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The three-dimensional (3D) distribution of light within forest ecosystems is a major driver for species compe-
tition, coexistence, forest ecosystem functioning, productivity, and diversity. However, accurate knowledge
about the 3D distribution of light within the canopy is difficult to obtain. Recent advances in 3D forest recon-
struction as well as the use of radiative transfer modelling provide new insights into spatio-temporal variations of
light distribution within a forest canopy.

We used high resolution laser scanning data coupled with in-situ leaf optical properties (LOP) measurements to
parameterize the DART radiative transfer model for a temperate deciduous forest on the Laegern mountain,
Switzerland, and for a tropical rain forest located in the Lambir Hills national park, Borneo, Malaysia. Combining
terrestrial and unmanned aerial vehicle (UAV) laser scanning acquisitions allowed a high detailed, 3D recon-
struction of forest canopies.

We analyse the impact of the two contrasting forest canopies, both in terms of structure as well as optical
properties, on the 3D extinction of photosynthetic active radiation (PAR, 400 nm - 700 nm) for a whole diurnal
cycle. We show that PAR extinction is mainly driven by the canopy structure, resulting in an exponential light
extinction profile for the temperate and a more linear extinction profile in the tropical site. The larger 3D het-
erogeneity in canopy structure for the tropical site also resulted in larger variability in light extinction
throughout the whole canopy. We found that contrasting LOPs between the two forests had a minor influence on
light extinction. However, approximating light extinction profiles with layered Beer-Lambert or Big-Leaf models
only poorly represented the 3D heterogeneity of light extinction within the canopy, illustrating the need for more
detailed 3D modelling of light distribution within forest ecosystems. This can give us important insights into
light-related mechanisms driving species coexistence, competition and diversity in complex forest ecosystems.

1. Introduction

Light availability plays a major role in defining species competition
and coexistence as well as forest ecosystem functioning, productivity,
and diversity. Studies have shown that canopy structure strongly in-
fluences the distribution of light within the canopy and therefore also
influences the within canopy variability of light-use efficiency and
productivity (e.g. Morton et al., 2014; 2016; Stark et al., 2012;
Widlowski et al., 2011). It is reported (e.g. Niinemets, 2007; 2012) that
light availability typically varies up to 50-fold within a closed vegetation
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stand, and even within the crown of an isolated individual tree signifi-
cant variation in light may occur (Baldocchi et al., 2002; Kiikenbrink
et al., 2019; Valladares, 2003). The extensive variability of light avail-
ability within the canopy induces extensive modifications of foliage
structure and physiology such that it is hardly possible to find two leaves
with the exact same combination of leaf-trait values (Niinemets, 2012).
Seasonal and diurnal changes in light availability within the canopy
promote leaf plasticity allowing for leaves to adapt to changing light
conditions within the canopy (e.g. Keenan and Niinemets, 2017; Nii-
nemets et al., 2003; Valladares et al., 2016). For a better understanding
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of ecosystem functioning and productivity of forest ecosystems,
advanced knowledge of the distribution as well as the utilization of light
within the canopy is vital. However, quantification of the amount of
incoming light reaching the three-dimensional (3D) forest canopy is
challenging. Measurement of spatially contiguous, 3D light distribution
is still relatively scarce for forest canopies, mostly due to the difficult
access and the high spatial and temporal variability of light distribution
within the canopy. Information in the literature is mostly related to
simple, one-dimensional (1D) averaged light extinction profiles that
neglect the horizontal variability and 3D distribution of light within the
canopy. For this reason, multiple models of varying complexity have
been developed to simulate and quantify the distribution and utilization
of light within the canopy.

Global and regional land surface models often employ a relatively
simple assumption of an exponential decrease of incoming light within
the canopy based on Beer’s law of light extinction (e.g. in MOSES (Cox
et al., 1999), LPJ (Sitch et al., 2003), and SiB3 (Denning et al., 2003)).
This assumption, however, neglects the presence of diffuse irradiance as
well as horizontal and vertical heterogeneity in canopy structure.
So-called two-stream models resolve upward and downward radiation
streams and differentiate between diffuse and direct radiation (Jogir-
eddy et al., 2006). Alton et al. (2007b) further improved the two-stream
model by treating the canopy as multiple discrete vertical layers and
explicitly modelling leaf orientation rather than averaging irradiance
into a mean light profile.

However, these radiative transfer schemes largely neglect the large
impact of canopy structure and architecture on the distribution of direct
and diffuse solar radiation within the canopy. Fisher et al. (2017)
identified the radiative transfer component in dynamic global vegeta-
tion models (DGVMs) as one of the biggest sources of uncertainty when
modelling ecosystem functioning, productivity and development. In
such models, canopy architecture is represented with varying levels of
detail, from big-leaf models such as the original LPJ model (Sitch et al.,
2003) to cohort or even individual based parameterization (e.g. the
Ecosystem Demography models ED (Moorcroft et al., 2001) or ED2
(Longo et al., 2019a; 2019b), or the LPJmI-FIT model (Thonicke et al.,
2020)). However, these models sometimes fail to represent the actual
structural complexity found in forest ecosystems, especially those of
high species richness, where species with fundamentally different ar-
chitecture and leaf traits may coexist in small areas.

