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Abstract: The leaf inclination distribution function is a key determinant that influences radiation
penetration through forest canopies. In this study, the needle and shoot inclination angle distributions
of five contrasting Larix principis-rupprechtii plots were obtained via the frequently used leveled digital
camera photography method. We also developed a quasi-automatic method to derive the needle
inclination angle measurements based on photographs obtained using the leveled digital camera
photography method and further verified these using manual measurements. Then, the variations
of shoot and needle inclination angle distribution measurements due to height levels, plots, and
observation years were investigated. The results showed that the developed quasi-automatic method
is effective in deriving needle inclination angle distribution measurements. The shoot and needle
inclination angle distributions at the whole-canopy scale tended to be planophile and exhibited
minor variations with plots and observation years. The small variations in the needle inclination
angle distributions with height level in the five plots might be caused by contrasting light conditions
at different height levels. The whole-canopy and height level needle projection functions also tended
to be planophile, and minor needle projection function variations with plots and observation years
were observed. We attempted to derive the shoot projection functions of the five plots by using a
simple and applicable method and further evaluated the performance of the new method.

Keywords: needle inclination angle distribution; shoot inclination angle distribution; leveled digital
photography; G function; coniferous forest; Larix

1. Introduction

The leaf inclination angle distribution function (LIDF), which is defined as the prob-
ability of a leaf element of unit size to have its surface normal within a specified unit
solid angle [1,2], is a key determinant influencing radiation penetration through forest
canopies [3]. The LIDF is also the fundamental parameter used to derive the leaf projection
function (commonly referred to as G), which is defined as the projection coefficient of the
unit foliage area on a plane perpendicular to the viewing direction [2]. This coefficient is
required as the key parameter for the indirect estimation of the leaf area index (LAI) using
optical methods. Therefore, LIDF and G measurements are essential requirements in the
field of forestry.

Although LIDF measurements are required for many forest studies, few reliable and
convenient estimation methods (i.e., direct and indirect methods) are available for forest
canopies, especially for coniferous forest canopies. For example, although some direct
methods have been successfully applied to measure the LIDFs of low-vegetation canopies
by using combinations of inclinometers, compasses and rulers [2,4], mechanical arms [5],
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and 3D digitizers [6,7], they are difficult to apply in tall canopies, such as forest canopies,
because they must be in contact with leaves, which are usually distant from the ground in-
strument and operator. Several indirect methods, including optical methods (e.g., multiband
vegetation imaging [8], digital hemispherical photography (DHP) [9,10] and digital cover
photography [11,12], leveled digital photography (LDP) [3,13–15], 3D image-processing
method [16]) and terrestrial laser scanning [17–24], have been proposed for deriving the
LIDFs of tall forest canopies. For DHP, one of the two solutions is to obtain the LIDFs by
inverting the simultaneous equations representing the gap fraction measurements at multi-
ple zenith angles based on the least squares method [8,10,25]. Another solution is to obtain
the LIDFs by inverting Beer’s law without the usage of the least squares method based
on the gap fraction, clumping index, and LAI measurements [11,26]. The limitation of the
DHP is that the accuracy of the derived LIDFs is strongly reliant on the accuracy of the gap
fraction, clumping index, and LAI measurements [8,11,26]. Accurate LIDF measurements
of broadleaf forest plots have been obtained using terrestrial laser scanning (TLS) [18–24].
However, the TLS method is expensive due to the high instrument price and advanced pro-
fessional skills required to obtain accurate LIDF measurements. These requirements hamper
the extensive use of this method. Furthermore, the TLS method has previously been limited
to broadleaf forest plots due to the diameter of the laser spot size used in TLS generally
being larger than the typical width of a needle (about 1–2 mm), meaning the 3D surfaces
of the needles cannot be effectively detected using TLS [18–24,27]. As for the 3D image
processing method, this has only been applied to broadleaf trees, since the individual leaves
of broadleaf trees are usually large enough to be detected using segment algorithms [16].
However, it is difficult to apply this method to coniferous trees due to the typical width of a
needle usually being small, causing great challenges for segment algorithms [27]. Another
key reason is the common characteristics of the needles grouping within shoots, which
makes it difficult to collect multi-view photographs of a single needle due to the mutual
shading of needles within shoots. The sufficient and qualified multi-view photographs of
each needle within shoots are the prerequisite requirements for the 3D surface construction
of the needles. Among the above-mentioned indirect methods, LDP is simple, affordable,
and can be relatively conveniently applied to tall forest canopies with the aid of ladders,
observational towers, and buildings [3,14,28,29]. Moreover, the performance of the LDP
method in terms of obtaining LIDF measurements of forest plots has already been verified
by Pisek et al. [28]. Therefore, the LDP approach is an effective and promising method for
obtaining LIDF measurements of forest canopies, especially for coniferous canopies with
flat needles.

Several studies have attempted to obtain the LIDF measurements of forest plots with
different broadleaf tree species [3,14,28,29]. The results of these studies show obvious
differences between the LIDF measurements of those broadleaf tree species [3,14,28,29].
Therefore, the estimation of LIDF measurements for each tree species is necessary whenever
feasible. In addition to tree species, the LIDF measurements of the same forest plot also
change due to factors related to the seasons [14,29], canopy height level [14,30], and light
conditions [14]. To illustrate, Raabe et al. [14] reported that the LIDF measurements of
Betula pendula Roth forest plots change obviously with the seasons. Thus, season, height
level, and light condition factors, in addition to the tree species, should also be considered
in the LIDF estimation of forest plots with the same tree species. To date, the majority of the
previous studies have focused on measuring the LIDF and G measurements of broadleaf
forest plots with different tree species [14,28,29]. Few studies have attempted to obtain the
shoot and needle inclination angle distribution function (SIDF and NIDF) values or the
shoot and needle G measurements of coniferous forest plots. For coniferous forest plots,
the separation of SIDF and NIDF or needle and shoot G measurements is necessary given
that only the SIDF or shoot G value is required for some applications, such as for LAI
estimation from optical methods, because most of these methods cannot discriminate small
gaps between the needles of a shoot. Furthermore, the relationships between the SIDFs and
NIDFs of coniferous forests have not yet been comprehensively investigated. Whether the
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SIDF, NIDF, and shoot and needle G measurements of coniferous forest plots will change
with the factors related to the canopy height levels, plot canopy structure characteristics, or
observation year remains unclear.

