071 x d*7>1% x 1917 R — 09878, RMSE = 0.0243, (5)

where By, By, B, and V; represent stem biomass, branch biomass, leaf biomass (kg) and stem volume (m?) of the
individual tree, respectively. d is the diameter at breast height at 1.3 m (cm), h is the total tree height (m), R? is

the coefficient of determination and RMSE is the root mean square error.

Anhui Province

Bozhou

ongling
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Huangshan
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Figure 1 Location of Shitai County in the southern part of Anhui Province, South-East China.
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Development of SDMDs

In our study, SDMDs consisted of four equations and a relative spacing index (RS) as the basic components. The
RS (%) used to characterize the growing stock level was calculated as the ratio between the average distance
among the trees and dominant height, expressed as a percentage (Castedo-Dorado et al., 2009; Pérez-Cruzado et

al.,, 2011):

RS—__ILXIDD. (6)
VN % Hy

where RS is relative spacing index (per cent), NV is the number of trees per hectare, and H; is dominant tree height

(m).

To describe stand stability, a slenderness coefficient (SC) is often used (Wang et al., 1998; Wilson and Oliver,
2000). In this study, SC is defined as the ratio of mean stand height (H,,) to the mean diameter at breast height

(dw), expressed as:

5C = H—ﬂ (7)
dm

The first step to model SDMDs was to fit a non-linear system of equations 8 — 11. In the system, N and H; are
exogenous variables (defined as independent of the system), while V, By and B,g are endogenous variables (vari-
ables that the model predicts), and dg is an endogenous instrumental variable (Pérez-Cruzado et al., 2011; Castafio-
Santamaria et al., 2013). These equations are very flexible and have already been successfully applied in different
tree species, such as Eucalyptus species (Pérez-Cruzado et al., 2011) and Quercus pyrenaica forests (Castaiio-

Santamaria et al., 2013).

dg = ap x N x HZ, (8)
V=a;x d;'—’ x H,i x N%7 (9)
Bs = ag x dgt x H3'0 x N1, (10)
Bogh = 012 X d.g‘ ¥ Hi"‘ x N7 (11)

where aj, a> ....a;s are the fitted coefficients; d, is quadratic mean diameter (cm); Hy is mean height of the 100
thickest trees per hectare (m); N is the number of the trees per hectare (trees ha'); Vis stand volume (m? ha™'); BS

is stem biomass and B, is aboveground biomass (t ha™).

Because of correlations between error components of the independent variables and dependent variables, the full

information maximum likelihood method was used in the fitting process (Pérez-Cruzado et al., 2011). Equations8
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— 11 were fitted simultaneously using the MODEL procedure in SAS 9.2 (SAS Institute, Inc., 2007). The

convergence level was set at 0 001. Some characteristics of the inventory stands are given in Table 1.

Construction of the SDMDs involved the following steps: (1) plotting the height of dominant trees on the x-axis
and the number of trees per hectare on the y-axis (logarithmic scale); (2) representation of isolines of the relative
spacing index (RS); (3) representation of isolines for quadratic mean diameter using equation (7) by setting dg
constant and solving for the number of trees (N) through a range of dominant heights (Hq); and (4) representing
isolines for additional variables (7, Bs and Byg). These isolines were determined by substituting dg in equations
9 — 11 by equation 8 and solving for the number of trees (V) through a range of dominant height (H,) by setting
the additional variables (¥, B; and B.g) constant. The SDMDs were drawn in R 3.0.2 (R Core Team, 2014).