McElhinny et al. (2005) described the importance of the character-
ization of forest structure for ecosystem functioning and highlighted the
link between structure and diversity. Canopy structure can affect
photosynthesis within the canopy (Chen et al., 2012; Kira et al., 1969),
light-use efficiency (Duursma and Makela, 2007; Jia et al., 2018; Wal-
croft et al., 2005) and net ecosystem COsexchange (Baldocchi et al.,
2001; Law et al., 2001) due to its influence on light interception and
light distribution within the canopy. Braghiere et al. (2019) showed that
DGVMs can have the problem of underestimating photosynthesis due to
the simplification of vegetation structure and that photosynthesis pre-
dictions in light limited ecosystems could be improved, when consid-
ering structural parameters in the radiative transfer scheme of land
surface models (Braghiere et al., 2020). Damm et al. (2020) further
revealed substantial 3D heterogeneity of forest gas exchange, that
cannot be represented using simplifying assumptions of the canopy
structure and the radiative transfer through the canopy e.g. by using a
big leaf model. An accurate description of the vertical and horizontal
arrangement of vegetation material is therefore vital, while summari-
zing stand structural attributes such as variability in tree height, and
diameter at breast height, species richness and composition falls short to
provide this information.

New laser-scanning technologies, especially the cost-effectiveness
and practicality of terrestrial laser scanning (TLS), introduced a new
way in which we are able to quantify and understand dynamics in forest
ecosystem structure and function (Danson et al., 2018; 2007). Schneider
etal. (2019) showed that by combining ground based TLS measurements
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with above-canopy TLS measurements from a canopy crane or un-
manned aerial vehicle laser scanning (UAVLS), even very complex forest
structures can be represented in high detail with a minimum amount of
occlusion within the canopy. Calders et al. (2018) highlighted the po-
tential in using TLS measurements for forest reconstruction and radia-
tive transfer modelling. Morton et al. (2016) used Airborne
Laserscanning (ALS) to parameterize the DART radiative transfer model
to analyse light utilization in the Amazon rain forest. However, the
reduced point density of the ALS system compared with the TLS acqui-
sitions did not allow for a detailed representation of the tropical forest as
shown in e.g. Calders et al. (2018).

In this study we modeled within canopy light distribution of two
contrasting forests, a temperate mixed forest site and a tropical lowland
mixed rain forest. We define ’light’ here as the spectrally resolved
incoming radiation in the photosynthetic active radiation (PAR) region
(400-700 nm) and demonstrate the effect of canopy structure and leaf
optical properties on the distribution of light within the canopy, both in
the vertical and horizontal as well as diurnal dimension. We use the
Discrete Anisotropic Radiative Transfer model DART, parameterized
with high-resolution TLS and UAVLS acquisitions and coupled with in-
situ and in-vivo leaf level measurements of leaf and bark optical prop-
erties based on portable spectroradiometers (see also Schneider et al.,
2014) for both canopies. Our main research questions are: (1) how do
the two forest ecosystems differ in terms of canopy structure and leaf
optical properties, (2) how do these structural and optical differences
affect light distribution and extinction within the canopy, both under
clear-sky and complete diffuse illumination conditions, and (3) how do
the simulated averaged light extinction profiles compare with the ones
following a Beer-Lambert approximation?

2. Materials and methods
2.1. Study sites

For the purpose of this study we analyze light extinction in two
contrasting forest ecosystems (temperate and tropical) with dense and
tall canopies. The temperate site is a mixed old-growth forest on the
southern slope of the Laegern mountain in Switzerland (47°28 42.1"N,
8°21'51.7"E, 688 m above sea level). The entire forest is dominated by
beech (Fagus sylvatical..) with 12 further tree species, with about 70%
deciduous broadleaf trees and about 30% evergreen coniferous trees
(Schneider et al., 2017). We selected a beech dominated plot of 60 x 60
m within a non-managed 5.5 ha research area. Canopy height ranged
from 30 to 40 m for the single-layer canopy. A detailed description of the
Laegern study site is given in Morsdorf et al. (2020).

The tropical site is located in the Lambir Hills National Park on the
island of Borneo, Malaysia (4°12'3.7"'N, 114°2'20.7"E, 140 m above sea
leavel). The lowland mixed rainforest at this site is the world’s most
diverse forest yet studied in terms of tree species richness with perhaps
2500 plant species in total (Ashton, 2005). The vegetation is classified as
lowland mixed dipterocarp forest and as moist lowland tropical forest in
the Holdridge system (Asner et al., 2012). The most abundant species
are belonging to the Euphorbiaceae and Dipterocarpaceae families. We
again selected a 60 x 60 m plot northwest of a canopy crane centered in a
4-ha research area. Manfroi et al. (2006)give a detailed description of
the plot. The canopy crane is 80 m tall with a 75 m long rotating jib,
providing access to all layers of the canopy from ground to above canopy
level (Kenzo et al., 2006), e.g. for measurements of leaf optical prop-
erties. Canopy height ranges from 30 to 50 m with some emergent trees
reaching up to 70 m (Hiromi et al., 2012).

2.2. LiDAR data

Three-dimensional measurements of canopy structure were acquired
using a Riegl VZ-1000 terrestrial laser scanning (TLS) device covering an
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area of 1 ha for the tropical forest site and 60 x 60 m for the temperate
forest site, following a near-regular scanning pattern. To complement
laser measurements from the ground, TLS scans from multiple platforms
of the canopy crane were acquired in the tropical forest. For the
temperate forest, we used unmanned aerial vehicle (UAV) based laser
scanning for above canopy measurements. The LiDAR UAV set-up
combined the OxTS xNAV550 IMU/GPS dual-GPS-antenna navigation
solution and the RIEGL VUX-1UAV laser scanner mounted on the in-
dustrial Scout B1-100 UAV helicopter produced by Aeroscout GmbH,
Switzerland (Morsdorf et al., 2017). For a detailed description on the
acquisition and processing of the high resolution laser point cloud see
Schneider et al. (2019).