In this study, five Larix principis-rupprechtii forest plots with contrasting canopy struc-
ture characteristics (e.g., LAI, stand density, mean tree height, and diameter at breast height)
were selected to obtain SIDF and NIDF measurements at three height levels (i.e., top, mid-
dle, and bottom) over 2 years using the LDP method. For L. principis-rupprechtii forest
canopies, the typical width of a needle is usually small than 1 mm and the needles are
spirally distributed around the major axis of the cylindrical brachyplast of shoots at certain
degrees. Moreover, the SIDF and NIDF measurements should be collected at the three
height levels of forest canopies. Therefore, TLS and 3D image processing methods are
inapplicable for this study. Given that the needles of L. principis-rupprechtii tree species are
flat, the LDP method was adopted to obtain the SIDFs and NIDFs in this study. We also
improved the LDP method to quasi-automatically obtain the NIDFs from the LDP pho-
tographs. Then, the NIDF measurements from the quasi-automatic method were evaluated
using those measurements obtained from the manual method. The variations in SIDF and
NIDF or shoot and needle G measurements due to height levels, plots, and observation
years were analyzed. Then, the relationships between the SIDFs and NIDFs of the five
plots were investigated. Finally, we attempted to evaluate the performance of a simple and
applicable method for obtaining the shoot G values of the five plots.

2. Materials and Methods
2.1. Plots Description

In this study, five plots with contrasting stand densities, mean tree heights, mean tree
ages, and LAIs were established (Table 1) to analyze the impacts of different within-canopy
light conditions on SIDF and NIDF measurements, as well as shoot and needle G measure-
ments [31]. The five selected forest plots were located in Saihanba National Forest Park
in Hebei Province, China [31]. The five plots are the same plots used in our two previous
studies [31,32]. The tree species in the five single-species plots is L. principis-rupprechtii,
which is widespread in the northern area of China. The tree ages of the five plots are the
classical tree ages of the L. principis-rupprechtii forest plots in the park. The terrain slope of
the five plots is approximately 0◦, while the plot size is 25 m × 25 m. A forest inventory
was established during a field campaign in 2017 [32]. Table 1 gives the plot descriptions for
the five plots.

Table 1. Characteristics of Larix principis-rupprechtii plots [31].

Plot 1 Plot 2 Plot 3 Plot 4 Plot 5

Longitude and latitude N 42◦24′43′′,
E 117◦19′4′′

N 42◦24′2′′,
E 117◦18′40′′

N 42◦18′2′′,
E 117◦18′9′′

N 42◦25′22′′,
E 117◦19′32′′

N 42◦17′42′′,
E 117◦16′53′′

Mean tree height (m) * 19.4 20.4 12.6 13.3 8.7

Average diameter at breast height (cm) 26.6 27.2 12.7 14.1 9.2

Stand density (stems/ha) 464 384 2320 1760 3904

Tree age (~years) 54 55 21 22 13

Needle-to-shoot area ratio (γ) ** 1.36 1.20 1.18 1.23 1.37

Litter collection LAI *** 4.65 3.58 4.96 3.04 6.69

Tree species Larix principis-rupprechtii

* The height of each tree in each plot was estimated based the point cloud dataset collected using the terrestrial laser scanner in the 2017
leaf area index (LAI) measurement campaign [31]. The height of each tree was calculated as the vertical distance between the highest point
of the tree and the lowest point of the stem located close to the ground [31]. ** The needle-to-shoot area ratio (γ) of each plot was estimated
by averaging the γ of typical shoot samples harvested from the three height levels of forest canopies (i.e., top, middle, and bottom). Details
of γ estimations can be found in Section 2.3.3. *** The litter collection LAI of the five plots was obtained by using the litter collection
measurements acquired in the 2017 LAI measurement campaign [32].
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2.2. Data Acquisition

In this study, the SIDF was defined as the probability of a shoot with half of the total
needle area equal to unit size having the major axis of its cylindrical brachyplast within a
specified unit solid angle; the NIDF was defined as the probability of a needle of unit size
to have its surface normal within a specified unit solid angle [1,2]. The shoot and needle
images of LDP were taken using a Canon 6D camera equipped with a Canon 24–70 mm
lens and by using a ladder with a maximum length of approximately 14 m. A bubble was
mounted on the top of the camera to facilitate camera leveling. The image resolution was
5472 × 3648 pixels. All images were taken under calm conditions to avoid wind effects
on shoot and needle inclination angles [33]. The images were taken from three height
classes (i.e., top, middle, and bottom) in the five plots, except in plots 1 and 2. In plots
1 and 2, images were taken from the top and middle height classes because the majority
of the lower canopy branches were harvested during forest management activities prior
to the field experiment [34]. The images were taken between 17–18 September 2017 and
9–10 August 2018 at the maximum plant area index (PAI) period of the five plots. The
numbers of effective collected photographs ranged from 47 to 166 per height level or 163 to
344 per plot for the five plots.

2.3. Data Processing
2.3.1. Needle and Shoot Inclination Angle Estimation

Collected images were further visually inspected for the presence of typical shoots with
the major axis of their cylindrical brachyplast or needles with their surfaces oriented ap-
proximately perpendicular to the viewing direction of the digital camera (Figure 1) [14,28].
Therefore, for uncurved needles, the selected needles appeared as straight lines in the
images. Shoot or needle samples, which were selected for SIDF or NIDF determination,
were randomly selected from all available samples in the collected images. The selection
was performed by two experienced operators (the two authors of this paper) to avoid the
influence of operator subjectivity on the shoot or needle sample selection [14]. All samples
used in this study were first selected by one of the two operators and then checked by
another operator individually. Incomplete and abnormal (untypical) shoots or needles
were discarded before SIDF and NIDF determination. Severely curved needles were also
discarded due to the difficulty of manually obtaining stable and reliable measurements for
such samples. The inclination angles of the selected shoots or needles were measured by
using ACDSee Photo Manager 12 (ACD Systems International Inc., Bellevue, WA, USA)
(free version). For lightly curved needles, three inclination angle measurements were
collected for each needle sample at the middle location of three even subsections of the
needle. Then, the inclination angle measurement of the curved needle sample was obtained
by averaging the three inclination angle measurements.