Results and discussion

The coefficients and statistics of non-linear regressions (equations 8 — 11) are shown in Table 2. All coefficients
were significant at the level of 0.05. These equations explained 79 percent of the observed variability of quadratic
mean diameter and 99 per cent for V, B, and Bg. As expected, the quadratic mean diameter was least precisely
modelled. These results are common for static stand-level models (Pérez-Cruzado et al., 2011; Schnell et al., 2012;
Castafio-Santamaria et al., 2013). The high variability explained by the stand volume, stem biomass and
aboveground biomass models is consistent with other studies (Barrio-Anta et al., 2006; Castafio-Santamaria et al.,

2013).
Construction of SDMDs

Three SDMDs were constructed for stand volume, stem biomass and aboveground biomass (Figures 2 — 4) by
superimposing the expected size-density trajectories. The dominant height was set on the x-axis whereas the
number of trees per hectare was set on the y-axis. The tree height axis ranged from 6 m to 24 m, whereas the
number of trees ranged from 30 to 3000 according to the observed sample plots (Table 1). Stand stability

(expressed by the SC), relative spacing (RS) and the quadratic mean diameter (dg) were shown in isolines.

Table 1 Main stand characteristics in the sample plots

Variables Mean Min Max sD
d,. (cm) 154 74 259 31
d, (cm) 157 75 26.0 32
BA (m? ha*") 18.6 1.0 508 12.3
N (trees ha2") 1021 32 271 679
Ha(m) 12.0 6.3 162 23
H, (m) 96 57 14.9 1.7
sC 632 490 81.0 4.6
RS (%) 379 142 1772 304
V(m* ha=") 100 4 286 il
E: (tha") Kh] 1 111 27
Blags (1:haz") 52 2 146 36
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d, is quadratic mean diameter, d,, is mean diameter; BA is stand basal area; N is the number of the trees .10 cm
dbh per hectare, H; is dominant height, H,, is stand mean height, SC is the slenderness coefficient, RS is the
relative spacing index; V is stand volume, B is stand stem biomass per hectare, B, is total aboveground biomass

per hectare and SD is the standard deviation of means.

Some studies have only focused on the stability of the largest 100 — 250 trees per hectare because these trees tend
to have the highest timber, aesthetic and habitat values (Cremer et al., 1982). However, some other studies also
considered stand stability aspects using SC as the ratio of the mean stand height and mean stand diameter, therefore
including suppressed trees as well (Hinze and Wessels, 2002; Castedo-Dorado et al., 2009). They found that the
average SC of 90 was a reasonable stability threshold for, e.g. Pinus radiata forests. When the SC was above 90,
the stand was unstable for wind or snow damage, while a mean SC below 60 indicated stable conditions. The
inclusion of the average stand SC is conditioned by other variables represented in the diagram (Hinze and Wessels,
2002; Castedo-Dorado et al., 2009). In our study, if we take an SC of 90 as a reference threshold, the SC ranged
from 49 to 81 (Table 1) indicating that the Chinese fir plantations in our study area were relatively stable against
wind or snow damage. However, there was no more information available about critical SC values in Chinese fir

plantations, which is necessary for future Chinese fir plantation management.

The open circular dots in in Figures 2 — 4 represent field measured data based on N and H;, demonstrating the
range of applicability of the models. The RS isolines drawn in black lines slope down from left to right with values
of 8 — 56 per cent were similar to those in other studies (Barrio-Anta, 2005; Castedo-Dorado et al., 2009). d, is
represented in red lines and runs upwards from right to left. As confirmed by other authors (Schnell etal., 2012),
dg was found to be highly sensitive to stand density, ranging from 6 to 40 cm. For constant Hy, d, decreased with
increasing N because of increasing competition for resources in the stands, leading to a smaller average tree
dimension (Curtis, 1970; Dean and Long, 1992; Pérez-Cruzado et al., 2011). The observed values ranging from 4
to 286 m3 ha'! for ¥, from 1 to 111 t ha! for Bs and 2 to 146 t ha! for B,g represented in blue lines slope downwards
from left to right (Figures 2— 4). For a constant N, the growing stock (expressed by V, By and B,g) increased with
an increase of Hy. This result is consistent with the principle that stand productivity is strongly related to tree