2.3. Optical properties data

Leaf optical properties (LOP) for the tropical forest site were ac-
quired using an ASD FieldSpec Pro-spectroradiometer (Analytical
Spectral Devices, Boulder, Colorado) with an added plant probe and
leaf-clip. The foreoptic allowed us to calculate leaf reflectance and
transmittance by using a white and a black reference panel with known
reflectance and by following the procedure described in Miller et al.
(1992) (for a detailed description of the LOP retrieval procedure, see
Kiikenbrink et al. (2019)). The instrument was set to reflectance mode to
acquire the LOPs. Samples of 30 individual trees of 19 different species
within the reach of the canopy crane’s gondola were acquired at
different positions of the crown (sunlit, transitional, and shaded posi-
tions). For each of the 30 crowns, 10 leaf samples were acquired with
three LOP measurements per leaf. LOP measurements of the understorey
were acquired from leaves accessible from the ground.

LOP samples for the temperate study site were collected from two
individual beech trees during a field campaign in 2009. Leaf samples
were taken from the upper, middle, and lower part of the crown.
Reflectance and transmittance were measured in the laboratory at three
positions on the abaxial and adaxial side of the leaf. The measurements
were performed using an integrating sphere coupled to a field spec-
troradiometer (ASD FieldSpec 3, Analytical Spectral Devices, Boulder,
Colorado). Further details on the acquisition of LOPs for the temperate
site can be found in Schneider et al. (2014).

For parameterization of the optical properties of the forest floor and
bark, multiple samples of leaf litter (31 for the temperate, 54 for tropical
site) and bark (31 for temperate, 17 for tropical site) were measured in
the field using a field spectrometer (ASD FieldSpec Pro) coupled with a
leaf-clip (for litter samples) for both study sites.

2.4. Parameterization of radiative transfer model

The radiative transfer model used in this study for light extinction
modelling is the Discrete Anisotropic Radiative Transfer Model DART
(v5.6.0) (Gastellu-Etchegorry et al., 2015). In this DART version
three-dimensional heterogeneous landscapes are represented by a voxel
grid with a predefined size (i.e. 60 x 60 m grid extent with a voxel side
length of 0.25 m). Each voxel follows a turbid medium assumption (i.e.,
random distribution of an infinite number of infinitely small planar el-
ements) parameterized by it’s leaf area density, leaf angular distribu-
tion, and optical properties. A DART voxel can include vegetation turbid
media as well as discrete triangles with an arbitrary size, independent of
the voxel size to simulate objects not following the turbid medium
assumption (e.g. tree trunk and branches). In ray tracing, two types of
radiation interactions are simulated: volume interaction within turbid
voxels (Gastellu-Etchegorry et al., 2004), and surface interaction on
triangles (Gastellu-Etchegorry, 2008). Further details on the DART
model can be found in (Gastellu-Etchegorry et al., 2012; 2015).

In this study, the flux tracking mode of DART was used with sun and
atmosphere as the only radiation sources. The approach to parameterize
the DART model is closely following the one described in Kiikenbrink
etal. (2019), where the irradiance field around a single isolated tree was
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modeled and analysed. Optical properties of tree crowns, understorey,
bark, and litter were parameterized using the optical measurements
described in Section 2.3. To represent the vertical variability in LOPs,
the vertically distributed LOP measurements were assigned to their
respective layers within the voxel grid. The forest structure and leaf area
density distribution within the canopy was defined as described in
Section 2.4.1 based on the TLS measurements described in Section 2.2.
The leaf angle distribution for the temperate forest was defined as pla-
giophile, following the work by Schneider et al. (2014) on the same
study site. Leaf angle distribution for the tropical site was defined as
spherical following a simplifying assumption performed in many studies
where actual leaf angle distributions are not known (e.g. Alton et al.,
2007a; Chen et al., 2012; Mariscal et al., 2004; Vincent et al., 2017). As
tree trunks and larger branches do not follow the turbid medium
assumption, they were modeled as discrete, opaque objects as described
in Section 2.4.2 with optical properties derived as described in Section
2.3. In order to enable a direct comparison of vertical and horizontal
variation in light extinction between the two study sites, the whole
canopy was normalized based on a digital terrain model (DTM) derived
from the TLS point cloud. To simulate the atmosphere, DART can be
used with standard gas and aerosol models as contained in the MOD-
TRAN model (Berk et al., 1987). We used the mid-latitude summer and
the tropical gas model for the temperate and tropical forest site
respectively. We used the aerosol rural model with a visibility of 23 km
for both sites. To reduce edge effects in modelled light extinction at the
borders of the 60 x 60 m grid, DART can replicate the scene around the
borders, approximating the scene to belong within a larger forest stand.

For both study sites, solar angles for a complete diurnal cycle for the
northern hemisphere summer solstice (21st of June) were simulated in
two-hour intervals plus additional simulations for solar noon conditions.
The 3D distribution of solar irradiance of a single waveband in the
photosynthetic active radiation (PAR) regime (400 - 700 nm) within the
forest canopies was simulated. Here, the considered DART output is a
three-dimensional radiative budget with the amount of energy (in W
m2nm1) irradiant, absorbed and scattered at each voxel. The radiative
budget can be further decomposed into direct, diffuse and coupled
irradiance (irradiance after coupling with the atmosphere).