Since the selected uncurved needle samples appeared as straight lines in the images,
in order to reduce the impact of the user subjectivity of the manual method as described
above on the NIDF measurements, a quasi-automatic method for detection of the boundary
lines and further estimation of the needle inclination angles of the selected needles was
developed based on a line segment detector (LSD) algorithm [35,36]. The LSD algorithm is
an excellent line segment detection algorithm when compared to the traditional methods
involving the combination of a canny edge detector and Hough transform, as these methods
generally produce a large number of false detections [35–37]. For LSD, a line segment
is detected as an estimate from a line support region (where pixels within that region
have a similar gradient orientation value) if it passes a meaningful alignment criterion
test [36,38]. The performance of the LSD in terms of detection of line segments under
varying and complex field conditions has been verified previously [35,37,39–41]. More
details of the LSD can be found in [36]. The LSD code can be publicly downloaded at
http://www.ipol.im/pub/art/2012/gjmr-lsd/. Figure 2 shows a flow chart of the quasi-
automatic method used to obtain the needle inclination angle measurements based on
the LSD. This method includes four main steps: (1) line segment detection based on the

http://www.ipol.im/pub/art/2012/gjmr-lsd/
http://www.ipol.im/pub/art/2012/gjmr-lsd/
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LSD algorithm; (2) interactive line segment identification; (3) line segment connection;
(4) needle inclination angle calculation. The line segments extracted using the LSD in
step 1 were not perfect, since false line segments and two boundary lines were sometimes
detected (Figure 2b) because the photographs were taken at different height levels of the
forest canopies and the backgrounds vary between photographs. Moreover, the boundary
line shapes of the selected needles also differed. Instead of developing a totally automatic
method to identify the false and redundant line segments, which could be unstable due to
the varying background and boundary line shapes, an interactive identification method
with the operators was used to identify the extracted effective line segments used for the
needle inclination angle estimation (Figure 2c). Step 3 was used to connect the identified
disconnected line segments into a whole line (Figure 2d). Then, the inclination angle of
each line segment was estimated as the angle between the zenith and normal direction of
each line segment (step 4) (Figure 2e). Finally, the needle inclination angle is the sum of
the inclination angle of each line segment, which is achieved by multiplying its weight.
The weight of each line segment was calculated by dividing the line segment length
by the length of all line segments for that needle. A two-sample Kolmogorov–Smirnov
(K–S) homogeneity test was adopted to evaluate whether the NIDFs of the manual and
quasi-automatic methods were part of the same population [28,42].

The inclination angle measurements of the selected needles or shoots for each plot
were almost evenly distributed at each height level (Tables 2 and 3). Pisek et al. (2013)
suggested that a minimum of 75 leaf inclination angle measurements is sufficient to obtain
a statistically representative LIDF. Therefore, in accordance with Pisek et al. (2013), we
collected at least 82 effective needle or shoot inclination angle measurements at each height
level in the five plots (Tables 2 and 3). The numbers of effective needle inclination angle
measurements at each height level were larger than those of shoots (Tables 2 and 3) because
the numbers of needles were dozens of times larger than those of shoots in the canopy.
Therefore, needles with their orientations perpendicular to the viewing direction of the
camera were easier to be identified from the images than shoots.
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Figure 1. Example of the determination of the needle or shoot inclination angles based on the leveled
digital photography method. Here, Z denotes the zenith, Nn denotes the needle surface normal, and
Ns denotes the major axis of the cylindrical shoot brachyplast; θn and θs are the needle and shoot
inclination angles, respectively.
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Figure 2. The flow chart of the quasi-automatic method used to measure the needle inclination angle based on the line
segment detector (LSD) algorithm and photographs acquired by the leveled digital photography method. The target needle
(a) is the same as the target in Figure 1. The blue lines and arrows (e) denote the normal directions of the line segments
detected by LSD.
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Table 2. Statistical characteristics (i.e., number of measurements (count), mean leaf inclination angle (mean), and standard
deviation (SD)) of the needle inclination angle distribution function (NIDF) measurements, which were derived using the
manual and quasi-automatic estimation methods, respectively, in the five plots. The quasi-automatic method failed for ten
needle samples, the results of which were not included for the quasi-automatic method measurements.

Plot Name Height Level

Manual Quasi-Automatic

2017 2018 2017 2018

Count Mean SD Count Mean SD Count Mean SD Count Mean SD

Plot 1

Top 192 34.52 22.18 146 40.96 22.0 192 35.04 22.30 146 41.75 21.67
Middle 189 34.5 22.44 158 33.11 20.82 189 34.70 22.32 158 33.43 20.85
Bottom \ * \ \ \ \ \ \ \ \ \ \ \

All 381 34.51 22.28 304 36.88 21.72 381 34.87 22.28 304 37.43 21.62

Plot 2

Top 141 39.19 22.87 259 38.27 22.99 141 39.59 22.49 259 39.11 23.07
Middle 136 29.97 20.72 250 39.88 22.01 136 30.02 20.63 250 40.63 22.13
Bottom \ \ \ \ \ \ \ \ \ \ \ \

All 277 34.66 22.28 509 39.06 22.51 277 34.89 22.08 509 39.86 22.60

Plot 3

Top 134 39 22.91 227 36.27 22.0 134 39.05 22.81 227 36.92 22.08
Middle 135 31.99 21.52 223 35.14 21.64 135 32.37 20.98 223 35.47 21.64
Bottom 124 35.79 22.72 222 34.63 20.59 124 36.11 22.51 222 34.82 20.31

All 393 35.58 22.51 672 35.36 21.40 393 35.68 22.45 672 35.75 21.35

Plot 4

Top 170 41.59 24.74 108 39.7 22.75 170 42.19 24.66 108 39.62 22.83
Middle 171 34.59 23.09 106 34.88 21.57 170 34.65 23.12 106 34.70 20.87
Bottom 160 32.71 20.83 98 33.24 20.96 157 33.01 20.65 98 33.60 20.96

All 501 36.37 23.26 312 36.04 21.9 497 36.71 23.23 312 36.05 21.69

Plot 5

Top 222 39.35 23.44 185 37.0 22.38 222 39.99 23.29 185 37.62 22.24
Middle 222 35.71 21.88 173 36.225 20.62 221 35.88 21.54 173 36.81 20.32
Bottom 212 31.89 21.56 185 30.85 17.51 212 32.08 21.32 185 31.64 17.48

All 656 35.71 22.49 543 34.66 20.41 655 36.04 22.28 543 35.32 20.24

* Not applicable.