height development (Schnell et al., 2012).
Comparisons with yield tables

Statistically, yield tables are constructed from a large monitoring data, long-term experimental data or permanent
inventory plots and allow estimation of site-dependent volume production (Pretzsch, 2009). This makes the
volumes from yield tables and SDMDs comparable. Since there was no yield table of our study area, a yield table
built on similar stand and climate conditions as ours for Chinese fir plantations was taken to compare our results
(Jiang et al., 1996). A strong relationship between predicted volume from our models and volume from the yield
table up to a dominant height of 22 m was observed (Figure 5). The result illustrated the reliability of SDMDs for
estimating stand volume, even for a dominant height above 17 m where there were no observed data. However,
predicted volume from our study was lower than that in some other studies (e.g. Li et al., 1988; Jiang et al., 1997).
This could be due to differences in site quality, climatic conditions and threshold diameters used in forest
inventory. For example, the threshold diameter was 10 cm in our study, compared with 5 cm for other researches

(Li et al., 1988; Jiang et al., 1997).
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Table 2 Coefficients (including standard errors) and goodness-of-fit statistics obtained with non-linear regression

models using simultaneous fitting of the four equations system predicting quadratic mean diameter (equation 8,

d,), stand volume (equation 9, v), stem biomass (equation 10, b,) and aboveground biomass (equation 11, b,e)

Equation  Coefficients df R RMSE
8) a, % 3.3739 (0.552) a, % 20.1079 (0.00922)  a, % 0.9023 (0.059) 71 07921 14546
&) a; % 0.000063 (0.0000074) as 'a 2.4941 (0.0568) ag % 0.1520 (0.0509) a;%1.0214 (0.00826) 70 09986  2.7485
(10} &y % 0.000015 (0.0000046) as % 2.5760 (0.0762) ap % 0.2230 (0.0751) &y % 1.02589 (0.011) 70 09974 14452
(11) gz % 0.000029 (0.0000029) a5 ' 2.5968 (0.0515) a:: % 0.1375 (0.0498) & 'a 1.0037 (0.00808) 70 0.9992 1.1025
- - Relative spacing index (%) = Volume (m*® ha™")
— Quadratic mean diameter (cm)  ---- Slenderness coefficient (SC)
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Figure 2 Stand density diagram for Chinese fir plantations in relation to stand volume. The open circles represent
measured field data used to fit the models. Dominant height is the mean height of the 100 thickest trees. Other

variables are explained in the text.

Therefore, the SDMDs developed in this study should be preferably applied in the local study area or the stands

with similar site and climatic conditions as those in the area used for this study.
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Practical examples

Stand management is recognized as an important practice for increasing stand productivity (Liu et al., 2013; Gao
et al., 2014). However, management in Chinese fir plantations is commonly associated with the application of
short rotations, monoculture, clear-cuts and high-level removal of biomass or volume driven by economic benefits.
With the expansion of plantation area, repeated establishment of plantation by sprouts or new seedlings on the
same sites is normal with a short rotation of 25 years (Wu, 1984; Wei et al., 2012). Continuous cultivation of
plantations on the same sites or monoculture has resulted in a decline in production (Bi et al., 2007), increased
susceptibility to insect and diseases (Ye et al., 2010) and decreased stand stability (Zhou et al., 2011). Although
thinning trials are observed in some case studies in China (Cheng et al., 2014), a lack of management knowledge
and technical training has limited expansion of thinning treatments. It is expected that the proposed SDMDs could
provide a theoretical guideline for the management of Chinese fir plantations. Therefore, two thinning trials with

the same target are presented below to illustrate how to use SDMDs.

- - Relative spacing index (%) = Aboveground biomass (t ha™")
— Quadratic mean diameter (cm) ---- Slenderness coefficient (SC)
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Figure 3 Stand density management diagram for Chinese fir plantation in relation to aboveground biomass (¢ sa -
7). Open circles represent measured field data used to fit the models. Dominant height is the mean height of the

100 thickest trees. Other variables are explained in the text.