2.4.1. Plant area density estimation

Plant area density for each turbid medium voxel was estimated using
the laser scanning data described in Section 2.2 (for details on pro-
cessing of the data, i.e. co-registration of point clouds etc., see Schneider
et al. (2019)). The plant area density value per voxel (m>m~3) was
estimated using the AMAPVox Software package (version 1.0.1
r3410ffbe) developed by "botAnique Modélisation de I’ Architecture des
Plantes et des végétations” AMAP (Vincent et al., 2017). The AMAPVox
model is tracing all laser pulses through a predefined voxel grid and
calculates for each voxel the local transmittance computed from the
ratio between exiting and entering energy normalized by the mean op-
tical path length (Vincent et al., 2017). To exclude tree trunks and major
branches from the plant area density estimation, as these violate the
turbid medium assumption for the selected voxel size, laser returns from
the tree trunks and major branches were excluded from the plant area
density estimation (see also Section 2.4.2). The estimated plant area
density was multiplied by the voxel height (0.25 m) to convert to the
plant area index (PAI [m2m~2]) values per voxel, which is required for
the parameterisation of DART.

2.4.2. Stem and branch model extraction

Laser returns from tree trunk and major branches were filtered from
the co-registered point cloud based on a reflectance threshold value (-5
dB) using the RiscanPro Software suite. Woody material tends to reflect
more energy in the wavelength used by the TLS (1550 nm) than leaf
material, making a separation between woody material and leaf material
possible, but not perfect. For the temperate forest case, an earlier
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acquired TLS acquisition during leaf-off state was used to extract stems
and major branches, helping with the separation between woody and
foliage material. To refine the filtered point cloud it was voxelized into a
voxel grid with a voxel side length of 5 cm. Voxels with a low count of
high reflectance returns were filtered out (e.g. for the temperate site,
only voxels with at least 5 TLS returns or 2 UAVLS returns were used. For
the tropical site, a height adaptive filtering was applied with the
following thresholds: minimum 5 TLS returns per voxel <15 m above
ground, minimum 3 TLS returns per voxel between 15 and 25 m, and
minimum 2 TLS returns per voxel between 25 and 35 m). Smaller iso-
lated voxel clusters (less than 5 connected voxels) were excluded from
the wood structure binary voxel grid. The refined binary voxel grid was
then converted into a 3D mesh object and written into a wavefront ob-
ject file importable into DART.

2.5. Analysis of 3D light extinction

Light extinction was calculated based on modeled PAR irradiance per
voxel and the baseline irradiance modeled above the top of canopy for
each simulated solar angle:

E
max(E)

(€8]

Extinction = 1 —

where Edenotes the simulated irradiance of the top face of each voxel
and max(E)denotes the baseline irradiance above the canopy (i.e. the
maximum possible irradiance above the forest canopy). Differences in
light extinction between the temperate and tropical forest were analysed
in terms of canopy structure, diurnal cycle, as well as leaf optical in-
fluences on the simulated light extinction. Additionally, the light
extinction distribution under total diffuse illumination conditions was
analysed and compared with the solar- and atmosphere-coupled simu-
lations. Finally, light extinction in the proximity of larger wood struc-
tures was analysed for both study sites.

2.5.1. Comparison to Beer-Lambert approximated light extinction

Vertical canopy transmittance is commonly estimated with the so
called Beer-Lambert law (Monsi and Saeki, 2005), which assumes an
exponential reduction in irradiance with increasing penetration into the
canopy. According to the Beer-Lambert law, vertical transmittance
through the forest canopy can be written as:

7; = exp( — kPAI) ()]

where PAI;is the cumulative PAI until the i".canopy layer and kis the
attenuation coefficient. In the case of a spherical leaf angle distribution,
for a solar zenith angle (0), we have:

1
k=
2cos(6)

3

The average extinction profile based on the above Beer-Lambert

0 0 2 30 4 50 600 5 10 10 20 30

Easting [m] PAI [m? m?]
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Easting [m]
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approximation is finally the inverse of 7;. The Beer-Lambert approxi-
mated light extinction curve was estimated with a vertical resolution of
0.25m, corresponding to the vertical voxel size used in the DART sim-
ulations. Additionally, a Beer-Lambert approximated light extinction
profile assuming a single layer (so-called Big-Leaf model) was calculated
based on the averaged vertically accumulated PAIL. The layered Beer-
Lambert and Big-Leaf approximated average light extinction profiles
were compared to the ones based on the complex 3D representation of
the canopy using the DART model.

3. Results

Fig. 1 shows the canopy structure and distribution of vegetation
material inside the canopies of the two study sites for a 60 m wide and
10 m deep transect of the study sites. The temperate forest shows a very
dense and horizontally homogeneous upper canopy layer, followed by a
less dense, horizontally less homogeneous understorey. More than 50%
of the total plant material can be found at levels higher than 20 m above
ground (corresponding to the upper 40% of the canopy). For the tropical
forest, however, more than 50% of the total plant material can be found
at levels higher than 13 m above ground (corresponding to the upper
60% of the canopy). The canopy structure of the tropical forest is
characterized by a horizontally very heterogeneous, but dense over-
storey with varying tree heights, followed by a less dense, horizontally
still heterogeneous mid-storey and a very dense, horizontally more ho-
mogeneous understorey. Even though the canopy structure differs
drastically between the two analysed forests, the averaged vertical
profiles of cumulative plant material from the top to the bottom of the
canopy (quantified as plant area index (PAI)) do not differ a lot between
the two ecosystems, suggesting that the difference in canopy structure
between the two forests is mainly due to the different distribution of
plant material rather than the total amount of plant material.