Table 3. Statistical characteristics (i.e., number of measurements (count), mean leaf inclination angle (mean), and standard deviation
(SD)) of the shoot inclination angle distribution function (SIDF) measurements, which were derived using the manual estimation
method in the five plots.

Plot
Name

Height
Level

2017 2018 Plot
Name

Height
Level

2017 2018

Count Mean SD Count Mean SD Count Mean SD Count Mean SD

Plot 1

Top 90 19.68 16.91 83 24.73 24.2

Plot 2

Top 92 22.27 20.47 96 25.91 19.46
Middle 86 23.06 20.18 85 27.31 21 Middle 88 25.67 23.4 90 24.76 21.97
Bottom \* \ \ \ \ \ Bottom \ \ \ \ \ \

All 176 21.33 18.6 168 26.04 22.6 All 180 23.93 21.96 186 25.35 20.67

Plot 3

Top 94 23.1 23.58 92 21.93 19.6

Plot 4

Top 90 24.28 22.12 83 23.81 19.77
Middle 94 20.14 18.37 97 24.32 21.08 Middle 94 25.37 22.08 84 21.4 19.41
Bottom 90 22.26 20.43 97 21.96 21.94 Bottom 89 21.34 19.81 82 20.46 19.56

All 278 21.83 20.87 286 22.75 20.87 All 273 23.7 21.37 249 21.9 19.55

Plot 5

Top 138 25.67 23.17 84 21.3 22.88
Middle 134 20.3 20.53 86 22.35 22.25
Bottom 138 20.82 19.78 92 21.41 21.44

All 410 22.29 21.3 262 21.68 22.09

* Not applicable.

2.3.2. Fitting the Needle and Shoot Inclination Angle Measurements

The SIDFs or NIDFs of each plot were derived on the basis of the obtained needle or
shoot inclination angle (θn or θs) measurements. Several typical distributions, including
two-parameter beta distribution, ellipsoidal distribution, and rotated-ellipsoidal distribu-
tion values, have been proposed to describe the LIDFs of vegetation canopy [43]. Among
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the mentioned typical functions, the two-parameter beta and ellipsoidal distributions were
the two commonly used distributions adopted to fit the field leaf inclination angle mea-
surements of vegetation canopies [1,10,14,17,30,43,44]. Since no studies have attempted to
compare the performance of the beta and ellipsoidal distributions to fit the field-collected
θn or θs measurements of coniferous forest canopies, both of the typical distributions were
used to fit the field-collected θn or θs measurements in this study. The probability of θn or
θs can be described using the two-parameter beta distribution as follows [43]:

f (t) =
1

B(µ, ν)
(1− t)µ−1tν−1, (1)

where t = 2θn/π or 2θs/π. The beta distribution function B(µ, ν) is defined as:

B(µ, ν) =
∫ 1

0
(1− x)µ−1xν−1dx =

Γ(µ)Γ(ν)
Γ(µ + ν)

, (2)

where Γ is the gamma function, and µ and ν are the two parameters of the beta distribution
function, which can be calculated as follows:

µ =
(
1− t

)(σ2
0

σ2
t
− 1

)
, (3)

ν = t

(
σ2

0
σ2

t
− 1

)
, (4)

where σ2
0 is the maximum standard deviation with the expected mean t, and σ2

t is the
variance of t [43].

Similarly, the probability of θn or θs can also be described using the ellipsoidal distri-
bution as follows [43,45]:

f (θ) =
2χ3 sin(θ)

Λ
(

cos(θ)2 + χ2 sin(θ)2
)2 , (5)

where θ represents the needle or shoot inclination angle (θn or θs), χ is the ratio of horizontal
semi-axis length to the vertical semi-axis length of an ellipsoid, and Λ is the normalized
ellipse area for the projection of an ellipsoid. The ellipsoidal distribution becomes spherical
distribution if χ = 1 and Λ = 2. If χ < 1,

Λ = χ +
sin ε−1

ε
, ε =

(
1− χ2

)1/2
, (6)

and if χ > 1,

Λ = χ +
ln[(1 + ε)/(1− ε)]

2εχ
, ε =

(
1− χ−2

)1/2
, (7)

The χ can be derived based on the mean value of θn or θs measurements (θ) as
follows [43]:

χ = −3 +

(
θ

9.65

)−0.6061

, (8)

The θ estimates can be calculated using the field-collected θn or θs measurements as
follows [43]:

θ =
90

∑
i=0

θj f j (9)

where f j is the leaf area fraction for a needle or shoot angle interval centered at θj.
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All of the needle and shoot inclination angle measurements acquired in this study were
fitted using two-parameter beta or ellipsoidal distribution before subsequent processing.
After this, the deviation ( fD) between the derived beta or ellipsoidal distribution and those
without fitting ( fLDP(θ)) was quantified using the modified inclination index proposed by
Ross [46], which was adopted in previous studies [3,14,29]:

fD =
∫ π/2

0
| f (θ)− fLDP(θ)|dθ or fD =

∫ 1

0
| f (t)− fLDP(t)|dt (10)

where fLDP(θ) or fLDP(t) is the field NIDF or SIDF, which are presented here as histograms
with the bin width of 5◦.

Besides the beta and ellipsoidal distributions, an additional solution except the field
method used to derive the LIDFs, NIDFs, or SIDFs of vegetation canopies was designed
based on the six theoretical distributions, including planophile, plagiophile, uniform, spher-
ical, erectophile, and extremophile distributions (Figure 3). The six theoretical distributions
were proposed based on the empirical evidence of the natural variation of leaf normal dis-
tributions and mathematical considerations used to describe the LIDFs values of vegetation
canopies [14,47]. For spherical canopies, the relative frequency of the leaf inclination angles
is the same as the relative frequency of the inclinations of the surface elements of a sphere.
For uniform canopies, the relative frequency of the leaf inclination angles is the same at any
angle. Planophile canopies are characterized by a predominance of horizontally oriented
leaves. Plagiophile canopies are dominated by inclined leaves, erectophile canopies are
dominated by vertically oriented leaves, and extremophile canopies are dominated by high
frequencies of both horizontally and vertically oriented leaves [14,48] (Figure 3).
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2.3.3. Needle and Shoot Projection Function Calculation

Assuming that needle azimuth angle is uniformly distributed and the needle incli-
nation angle distribution is independent of needle size [14], then the needle projection
function (Gn(θ)) can be calculated as follows:

Gn(θ) =
∫ π

2

0
A(θ, θn) f (θn)dθn, (11)
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A(θ, θn) =

{
cos θ cos θn |cot θ cot θn| > 1

cos θ cos θn
[
1 +

( 2
π

)
(tan ψ− ψ)

]
|cot θ cot θn| ≤ 1,

(12)

where θ is the view zenith and ψ = cos−1(cot θ cot θn).
Light can penetrate through the shoots of L. principis-rupprechtii forest plots due to

the small gaps between the needles of each shoot. Therefore, the shoot projection function
(Gs(θ)) cannot be derived directly from SIDF measurements by using the method described
above for needles. The needle-to-shoot area ratio (γ) is a parameter describing the ratio
between the shoot projection area and total needle area in a shoot. Therefore, a simple and
applicable method for determining the Gs(θ) of L. principis-rupprechtii forest plots based on
the Gn(θ) and γ measurements was used here as follows:

Gs(θ) = Gn(θ)/γ (13)

The γ values for the five plots were obtained during the field campaign in 2017.
A detailed description of the γ determination procedure can be found in [31]. We only
provide a brief description here. Two to four typical shoot samples were randomly clipped
from each height class (i.e., top, middle, and bottom) of the canopy in each plot. The method
for γ calculation described by Chen et al. [49] was adopted in this study. The projection
images of each typical shoot were taken by using a Canon 6D camera equipped with a Canon
24–70 mm lens and a flat, leveled white panel with two rules laid on its top surface [31].
Three projection images were taken for each typical shoot by rotating the shoot’s main axis at
an azimuth angle of 0◦ and zenith angles of 0◦, 45◦, and 90◦ [31]. Then, three projection area
estimates, namely Ap(0◦, 0◦), Ap(45◦, 0◦), and Ap(90◦, 0◦), were derived for each typical
shoot on the basis of the three projection images. Then, half of the total needle area of each
typical shoot (An) was estimated by using the volume displacement method [49]. The γ of
each typical shoot was obtained on the basis of three projection area estimates and An as
follows [49]:

γ =
An

Ap(0◦ ,0◦) ∗ cos(15◦) + Ap(45◦ ,0◦) ∗ cos(45◦) + Ap(90◦ ,0◦) ∗ cos(75◦)
cos(15◦) + cos(45◦) + cos(75◦)

(14)

The γ of each plot was obtained by averaging the γ of all shoot samples of each
plot [31].

3. Results and Discussion
3.1. Comparison of Manual and Quasi-Automatic Methods Used to Derive the Needle Inclination
Angle Measurements

Obvious agreements were observed between the needle inclination angle measure-
ments using manual and quasi-automatic methods (p > 0.92), regardless of the plot or
height level (Table 4). The agreements were further verified by the small variations in
mean needle inclination angles between the two methods in the five plots (<0.64◦ for 2017
and <0.84◦ for 2018) (Table 2). Both of these results indicate that the needle inclination
angle measurements of manual and quasi-automatic methods in the five plots were part of
the same population. Therefore, the quasi-automatic method developed in this study is
effective for measuring the needle inclination angle measurements.

The total number of needle inclination angle measurements for the manual method
is ten samples larger than those of the quasi-automatic method (Table 2) due to the quasi-
automatic method failing for ten needle samples. Upon further examination, the reasons
for the failure of the quasi-automatic method are the severe mutal shading between needles
and the relatively low photograph quality, meaning that the whole needle boundary lines
cannot be effectively detected using the LSD. The failure rate of the quasi-automatic method
is very small (0.2%) and the mutal shading between needles can be reduced by changing
the photograph acquisition position. Furthermore, the photograph quality can be improved
by using a camera equipped with lenses with focal lengths larger than those used in this
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study, which is highly appropriate for acquiring photographs of needle samples located
relatively far from the acquisition position. Therefore, the failure related to the ten needle
samples using the quasi-automatic method found in this study is not a key factor that
affects the effectiveness of the quasi-automatic method to be used to derive the needle
inclination angle measurements. Only the NIDF and SIDF measurements obtained from
the manual method were used due to the quasi-automatic method being inapplicable for
the shoot inclination angle estimation.

Table 4. The results of the Kolmogorov–Smirnov test comparing the manual and quasi-automatic measurements of needle inclination
angle measurements in the five plots. D and P are the maximum difference between the cumulative distributions (D) and the
corresponding level of probability (P).

Plot Name Height Level
2017 2018

Plot Name Height Level
2017 2018

D P D P D P D P

Plot 1

Top 0.03 1.0 0.05 0.99

Plot 2

Top 0.04 1.0 0.03 0.99
Middle 0.03 1.0 0.04 0.99 Middle 0.04 1.0 0.04 0.95
Bottom \* \ \ \ Bottom \ \ \ \

All 0.02 1.0 0.03 0.99 All 0.03 1.0 0.03 0.97

Plot 3

Top 0.06 0.94 0.04 1.0

Plot 4

Top 0.04 1.0 0.04 1.0
Middle 0.05 0.98 0.03 1.0 Middle 0.03 1.0 0.04 1.0
Bottom 0.04 1.0 0.03 1.0 Bottom 0.05 0.97 0.04 1.0

All 0.03 1.0 0.02 0.99 All 0.02 1.0 0.03 1.0

Plot 5

Top 0.03 1.0 0.03 1.0
Middle 0.04 0.98 0.04 1.0
Bottom 0.04 0.99 0.05 0.92

All 0.02 1.0 0.03 0.93

* Not applicable.

3.2. Comparison of Beta and Ellipsoidal Distribution Functions for Fitting the Shoot or Needle
Inclination Angle Measurements