In the practical application of SDMDs, two factors determine the thinning schedules: the target stand dimension
at rotation age and upper and lower growing stock limits (Barrio-Anta, 2005; Barrio- Anta et al., 2006; Schnell et
al., 2012). The first factor could be defined by any logical combination of two of the following variables: dominant
height, quadratic mean diameter, number of the trees per hectare, total stand volume, aboveground biomass
depending on the final management target or stand variable used to develop in the SDMDs (Schnell et al., 2012;

Castafio-Santamaria et al., 2013).

The second factor should be the maximum growth on the stand or on the tree level, but these cannot be maximized
simultaneously (Schnell et al., 2012). Therefore, the selection of the upper and lower stocking limits represents a
compromise between stand growth and individual tree growth (Long, 1985), as well as stand stability. The upper
growing stock limit can be set higher than the determined RS to avoid density-caused mortality and maintain an
adequate live-crown ratio for good tree vigour, while the lower growing stock limit could be set to maintain
adequate site occupancy using RS. For example, an RS of 16 per cent seems a reasonable upper growing stock
limit to maintain live-crown ratios for good tree vitality and to avoid density-dependent mortality in radiata pine
(Pinus radiata) plantations in temperate regions (Rodriguez et al., 2002). An alternative method of setting constant
RS values is to define thinning trials considering height growth combined with an upper growing stock limit, or

with thinning intensity defined as the increment of the RS values that ensure stand stability (Barrio-Anta, 2005).
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- - Relative spacing index (%) = Stem biomass (t ha")

— Quadratic mean diameter (cm) ---- Slenderness coefficient (SC)
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Figure 4 Stand density management diagram for Chinese fir plantation in relation to stem biomass(tha'). Open
circles represent the measured field data used to fit the models. Dominant height is the mean height of the 100

thickest trees. Other variables are explained in the text.

When applying SDMDs to describe the thinning schedules, there are two assumptions. The first assumption is
that no mortality happens during stand development after the first thinning. If the upper and lower stock limits are
selected in a way that ensures natural mortality does not occur, this assumption seems to be reasonable. However,
mortality caused by incidents such as wind, snow, ice or lightning damage is not included. To account for such
issues, a mortality model could be included in the SDMDs (Castedo-Dorado et al., 2009; Pérez-Cruzado et al.,
2011). However, in our study, density-independent mortality was not considered due to a lack of information. The

second assumption is that thinning has no effect on the dominant height, as this variable is site-dependant.

The sequence of thinning was plotted by a backward stair- stepping procedure considering the upper growth limit
and thinning interval. Therefore, the vertical (y-axis) and horizontal segments (x-axis) of the steps represent
thinning and post- thinning stages. The theoretical development of a Chinese fir plantation under a particular

management strategy is shown in Figure 6. Assumed target dimensions were 22 m (dominant height) and 30 cm
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(quadratic mean diameter) (Figure 6K). The lower growing stock limit was defined by a relative space index of
24 per cent, similar to that in other studies (e.g. Castano-Santamaria et al., 2013). Because the average spacing
index in our study was 38 per cent and no dead trees were found in the sample plots (Table 1), 36 per cent was
defined as the upper stock limit in our study. The starting density of the plantations was defined at 3000 trees per
hectare with a dominant height of 7 m because the planting distance between each seedling was 2 m 1.5 m with
about a 90 per cent survival rate in our study area according to reports from the local forest administration

(unpublished data).

— 400 o,
T y = 1.025x, R? = 0.9986

350 -

300 -

250 -

200

Volume from yield table (m® ha

1
100 150 200 250 300 350 40
Predicted volume (m® ha™")

Figure 5 The relationship between predicted volume from our models and volume from the yield table proposed

by Jiang et al. (1997) for Chinese fir plantations.