3.1. Three-dimensional light extinction in a temperate vs. tropical forest

The difference in canopy structure between the two study sites
clearly has an influence on the light distribution inside the canopy. Fig. 2
shows the average diurnal extinction of PAR for the same transect as
shown in Fig. 1 together with four horizontal slices (Figs. 2(c), 2(d))
through the canopy at 0, 25, 50, and 75% canopy height and one
vertically averaged profile (right panel of Figs. 2(a) and 2(b)). Due to the
very dense and homogeneous upper layer in the temperate forest, most
of the incoming PAR is already extinct across the entire horizontal area
after just few meters into the canopy (top right panel in Fig. 2(c)). Only
the few canopy gaps within the study site allow for more radiation
passing into the lower canopy parts. These canopy gaps also allow more
light to pass into lower strata during specific solar positions, which can
be seen by brighter linear features protruding into the canopy at certain
angles especially in Fig. 2(a). The dense and horizontally homogeneous
upper canopy layer in the temperate forest averages to a typical

Fig. 1. Vegetation density grids of a 60 m wide and
10 m deep transect for the (a) temperate (Northing:
10 - 20 m) and (b) the tropical (Northing: 40 - 50 m)
study site. The two-dimensional projection shows
vegetation area volume densities [m2m~3] at 25 cm
voxel resolution from low (light green) to high (dark
green). The right panel shows the cumulative plant
area index (PAI) averaged across the 60x10 m area
(all 10 m deep transects are shown in the supple-
mentary material), with brown color for wood ma-
terial and green color for leaf elements. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)

B3
50 600 5 10
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Fig. 2. Average diurnal light extinction for a 10 m deep transect for the temperate (a) and tropical (b) study site. The 10 m deep transect is oriented East-West and is
located between Northings 10 - 20 m and 40 - 50 m for the temperate and tropical study site, respectively. The right panel shows the average light extinction profile
for the entire transect (all 10 m deep transects are shown in the supplementary material). The lower panel shows four horizontal slices through the entire 60 x 60 m
study sites at the temperate (c) and tropical (d) forest. The slices were taken at 75% (top left), 50% (top right), 25% (bottom left) and 0% (bottom right) of the total
canopy height of the respective forest, where 0% denotes the forest floor and 100% maximum canopy height.

whole canopy, mainly due to the many vertical and horizontal canopy
gaps caused by the large horizontal variance in tree height allowing the
light to pass into lower strata of the canopy. This results in a light
extinction profile for the whole study site that is on average more linear
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but at the same time horizontally more variable than that of the
temperate forest as shown in Fig. 3(a) (DART modelled, layered Beer-
Lambert and Big-Leaf approximated light extinction profiles). For the
temperate study site, already 86% of the incoming irradiance is extinct
at 50% canopy height, whereas for the tropical case only 58% of the
incoming light is extinct at the same height level.

Fig. 3 shows the comparison between the DART simulated average
light extinction profiles for the temperate and tropical study site and a
multi-layered Beer-Lambert approximated extinction profile as well as a
single layer Beer-Lambert approximation as often assumed in so-called
Big-Leaf models, where the whole forest canopy is approximated by a
single layer defined by the vertical accumulated average LAI Fig. 3
highlights the large discrepancies between the DART simulated light
extinction profile compared with the single layer Big-Leaf model,
especially in the upper and mid canopy. For estimations of light
extinction at the bottom of the canopy, the Big-Leaf model performs
quite accurately (relative difference to DART simulated extinction:
0.52% and 5.8% at 10% canopy height for temperate and tropical site
respectively). If the vertical distribution of canopy material is more
accurately represented with a layered Beer-Lambert approach, the
average light extinction profile can be approximated more accurately,
closely following the DART simulated light extinction profile, generally
overestimating extinction within the canopy. The difference to the
DART simulated extinction is higher in the upper crown layer (up to
30% difference in the upper 20% of the canopy height) and gets smaller
towards the bottom of the canopy (0.5% and 3.8% at 10% canopy height
for temperate and tropical site respectively).

3.2. Diurnal variation in light extinction

For the diurnal variation in PAR distribution, multiple simulations
have been conducted in two-hour intervals between 15 minutes after
sunrise and 15 minutes before sunset for the respective study sites, plus a
simulation at solar maximum for the date of the northern hemisphere
solstice (21st of June). Fig. 4 shows the vertical change in light extinc-
tion over the course of a single day (northern hemisphere solstice) for
the two study sites. The average light extinction profile per study site
was calculated for each simulation. Light extinction profiles between
simulated solar angles were linearly interpolated. Due to the multiple
vertical gaps in the canopy of the tropical forest larger variations in light
extinction can be observed with changing solar angles. For both study
sites, minimum extinction for all canopy layers can be observed during
mid-day, whereas maximum extinction for all height layers are only
observed at low solar angles, once the direct component of incoming
sunlight on top of canopy has a larger component relative to the diffuse
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sky light. This is usually the case several minutes after sunrise or before
sunset.

3.3. Light extinction - the role of LOP

In order to analyse how leaf optical properties affect light distribu-
tion within the canopy we ran two simulations at solar noon, where we
assigned the tropical LOPs to the temperate forest canopy and vice versa.
Fig. 5 shows the four light extinction profiles for the 60 x 60 m study
plots with their proper LOPs and with the exchanged ones from the other
forest. The extinction decreases slightly (<5% below 80% canopy
height) in the temperate case when we assign LOPs from the tropical test
site. The biggest difference can be observed in the upper canopy layer
with an increase in available light of up to 12% (upper 2% of the can-
opy). By assigning the temperate forest LOPs at the tropical forest site we
observe a much larger change in light distribution throughout the whole
canopy. We observe an increase in extinction of more than 5% above
40% canopy height and even more than 12% above 80% canopy height.
Therefore, the beech-dominated optical properties of the temperate
forest site absorbed much more incoming solar radiation, than the op-
tical properties of the tropical forest, adding to the explanation for the
differences in light extinction profiles of the two test sites.