Figures 4 and 5 show that the beta distribution was outperformed by the ellipsoidal
distribution in fitting the shoot or needle inclination angle measurements, with smaller
deviations ( fD) in most cases. Moreover, the dominant trends of small shoot inclination
angles for SIDF distributions were better described by the beta distribution compared with
the ellipsoidal distribution (Figure 4). Obvious deviations were observed between the
ellipsoidal and LDP SIDF distributions at the zenith angle range of 0◦–5◦ in the five plots
(Figure 4). This finding is consistent with the conclusion made by Wang et al. [43], who
concluded that the beta distribution outperformed the ellipsoidal distribution in most cases
in fitting the field leaf inclination angle measurements of grasses, shrubs, and broadleaf
trees across 50 plant species, even though the plant species covered by the two studies
are obviously different. The same conclusion was also reported for four broadleaf tree
species in the study by Wagner and Hagemeier [30]. Furthermore, the beta distribution has
been adopted by several studies recently to fit field leaf inclination angle measurements of
LDP [3,14,29,44]. Therefore, the beta distribution was chosen to fit the shoot and needle
inclination angle measurements of LDP for further analysis in this study.
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Figure 4. A comparison of the beta and ellipsoidal distribution functions used to fit the whole-
canopy shoot inclination angle measurements, which were manually obtained from the leveled
digital photography (LDP) information of the five plots. The shoot inclination angle distributions of
the LDP information are presented as histograms with a bin width of 5◦. Only the whole-canopy
shoot inclination angle measurements from 2018 are shown here, as the shoot inclination angle
measurements at the three height levels (i.e., bottom, middle, and top) and those from 2017 showed
similar behavior.
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Figure 5. A comparison of the beta and ellipsoidal distribution functions used to fit the whole canopy
shown in Plot 5. Only the whole-canopy needle inclination angle measurements from 2018 are shown
here, as the needle inclination angle measurements at the three height levels (i.e., bottom, middle and
top) and those from 2017 showed similar behavior.

3.3. Shoot Angle Distribution

In the five plots, the SIDFs were strongly planophile (Figure 3) over the entire vertical
profile throughout the 2 years (Figure 6). This phenomenon can be explained by the fact that
horizontally oriented shoots were more effective than steeply inclined shoots in maximizing
needle light interception from above and reducing needle light shading from neighboring
needles. The reason for this is that the needles were usually distributed around the major
axes of the cylindrical brachyplasts of shoots with certain angles (approximately 30◦–60◦,
as determined through visual inspection) (Figure 1). Moreover, minor variations among the
SIDFs of different height levels for the same plot were observed in all five plots (the SIDF
curves at different height levels in each plot almost overlapped) (Figure 6). Minor variations
were also found among the whole-canopy SIDFs of different plots for the same observation
year, as well as among the whole-canopy SIDFs of different years for the same plot (Figure 6).
Light conditions have been identified as key factors affecting the LIDF measurements for
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broadleaf forest plots [14]. The minor variations in SIDFs with height level and plots (whole-
canopy scale) were further verified by the small variations in mean shoot inclination angles
due to height level and plot in the five plots (<5.37◦ for 2017 and <4.36◦ for 2018) (Table 3).
The minor variations in SIDFs indicate that the SIDFs of L. principis-rupprechtii forest plots
might be mainly determined by tree species and were not obviously affected by other
common factors, such as light conditions, which differed within the canopies of the five
plots, given that the five plots in this study exhibited contrasting forest canopy characteristics
(Table 1).

On the basis of Figure 6 and Table 3, we concluded that a stable and representative
SIDF measurement for L. principis-rupprechtii plots could be obtained by randomly selecting
shoot samples from the canopy for a total measurement number of approximately 80–100,
without considering the height level, forest plots, or light conditions. Although we did
not attempt to recalculate the SIDFs of the five L. principis-rupprechtii plots by randomly
choosing measurements from all available shoot inclination angle measurements of each
plot, the minor variations in SIDFs with height levels, plots, and observation years (Figure 6
and Table 3) indicated that the above conclusion was valid for L. principis-rupprechtii plots.
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3.4. Needle Angle Distribution

The whole-canopy NIDFs for all the five plots were consistently toward the planophile
throughout the 2 years (Figure 7 and Table 2). Although the tree species investigated
in this study was coniferous, this finding was consistent with previous results showing
that the planophile is the prevailing LIDF for broadleaf tree species in the northern hemi-
sphere [3,14,29]. The prevalence of the planophile for broadleaf and coniferous tree species
might be attributed to the greater photosynthesis in horizontal leaves than in vertical
leaves for canopies with LAI values up to 6.0 in northern latitudes, according to theoretical
computations [50].

Similar to the small whole-canopy SIDF variations in plots (Figure 6), no large varia-
tions were observed between the whole-canopy NIDFs for the five different plots through-
out the 2 years (Figure 7). The small variations in whole-canopy NIDFs between plots
were further verified by the small variations in mean needle inclination angles between
plots in 2017 (<1.86◦) and 2018 (<4.4◦) (Table 2). Given that the five plots included very
sparse (e.g., the stand densities of plots 1 and 2 ranged from 384 to 464 stems/ha) to very
dense canopies (e.g., the stand density of plot 5 was 3904 stems/ha) and the LAI range of
3.04–6.69 for the five plots (Table 1), the light conditions within the canopies of the five
plots were obviously different. This indicates that the variations in whole-canopy NIDFs
of L. principis-rupprechtii forest plots are insensitive to light conditions. This finding is
consistent with the conclusion made by Raabe et al. [14], who concluded that the variations
in the LIDFs of broadleaf tree species are insensitive to light conditions if the LIDFs are
planophile, because planophile function can maximize light use and improve the solar
irradiance intercept efficiency of the canopy. Given the small whole-canopy NIDF varia-
tions in plots (Figure 7), a universal whole-canopy NIDF could be obtained on the basis
of the NIDFs of the five plots in this study. A slight shift in zenith angles with the largest
frequency was observed between the whole-canopy NIDFs for 2017 and 2018 for the same
plot in the five plots (Figure 7). This shift might have been caused by the inconsistent field
observation times in 2017 and 2018. Although the 2017 and 2018 field measurements were
collected at the maximum PAI period for all of the plots, the field observation times in
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2017 were closer to the needle senescence period compared with those in 2018. When the
needles of L. principis-rupprechtii trees approached senescence, they began to soften and
the angle between the shoot main axis of the cylindrical brachyplast and needle enlarged,
making the orientation of the needles close to the zenith due to the planophile SIDF. This
behavior indicated that the whole-canopy NIDF values of L. principis-rupprechtii forest
plots might change with seasons because the angle between the shoot main axis of the
cylindrical brachyplast and needle gradually increased from the beginning of leaf emer-
gence in late spring to the end of leaf expansion in early summer in addition to the leaf
senescence period.