Theoretically, in order to achieve the target harvest stage (Point K, Figure 6), two thinning schedules are simulated
based on observed stand characteristics and on standard silvicultural practice for Chinese fir in the region. The
first example (dark green) shows a thinning schedule based on low-intensity interventions which may maximize
site occupancy and production with an increment of dominant height of 3 m within one thinning interval. The
stair-stepping procedure is drawn in Figure 6 taking stand volume as an example. Therefore, thinning related 7,
N and d, can be read directly from different SDMDs. For example, during the five thinning operations, 20, 30, 31,
31 and 57 m? ha! were theoretically removed, respectively. At rotation age stand volume reached 125 m® ha’!

(Table 3). Including the thinning volume, a total yield of 292 m® ha'! was produced in the Chinese fir plantation.

The second alternative responds mainly to economic aspects (dashed blue, Figure 6), as the lower number of
interventions indicates that all removals have commercial value either because of the size of the extracted trees or
because of the total amount of extracted biomass. Similarly, including thinning volume, a total yield of 287 m?
ha! was produced in the Chinese fir plantation until the harvest stage (pion K, Figure 6), which was similar to the
first thinning example. However, the stand stability resistant to natural disasters, such as wind and snow damage,

should be considered because each thinning removes half or even more than half of the standing trees.
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290 Dominant height (m)
291 Figure 6 Examples for two different thinning schedules in Chinese fir plantations. Open circles represent measured
292 field data used to fit the models. Dark lines (Example 1) and dash lines (Example 2) show describe simulated
293 thinning schedules, respectively.
294 Table 3 Stand data modelled for two different thinning scenarios (see also Figure 6)

Example 1 Before thinning Thinning. After thinning Total

Ha N dy BA Yo N BA Vi N d, BA v, Vigta

7 3000 82 16.0 58 1264 56 20 1736 87 104 38 58

10 1736 120 19.8 90 709 67 69 1027 127 13.1 61 110

13 1027 162 210 114 349 59 31 678 169 152 84 163

16 678 204 221 138 197 52 31 481 211 16.9 106 217

19 481 247 230 161 212 8.4 57 269 26.3 146 104 212

2 269 280 16.6 125 292

Example 2

7 3000 82 16.0 58 1794 8.1 29 1206 9.1 78 29 58

12 1206 148 207 106 605 87 43 601 159 12.0 63 135

17 601 2138 224 146 332 105 66 269 238 119 80 218

2 269 30.0 19.0 149 287
295
296 N is the number of the trees per ha, dg is quadratic mean diameter (cm), BA is basal area (m? ha'!), ¥, is stand
297  volume (m? ha') before thinning, V; is thinning volume (m3 ha™'), Va is stand volume (m? ha!) after thinning,
298 Vi is total stand volume (m? ha'!).
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In our SDMDs, aside from stand volume, aboveground biomass through thinning schedules can be optimized as
well. Combining the variables in Table 2, the stand-level biomass could easily be estimated based on knowledge

of stand basal area and dominant height. This could be an alternative to individual-tree biomass estimations.
Conclusions

To our knowledge, this is the first study where SDMDs of stand volume, stem and aboveground biomass were
developed for Chinese fir plantations. SDMDs could be a useful tool to support and optimize forest management
according to different owner objectives. These diagrams also allow for rapid estimations of stand volume, stem
and aboveground biomass for a range of planting densities and rotation ages. This information may help man-
agers control for several indicators of SFM (e.g. stand volume, stand biomass). Further risk indices depending on
stand characteristics are easy to superimpose on the proposed diagrams, allowing forest managers to make better
technical decisions. The fitted stand-level volume and biomass models can be used as alternatives to the
individual-tree models for making predictions at stand level. This study could fill the gap between theoretical and
practical management in Chinese fir plantations and the SDMDs proposed could be a decision support tool to

optimize stand management of these forests for different management purposes.
Acknowledgements

We would like to thank Dr Hans Fuchs, Sabine Schreiner, Dr Haijun Yang and Dengkui Mo from the Georg-
August-University Gottingen for the plot design and fieldwork support. Furthermore, we want to thank Director

An’guo Fan, Mr Bailing Ding, Miss Yue’e Chu from the Shitai Forest bureau for their kind

organization of the fieldwork. Thanks also to Mr Xiaozhu Wang and Mr Hongbing Ruan for their fieldwork
support.