Fig. 5 (c) shows the measured leaf reflectance and transmittance for
the two study sites in the simulated spectral region between 400 and
700 nm. The LOPs for the temperate and the tropical site were acquired
differently with an integrating sphere and a leaf-clip, respectively (see
Section 2.3). As the LOPs for the temperate study site are dominated by
beech trees, the variance in LOP within this single species is relatively
small compared with the observed variance at the tropical site caused by
the high species richness with highly diverse optical characteristics of
the leaves. For both study sites, larger differences between leaves from
the upper and lower parts of the crowns or understory can be observed
for the transmittance, whereas the difference in reflectance between
leaves of the two vertical canopy compartments are smaller.

3.4. Light extinction - diffuse illumination conditions

The radiative transfer through the forest canopies at complete diffuse
illumination conditions (i.e. complete overcast skies) were simulated
within DART by not simulating the radiative transfer through the at-
mosphere and defining the diffuse irradiance fraction to the total irra-
diance to be 1. In that way, no direct irradiance from the sun is simulated
and the only illumination source is the diffuse sky illumination. Fig. 6
shows the diffuse PAR extinction for the same transects as shown in
Fig. 2. Due to the missing direct irradiance part, the light distribution
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Fig. 4. Vertical diurnal changes in light extinction for the temperate (a) and tropical (b) study site. For each simulated solar angle, the average light extinction per
height level for the whole 60 x 60 m was calculated. Light extinction profiles between simulated solar angles were linearly interpolated. 100% canopy height denotes

the height of the convex surface fitted to the digital surface model (DSM).
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within the canopy is much more homogeneous with well defined
layering. However, the average light extinction profiles for the shown
transects (Figs. 6(a) and 6 b) as well as for the whole study plots (Fig. 6
(c)) do not differ much from the case where we have direct solar irra-
diance from the sun and diffuse sky light. Due to the more homogeneous
distribution of the light within the canopy, also the variance in light
extinction per height layer was decreased (shown as the standard de-
viation of the light extinction as shaded areas in Fig. 6(c)).

3.5. Light extinction in wood proximity

Based on the wood structure model derived as described in Section
2.4.2 we were able to analyse the light extinction as a function of dis-
tance from larger wood bodies (tree trunks and major branches). Fig. 7
shows the relation of extinction to distance of larger wood bodies at
different canopy height layers (between 2 m and 31 m or 47 m above
canopy for the temperate and the tropical site, respectively, in 5 m
height intervals). Wood bodies generally had a larger influence on
extinction in the upper canopy layers mainly due to the higher overall
irradiance levels. Due to the already largely extinct light in the lower
canopy layers, the distance to wood bodies does not strongly affect
simulated irradiance. Nevertheless, between 2 m and 7 m above ground,
the average light extinction difference between < 1m and > 3m distance
was 2.6% and 6% for the temperate and tropical study plots, respec-
tively. With increasing height above ground, the differences in extinc-
tion with increasing distance from wood material become larger.
Between 17 m and 22 m above ground, the average light extinction
difference between < land > 3m distance was 15.5% and 17% for the
temperate and tropical study plots, respectively.

4. Discussion
4.1. Three-dimensional light extinction in a temperate vs. tropical forest

The comparison of light extinction between a temperate forest patch
dominated by a single species and a species-rich tropical forest patch has
shown that the contrasting canopy structure is fundamental for
explaining the distribution of light within the canopy. The heteroge-
neous distribution of canopy material in the tropical forest allows more
light to pass into lower strata, possibly explaining the abundance of
shade tolerant species in the middle- and understorey of the canopy.
Williams et al. (2017) showed that a mixture of species shows larger
crown-complementarity (i.e. vertically non-overlapping crowns)
compared with forests dominated by a single species as found in our
temperate study site. According to Williams et al. (2017), crown
complementarity is a mechanism related to light interception and use
that links biodiversity with ecosystem productivity. Williams et al.
(2017) showed that greater crown complementarity found in
species-rich canopy mixtures lead to increased stem biomass over-
yielding. Therefore a mixture of fast growing shade-intolerant species
with slow-growing shade-tolerant species can enhance productivity in
forests (Huang et al., 2018; Kelty, 1989; Morin et al., 2011; Schmid and
Niklaus, 2017; Williams et al., 2017), but also leads to a more hetero-
geneous distribution in canopy material and intercepted light, shown in
this paper’s comparison.