Forests 2021, 12, x FOR PEER REVIEW 16 of 22 
 

 16 

the largest frequency was observed between the whole-canopy NIDFs for 2017 and 2018 

for the same plot in the five plots (Figure 7). This shift might have been caused by the 

inconsistent field observation times in 2017 and 2018. Although the 2017 and 2018 field 

measurements were collected at the maximum PAI period for all of the plots, the field 

observation times in 2017 were closer to the needle senescence period compared with 

those in 2018. When the needles of L. principis-rupprechtii trees approached senescence, 

they began to soften and the angle between the shoot main axis of the cylindrical 

brachyplast and needle enlarged, making the orientation of the needles close to the zenith 

due to the planophile SIDF. This behavior indicated that the whole-canopy NIDF values 

of L. principis-rupprechtii forest plots might change with seasons because the angle between 

the shoot main axis of the cylindrical brachyplast and needle gradually increased from the 

beginning of leaf emergence in late spring to the end of leaf expansion in early summer in 

addition to the leaf senescence period. 

 

 

 

Figure 7. Cont.



Forests 2021, 12, 30 17 of 22
Forests 2021, 12, x FOR PEER REVIEW 17 of 22 
 

 17 

 

 

Figure 7. Vertical and annual variations in needle inclination angle distributions in the five plots. 

In most cases, small variations in NIDFs with the height levels were observed in the 

five plots in 2017 and 2018 (Figure 7). This trend was further verified by the relatively 

small differences between the mean needle inclination angles at different height levels for 

the same plot in the five plots (ranging from 0.02° to 9.22° in 2017 and 0.51° to 7.85° in 

2018) (Table 2). Moreover, in most cases, more horizontally oriented needles were 

observed at the bottom level than at other two height levels in plots 3–5 and at the middle 

level than at the top level in plots 1–2 (Figure 7). By contrast, in most cases, more needles 

with oriented angles larger than 30° were observed in the top canopy compared with those 

at the two other height levels (Figure 7). This finding was consistent with previously 

reported findings for broadleaf tree species [14,51]. More needles with large inclination 

angles in the top canopy are helpful for reducing the amount of solar irradiance, which is 

usually received in excess in the top canopy especially at midday hours. The reduced solar 

irradiance interception at the top canopy is further helpful in increasing the amount of 

solar irradiance that reaches the middle and lower canopies [14,52]. By contrast, more 

horizontally oriented needles in the bottom canopy could improve the solar irradiance 

interception efficiency of the bottom canopy, because solar irradiance mainly arrives from 

the above needles at directions close to the zenith [52,53]. On the other hand, the variations 

in the NIDFs over the entire vertical profile can increase the efficiency of the solar 

irradiance interception for the entire canopy [54]. 

Obvious differences were observed between the whole-canopy NIDFs and SIDFs 

from the same plot in the five plots, even though both of them showed an obvious trend 

of planophile distribution in most cases (Figures 6 and 7). An example of this is that the 

mean values of the whole-canopy NIDFs were obviously larger than those of the whole-

canopy SIDF for the same plot in the five plots (Tables 2 and 3). Moreover, the zenith 

angles with the largest frequency for the whole-canopy NIDFs were also obviously larger 

Figure 7. Vertical and annual variations in needle inclination angle distributions in the five plots.

In most cases, small variations in NIDFs with the height levels were observed in the
five plots in 2017 and 2018 (Figure 7). This trend was further verified by the relatively small
differences between the mean needle inclination angles at different height levels for the
same plot in the five plots (ranging from 0.02◦ to 9.22◦ in 2017 and 0.51◦ to 7.85◦ in 2018)
(Table 2). Moreover, in most cases, more horizontally oriented needles were observed at
the bottom level than at other two height levels in plots 3–5 and at the middle level than at
the top level in plots 1–2 (Figure 7). By contrast, in most cases, more needles with oriented
angles larger than 30◦ were observed in the top canopy compared with those at the two
other height levels (Figure 7). This finding was consistent with previously reported findings
for broadleaf tree species [14,51]. More needles with large inclination angles in the top
canopy are helpful for reducing the amount of solar irradiance, which is usually received
in excess in the top canopy especially at midday hours. The reduced solar irradiance
interception at the top canopy is further helpful in increasing the amount of solar irradiance
that reaches the middle and lower canopies [14,52]. By contrast, more horizontally oriented
needles in the bottom canopy could improve the solar irradiance interception efficiency
of the bottom canopy, because solar irradiance mainly arrives from the above needles at
directions close to the zenith [52,53]. On the other hand, the variations in the NIDFs over
the entire vertical profile can increase the efficiency of the solar irradiance interception for
the entire canopy [54].

Obvious differences were observed between the whole-canopy NIDFs and SIDFs from
the same plot in the five plots, even though both of them showed an obvious trend of
planophile distribution in most cases (Figures 6 and 7). An example of this is that the mean
values of the whole-canopy NIDFs were obviously larger than those of the whole-canopy
SIDF for the same plot in the five plots (Tables 2 and 3). Moreover, the zenith angles with
the largest frequency for the whole-canopy NIDFs were also obviously larger than those
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of the whole-canopy SIDFs for the same plot in the five plots (Figures 6 and 7). Therefore,
we can conclude that the shoots exhibited distinct inclination angle distributions from
those of needles for L. principis-rupprechtii plots.

3.5. Needle and Shoot Projection Functions

The whole-canopy needle projection functions were consistently toward the planophile
in all the five plots, with minor variations between plots and observation years (Figure 8).
These minor variations illustrated that a representative needle projection function could
be obtained for L. principis-rupprechtii plots. The needle projection functions of the five
L. principis-rupprechtii plots (Figure 8) obviously deviated from those of the case with
spherical leaf inclination distribution (G ≡ 0.5), which has been commonly assumed for
plant canopies in previous studies [2,28,29,55,56], especially at viewing directions close
to the zenith (the needle G value is equal to 0.76 at 1◦ in plot 1) (Figure 8). Therefore, the
assumption of a spherical leaf inclination angle distribution would result in errors in the
LAI and clumping index estimation for forest plots because their leaf inclination angle
distributions usually deviate from the spherical case [29]. For example, Pisek et al. [29]
reported that the assumption of a spherical leaf angle distribution underestimates the
clumping index (28–47%) at the zenith in a birch plot. Therefore, we suggest obtaining the
field leaf angle distribution measurements of forest plots with tree species that have not
been investigated comprehensively whenever possible. Another solution for minimizing
the impact of the assumption of spherical leaf angle distribution on the LAI and clumping
index estimation of forest plots without field leaf inclination angle measurements is to
utilize specific characteristics of leaf or woody-component inclination angle distributions,
which approximately intersect at zenith angles close to 57.3◦; the values of leaf or woody-
component projection coefficients at the specific zenith angle of 57.3◦ equal approximately
0.5 (also found in this study [Figure 8]) [55–58]. Given that the differences between the
field-collected and assumed leaf or woody-component projection coefficients of forest plots
at 57.3◦ are small, their effects on the LAI and clumping index estimation are small and
acceptable [57].