Conlflict of interest statement: None declared.
Funding

The study was supported by a project of Sino-German Cooperation on Innovative Technologies and Service
Capacities of Multifunctional Forest Management (Lin2Value 033L049-CAFYBB2012013), funded by the
Federal Ministry of Education and Research (BMBF) and the Chinese Academy of Forestry.

References

Ando, T. 1962 Growth analysis on the natural stands of Japanese red pine (Pinus densiflora Sieb. et Zucc.). II.
Analysis of stand density and growth. Bull. For. Forest Prod. Res. Inst. 147, 45-77.

Barrio-Anta, M. 2005 Development of a stand density management diagram for even-aged pedunculate oak stands

and its use in designing thinning schedules. Forestry 78, 209-216.

Barrio-Anta, M., Balboa-Murias, M.A., Castedo-Dorado, F., Dieguez-Aranda, U. and Alvarez-Gonzalez, J.G.
2006 An ecoregional model for estimating volume, biomass and carbon pools in maritime pine stands in

Galicia (northwestern Spain). For. Ecol. Manag. 223, 24-34.



332
333
334

335
336

337
338
339

340
341
342

343
344

345
346
347

348
349

350

351
352

353
354

355
356

357
358
359

360
361

362
363

Bi, J., Blanco, J.A., Seely, B., Kimmins, J.P., Ding, Y. and Welham, C. 2007 Yield decline in Chinese-fir
plantations: a simulation investigation with implications for model complexity. Can. J. For. Res. 37,

1615-1630.

Bingshuan, W. 1989 A preliminary experiment report about effect of different intensity of thinning out Chinese-

fir stand. J. Fujian Coll. For. 9, 58—66.

Castafio-Santamaria, J., Barrio-Anta, M. and Alvarez-Alvarez, P. 2013 Regional-scale stand density management
diagrams for Pyrenean oak (Quercus pyrenaica Willd.) stands in north-west Spain. iForest - Biogeoscie.

For. 6, 113-122.

Castedo-Dorado, F., Crecente-Campo, F., Alvarez-Alvarez, P. and Barrio-Anta, M. 2009 Development of a stand
density management diagram for radiata pine stands including assessment of stand stability. Forestry 82,

1-16.

Chen, G.S., Yang, Z.J., Gao, R., Xie, J.S., Guo, J.F., Huang, Z.Q. et al. 2013 Carbon storage in a chronosequence
of Chinese fir plantations in southern China. For. Ecol. Manag. 300, 68—76.

Cheng, X., Umeki, K., Honjo, T. and Mizusaki, D. 2014 Basal area growth rates of five major species in a Pinus—
Cunninghamia forest in eastern China affected by asymmetric competition and spatial autocorrelation. J.

For. Res. 19, 86-96.

Cremer, K., Borough, C., McKinnell, F. and Carter, P. 1982 Effects of stocking and thinning on wind damage in
pine plantations. N. Z. J. For. Sci. 12, 244-268.

Curtis, R.O. 1970 Stand density measures: an interpretation. For. Sci. 16, 403—414.

Dean, T.J. and Long, J.N. 1992 Influence of leaf area and canopy structure on size-density relations in even-aged

lodgepole pine stands. For. Ecol. Manage 49, 109-117.

Gao, G.L., Ding, G.D., Zhao, Y.Y., Bao, Y.F. and Yu, M.H. 2014 Short Communication. Forestry solutions for
mitigating climate change in China. For. Syst. 23, 183—186.