The differences in species composition, crown complementarity and
canopy structure and ultimately available light within the canopy will
further influence the development of the two showcased forests. In the
old-growth forest found at the temperate study site, there is no particular
gain for a single individual to grow in size to capture more light. Ac-
cording to King (1990), this forest patch already reached the so-called
evolutionary stable state (ESS), where a gain in canopy height of a sin-
gle individual is not favorable anymore. In the tropical site, however,
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Fig. 6. Diffuse light extinction for the corresponding transects shown in Fig. 1
and 2 for the temperate (a) and the tropical (b) study site. The average diffuse
light extinction of the 10 m deep transect is shown. The right panel shows the
average diffuse light extinction profile for the entire transect (all 10 m deep
transects are shown in the supplementary material). The average diffuse light
extinction profile for both study sites is shown in (c). The shaded areas in (c)
denotes the variance in diffuse light extinction for the respective height level.
100% canopy height denotes the height of the convex surface fitted to the
digital surface model (DSM).
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Fig. 7. Extinction profiles as a function of distance from wood material for the
temperate (a) and tropical (b) study plots.

where multiple species compete for light, evolutionary considerations
are more complex, because different species may use different strategies
to capture light and allocate biomass to plant organs. Therefore, it is
harder to predict how a multi-species ESS vertical canopy profile should
look like and conceivably it might be more heterogeneous than for
monocultures. An indication for this has been observed in a grassland
biodiversity experiment by Wacker et al. (2009).

The heterogeneous canopy structure found in the tropical case is
both the result of the high diversity of tree species present and allows for
more niches of additional species with varying resource-use strategies to
find their matching biotope space to thrive. The more complex canopy
structure may therefore also be used as an indicator for high diversity
(see also McElhinny et al., 2005). The question to which degree a het-
erogeneous canopy structure is a consequence or cause (via feedback
effects) of diversity is largely unexplored (see e.g. Sapijanskas et al.,
2014).

Zellweger et al. (2019) showed that vegetation structure not only
drives the interception of solar radiation, but also affects microclimatic
conditions within the canopy on temporal and spatial scales. However,
information on the 3D distribution of light, vital for analysing micro-
climatic conditions within the forest, is still rare. We show that with the
proposed approach a modelling of the light regime in any forest canopy
is possible in unprecedented detail. The high level of detail has a large
impact on computational costs, limiting the size of forest patches that
can be analyzed. However, as Fig. 3 shows, the DART-simulated light
extinction profiles also differ largely from the layered Beer-Lambert or
Big-Leaf approximated light extinction profiles. The layered
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Beer-Lambert approximated light extinction profiles are based on an
average vertical vegetation density profile with a vertical resolution of
0.25 m, matching the voxel size of the DART simulations. By increasing
the height of the vertical layers, the discrepancies to the DART modeled
light extinction profiles increases up to the extent shown in the Big-Leaf
approximated profiles assuming a single canopy layer covering the
whole canopy extent (see Fig. 3). Additionally, with the layered
Beer-Lambert or Big-Leaf approximated light extinction we are missing
the information on horizontal variations in light extinction within the
whole canopy which can be analysed by the 3D DART light extinction
simulations. Additionally, the Beer-Lambert approximation does not
account for diffuse irradiance nor for multiple scattering, therefore not
allowing for assessments in small scale variations of the irradiance field
due to the heterogeneity of the canopy (see also Kiikenbrink et al.
(2019)). This underlines the need for such high detailed modelling of the
light regime in forest ecosystems. Especially as the radiative transfer
through the forest ecosystems is recognized as one of the largest sources
of uncertainty in dynamic global vegetation models (DGVMs), where
often simplifying assumptions about the distribution of plant material
are made (e.g. Big Leaf assumption) (Alton et al., 2007a; Fisher et al.,
2017). These simplifying assumptions on canopy structure could then
lead to large uncertainties in predicted photosynthesis (e.g. Braghiere
et al., 2019; 2020; Rosati et al., 2020) or in the assessment of forest gas
exchange (e.g. Damm et al., 2020). The proposed approach could be
used as a benchmark for DGVMs to assess the level of detail needed for
an accurate simulation of the 3D radiative transfer through the canopy,
possibly allowing for more accurate modelling of the radiative transfer
also on larger scales. With data from NASA’s Global Ecosystem Dy-
namics Investigation (GEDI) instrument, more wide spread (however
without wall-to-wall global coverage) information regarding the distri-
bution of vegetation material can be gained. From this we could improve
our understanding of the differences in canopy structure of different
forest canopies, further improving the parameterization of forest struc-
ture in DGVMs.