Compared with the needle projection functions (Figure 8), the shoot projection func-
tions of the five plots did not consistently approach a single typical leaf projection function
and approximated the three typical leaf projection functions, namely plagiophile, uniform,
and extremophile functions (Figure 9) [3,29,56]. The variations between the shoot projec-
tion functions of the five plots (Figure 9) were mainly attributed to variations in γ for the
five plots due to the minor variations in needle projection functions in the plots (Figure 8).
The shoot projection functions of the five plots intersected with the line of G = 0.5 at
zenith angles of 27◦–43◦ (Figure 9), which consistently deviated largely from the commonly
reported intersected zenith angle of 57.3◦ for the leaf or woody-component projection
functions of forest plots [2,29,55,56,59]. This deviation indicated that the derived shoot
projection functions might contain a certain degree of estimation errors. In this study,
the error in the estimated shoot projection function might originate from γ measurements,
because a constant γ value was used for all viewing zenith angles in the shoot projection
function estimation. However, Equation (14) shows that the γ estimates varied with zenith
angles because the shoot projection areas changed with projection zenith angles. Therefore,
if the method of this study is used to obtain the shoot projection function of coniferous
forest plots in the future, we recommend obtaining γ estimates with zenith angles of 0◦–90◦

and an interval of 1◦, coinciding with the same zenith angle range and intervals used for
needle projection functions.



Forests 2021, 12, 30 19 of 22
Forests 2021, 12, x FOR PEER REVIEW 19 of 22 
 

 19 

 

Figure 8. Whole-canopy needle projection function against viewed zenith angles in the five plots 

in 2017 (a) and 2018 (b). 

 

Figure 9. Derived whole-canopy shoot projection function against viewed zenith angles in the five 

plots in 2017. 

4. Conclusions 

The shoot and needle inclination angle distributions and projection functions of five 

contrasting L. principis-rupprechtii plots were obtained on the basis of the LDP method. 

The main conclusions of this study are as follows: (1) The quasi-automatic method 

developed in this study is effective and accurate enough to obtain the NIDFs. (2) The 

whole-canopy SIDFs and NIDFs tended to be planophile and exhibited minor variations 

between plots and observation years. The NIDF was slightly sensitive to light conditions 

given that small variations in NIDFs were observed between NIDF measurements 

obtained at different height levels. (3) The whole-canopy and height level needle 

projection functions tended to be planophile, and minor variations in needle projection 

functions with plots and observation years were observed. (4) The method for obtaining 

shoot projection functions based on needle projection functions and 𝛾  measurements 

used in this study tended to produce estimates with a certain degree of error, because the 

zenithal dependence of 𝛾 was ignored in the estimation. The performance of this method 

can be further evaluated by considering the variation in 𝛾  with zenith angles in the 

future. 

Author Contributions: J.Z. proposed the concept of this study, conducted the experiment, analyzed 

the data, and wrote the paper. J.Z. and P.L. conducted the experiment and analyzed the data. W.H., 

P.Z., and Y.Z. analyzed the data. All authors have read and agreed to the published version of the 

manuscript. 

Figure 8. Whole-canopy needle projection function against viewed zenith angles in the five plots in
2017 (a) and 2018 (b).

Forests 2021, 12, x FOR PEER REVIEW 19 of 22 
 

 19 

 

Figure 8. Whole-canopy needle projection function against viewed zenith angles in the five plots 

in 2017 (a) and 2018 (b). 

 

Figure 9. Derived whole-canopy shoot projection function against viewed zenith angles in the five 

plots in 2017. 

4. Conclusions 

The shoot and needle inclination angle distributions and projection functions of five 

contrasting L. principis-rupprechtii plots were obtained on the basis of the LDP method. 

The main conclusions of this study are as follows: (1) The quasi-automatic method 

developed in this study is effective and accurate enough to obtain the NIDFs. (2) The 

whole-canopy SIDFs and NIDFs tended to be planophile and exhibited minor variations 

between plots and observation years. The NIDF was slightly sensitive to light conditions 

given that small variations in NIDFs were observed between NIDF measurements 

obtained at different height levels. (3) The whole-canopy and height level needle 

projection functions tended to be planophile, and minor variations in needle projection 

functions with plots and observation years were observed. (4) The method for obtaining 

shoot projection functions based on needle projection functions and 𝛾  measurements 

used in this study tended to produce estimates with a certain degree of error, because the 

zenithal dependence of 𝛾 was ignored in the estimation. The performance of this method 

can be further evaluated by considering the variation in 𝛾  with zenith angles in the 

future. 

Author Contributions: J.Z. proposed the concept of this study, conducted the experiment, analyzed 

the data, and wrote the paper. J.Z. and P.L. conducted the experiment and analyzed the data. W.H., 

P.Z., and Y.Z. analyzed the data. All authors have read and agreed to the published version of the 

manuscript. 

Figure 9. Derived whole-canopy shoot projection function against viewed zenith angles in the five
plots in 2017.

4. Conclusions

The shoot and needle inclination angle distributions and projection functions of five
contrasting L. principis-rupprechtii plots were obtained on the basis of the LDP method. The
main conclusions of this study are as follows: (1) The quasi-automatic method developed
in this study is effective and accurate enough to obtain the NIDFs. (2) The whole-canopy
SIDFs and NIDFs tended to be planophile and exhibited minor variations between plots
and observation years. The NIDF was slightly sensitive to light conditions given that small
variations in NIDFs were observed between NIDF measurements obtained at different
height levels. (3) The whole-canopy and height level needle projection functions tended
to be planophile, and minor variations in needle projection functions with plots and
observation years were observed. (4) The method for obtaining shoot projection functions
based on needle projection functions and γ measurements used in this study tended to
produce estimates with a certain degree of error, because the zenithal dependence of γ was
ignored in the estimation. The performance of this method can be further evaluated by
considering the variation in γ with zenith angles in the future.

Author Contributions: J.Z. proposed the concept of this study, conducted the experiment, analyzed
the data, and wrote the paper. J.Z. and P.L. conducted the experiment and analyzed the data. W.H.,
P.Z., and Y.Z. analyzed the data. All authors have read and agreed to the published version of
the manuscript.
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