Geng, T.S. and Wang, H.H. 201 1Research on the water and soil conservation in Shitai County of Anhui Province.

J. Anhui Agri. Sci. 39, 451-452, 482 (in Chinese with English abstract).

Goémez-Vazquez, 1., Fernandes, P., Arias-Rodil, M., Barrio-Anta, M. and Castedo-Dorado, F. 2014 Using density
management diagrams to assess crown fire potential in Pinus pinaster Ait. stands. Ann. For. Sci. 71, 473—

484.

Guisasola-Rodriguez, R. 2014 Allometric biomass equations and crown architecture in mixed-species forests of

subtropical China. Master, Albert-Ludwigs Universitét Freiburg.

Hinze, W.H.F. and Wessels, N.O. 2002 Stand stability in pines: an important silvicultural criterion for the
evaluation of thinning and the development of thinning regimes. S. Afr. For. J. 196, 37-40.



364
365

366
367

368
369

370
371

372
373

374
375

376
377

378
379

380

381
382

383
384

385
386

387
388

389
390
391

392
393

Hu, Z., He, Z., Huang, Z., Fan, S., Yu, Z., Wang, M. et al. 2014 Effects of harvest residue management on soil

carbon and nitrogen processes in a Chinese fir plantation. For. Ecol. Manag. 326, 163—170.

Jack, S.B. and Long, J.N. 1996 Linkages between silviculture and ecology: an analysis of density management

diagrams. For. Ecol. Manag. 86, 205-220.

Jia, Z., Zhang, J., Wang, X., Xu, J. and Li, Z. 2009 Report for Chinese forest resource — The 7th national forest
inventory. China Forestry Publishing House (in Chinese), 2 pp.

Jiang, X., Huang, Y. and Zhang, M. 1996 Study on drawing up variable-density yield table with the control chart
of stand density. J. Fujian Coll. For. 16, 242-246 (in Chinese with English abstract).

Jiang, X., Cai, L.J., Lan, J., Cheng, Y., Wu, Z. and Jian, X. 1997 On drawing up the variable-density yield table
for Chinese fir plantation. J. Fujian Coll. For. 17, 84—87 (in Chinese with English abstract).

Li, X., Tang, S. and Wang, S. 1988 The establishment of variable density yield table for Chinese fir plantation in
Dagangshan Experiment Bureau. For. Res. 4, 382-389 (in Chinese with English abstract).

Liu, Z. and Yang, Q. 2008 Research on the intermediate felling model of planted Cunnighamia lanceolata. Jiangxi
For. Sci. Tech. 6, 19-20.

Liu, S., Innes, J. and Wei, X. 2013 Shaping Forest management to climate change: An overview. For. Ecol. Manag.

300, 1-3.
Long, J.N. 1985 A practical approach to density management. For. Chron. 61, 23-27.

Long, J.N. and Shaw, J.D. 2005 A density management diagram for evenaged ponderosa pine stands. W. J. App.
For. 20, 205-215.

Long, J.N., Dean, T.J. and Roberts, S.D. 2004 Linkages between silviculture and ecology: examination of several

important conceptual models. For. Ecol. Manag. 200, 249-261.

Lu, C.M. 2010 Rock-soil geochemical features for Dashan Area, Shitai, Anhui. Geolo. Anhui 20, 120-125 (in
Chinese with English abstract).

Newton, P.F. 1997 Stand density management diagrams: review of their development and utility in stand-level

management planning. For. Ecol. Manag. 98, 251-265.

Newton, P.F. and Amponsah, I.G. 2005 Evaluation of Weibull-based parameter prediction equation systems for
black spruce and jack pine stand types within the context of developing structural stand density

management diagrams. Can. J. For. Res. 35, 2996-3010.

Newton, P.F. and Weetman, G.F. 1994 Stand density management diagram for managed black spruce stands. For.

Chron. 70, 65-74.



394
395
396

397

398
399

400
401

402

403
404

405
406

407
408

409
410
411

412
413
414

415
416

417
418

419
420

421
422

423
424
425

Pérez-Cruzado, C., Merino, A. and Rodriguez-Soalleiro, R. 2011 A management tool for estimating bioenergy
production and carbon sequestration in Eucalyptus globulus and Eucalyptus nitens grown as short

rotation woody crops in north-west Spain. Biomass Bioenergy 35, 2839-2851.
Pretzsch, H. 2009 Forest Dynamics, Growth, and Yield. Springer, Berlin, Heidelberg, 187 pp.

RCoreTeam.2014R: A language and environment for statistical computing. R Foundation for Statistical

Computing. http://www.R-project.org/ (accessed on 6 March, 2015).

Rodriguez, R., Sanchez, F., Gorgoso, J., Castedo, F., Lopez, C. and Gadow, K.V. 2002Evaluating standard

treatment options for Pinus radiata plantations in Galicia (north-western Spain). Forestry 75, 273-284.
SAS Institute Inc. 2007 SAS user’s guide, version 9.2. SAS Institute Cary.

Schnell, S., Kleinn, C. and Gonzalez, J.G.A. 2012 Stand density management diagrams for three exotic tree

species in smallholder plantations in Vietnam. Small-scale For. 11, 509-528.

SFA. 2008 The Bulletin of Forestry and Ecological Construction in China. State Forestry Administration of China,
Beijing (in Chinese), 6—10 pp.

Smith, N.J. 1989 A stand-density control diagram for western red cedar, Thuja plicata. For. Ecol. Manag. 27,
235-244.

Sturtevant, B.R., Bissonette, J.A. and Long, J.N. 1996 Temporal and spatial dynamics of boreal forest structure
in western Newfoundland: silvicultural implications for marten habitat management. For. Ecol. Manag.

87, 13-25.

Tang, X., Pérez-Cruzado, C., Fehrmann, L., Alvarez-Gonzalez, J.G., Lu, Y. and Kleinn, C. 2015 Development of
a compatible taper function and stand-level merchantable volume model for Chinese fir plantations. PLoS

ONE, (second review).

Wang, Y., Titus, S.J. and LeMay, V.M. 1998 Relationships between tree slenderness coefficients and tree or stand

characteristics for major species in boreal mixedwood forests. Can. J. For. Res. 28, 1171-1183.

Wei, X., Blanco, J.A., Jiang, H. and Kimmins, J.P. 2012 Effects of nitrogen deposition on carbon sequestration in

Chinese fir forest ecosystems. Sci. Total Environ. 416, 351-361.

Wilson, J.S. and Oliver, C.D. 2000 Stability and density management in Douglas-fir plantations. Can. J. For. Res.
30, 910-920.

Wu, Z.L. 1984Chinese-fir. China Forestry Publishing House (in Chinese), 583 pp. Xu, J.C. 2011 China’s new

forests aren’t as green as they seem. Nature 477, 370.

Ye, S.-M., Wen, Y.-G., Yang, M. and Liang, H.-W. 2010 Correlation analysis on biodiversity and soil physical
& chemical properties of Eucalyptus spp. plantations under successive rotation. J.

SoilWaterConserv.24,246-250,256.


http://www.r-project.org/

426
427
428

429
430
431

Zhao, M.F., Xiang, W.H., Peng, C.H. and Tian, D.L. 2009 Simulating age-related changes in carbon storage and
allocation in a Chinese fir plantation growing in southern China using the 3-PG model. For. Ecol. Manag.

257, 1520-1531.

Zhou, B., Gu, L., Ding, Y., Shao, L., Wu, Z., Yang, X. et al. 2011 The great 2008 Chinese ice storm: its
socioeconomic-ecological impact and sustainability lessons learned. Bull. Am. Meterolo. Soc. 92, 47—

60.