Even though the proposed approach can deliver 3D light extinction
maps at high level of detail, they are still based on simplifying as-
sumptions (e.g. turbid medium assumption, neglecting the specular
reflectance term of leaves, as further discussed in Section 4.3, use of
standard atmosphere models etc.), which may add sources of uncer-
tainty in the modeled light extinction products. However, the proposed
approach using the DART model was reported to deliver accurate esti-
mates for 3D irradiance fields compared with in-situ measurements
(Kiikenbrink et al., 2019) as well as in simulating imaging spectroscopy
data when compared with actual at-sensor radiance measurements
(Schneider et al., 2014). The inherent complexity of instantaneous, 3D
irradiance measurements within a forest canopy (e.g. through quickly
changing irradiance conditions caused by moving clouds or tree crowns)
makes an accurate validation of the modelled 3D light distribution
difficult to achieve. Measurements of the light distribution along a single
vertical profile are sensitive to the proximity to major tree branches and
trunks and are likely not representative for larger forest stands (see
Sections 3.5 and 4.5). Nevertheless, the modelled light extinction cor-
responds well with the measured and published light extinction profiles
for a mature beech forest stand in Southern Germany (Leuchner et al.,
2011). For the site at the Lambir Hills National Park, Yoshimura and
Yamashita (2014) and Kenzo et al. (2015) measured vertical extinction
profiles through canopy gaps with quantum sensors mounted on the
gondola of the canopy crane. The measured light extinction profiles
show a slightly more exponential characteristic compared with the more
linear shape of the modelled light extinction profiles of this study.
However, Yoshimura and Yamashita (2014) stated the difficulties in
measuring these light extinction profiles due to quickly changing irra-
diance conditions and reported large variance in light extinction over
the whole vertical profile. Furthermore, as the canopy crane mounted
gondola is only able to penetrate through the canopy within canopy
gaps, the plot-averaged measured extinction profiles might not be
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directly comparable to our modelled extinction profiles, as sampling
only in larger gaps might introduce a bias. A direct comparison of single
measured light profiles with modelled ones was not possible due to
spatial and temporal differences between the data sets (Yoshimura, pers.
comm.). The modelled high extinction of up to 99% close to the canopy
floor for both study sites also corresponds well to the measured light
extinction for a mature beech forest as reported in Leuchner et al. (2011)
or for the same temperate forest plot as in this study as reported in
Damm et al. (2020) and for the same tropical rain forest site as in this
study as reported in Yoshimura and Yamashita (2014) or Kenzo et al.
(2015). Rissanen et al. (2019) also reported reduced light interception
with increasing structural complexity of the canopy in their study on the
biodiversity experiment located on the Macdonald Research Farm at
McGill University, Canada. Therefore, we argue that the proposed
approach delivers information about the 3D light distribution in forest
ecosystem in a complexity and at a level of detail we have not yet seen.
However, the approach should be further tested in additional forest
ecosystems to fully analyse the potential of the approach and to cover a
larger range in forest structure and ecosystems. The modelling envi-
ronment we present would as well be ideal to test sampling approaches
of light extinction in terms of representativeness, as is done for terres-
trial laser scanning in respect to forest inventory use (Abegg et al.,
2017).

4.2. Diurnal variation in light extinction

Vegetation structure further affects light interception and distribu-
tion over the whole diurnal cycle. Due to the heterogeneous canopy
structure found in the tropical forest, an increased variability in avail-
able light for any canopy layer can be observed compared with the
temperate forest. This assures that also species in lower canopy strata
receive enough light over the diurnal cycle to be productive and
competitive. In the case of the temperate forest on the other hand, the
variability in available light over the whole diurnal cycle within the
lower stratum of the canopy is minimal, reducing the opportunities for
competing species to grow. However, the seasonal leaf-fall pattern in the
temperate forest allows some early-growing understorey herbs to coexist
with the large canopy trees.

The diurnal simulations have shown that for both study sites, mini-
mum extinction throughout the whole canopy can be observed during
mid-day at solar maximum conditions. However, interestingly,
maximum extinction is not observed right after sunrise or before sunset
for both study sites as stated in Section 3.2. This could be explained by
the fact that light extinction, as defined in this paper, is a relative term
based on the maximum solar irradiance observed above the forest can-
opy. Due to the low solar angle at the beginning and end of the day,
nearly 100% of the radiation is diffuse-sky illumination rather than
direct solar irradiance, reducing the total incoming radiation on the top
of canopy to a minimum. This also reduces the difference in light con-
ditions between the top of and within the canopy, resulting also in lower
light extinction throughout the canopy. The distribution of leaf angles
also affects the diurnal distribution of light within the canopy, as certain
leaf and solar angle combinations will promote or prevent the distri-
bution of light within the canopy (e.g. Wang et al., 2007). In this study, a
single leaf angle distribution function per study site (i.e. plagiophile for
temperate and spherical for tropical forest) was used to parameterize the
forest canopy, which could lead to a bias when simulating light
extinction. Measuring accurate 3D leaf angle distribution functions is
still a challenge, notwithstanding the fact that leaves may adjust their
angles diurnally. However, recent studies have shown the potential of
high resolution TLS measurements for the retrieval of momentarily ac-
curate leaf angle distributions (e.g. Li et al., 2018; Liu et al., 2019; Vicari
et al., 2019).

Seasonal differences in light extinction were not analysed in this
study. An analysis of the seasonal variation in light extinction would
require multiple laser scanning and LOP acquisitions distributed across
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the year in order to adequately represent seasonal changes in canopy
structure and LOP. However, especially in the case of the temperate,
deciduous forest site, seasonal changes in canopy structure and leaf-
optical properties can have large impacts on the distribution of light
within the canopy, allowing seasonal growing periods for certain species
(e.g. wild garlic, Allium ursinum L., in early spring). These seasonal
changes in light conditions should be addressed in future studies. Mor-
ton et al. (2016) analysed diurnal and seasonal variability in light uti-
lization in an Amazon forest, however they assumed a constant canopy
structure and constant LOPs over the year.

4.3. Light extinction - the role of LOP

Compared with structural vegetation characteristics, leaf optical
properties only had a small influence on the distribution of light within
the canopy. The change in simulated light extinction when we
exchanged LOPs of the two study sites depended on the canopy height
and was generally smaller for the temperate than for the tropical study
site. However, this observed change was purely based on differences in
the measured reflectance and transmittance values, which do not ac-
count for specular components of the LOPs. Due to the entirely different
anatomical and morphological structures of temperate and tropical
leaves (i.e. waxy leaf surface found in the tropics), it is believed that
larger differences in specular reflectance could exist, probably resulting
in a bigger influence of the leaves’ optical properties on the distribution
of light within the canopy. The specular reflectance distribution func-
tions of leaves were neither measured nor modelled in this study. We
emphasize the need for further analysis of the influence of the specular
term on the light distribution and suggest future studies on the matter,
including geometrical-optical modelling of small leaves including a
specular component.

Another source of uncertainty in the modeled light extinction could
be due to the assignment of the LOP onto the virtual forest canopy. The
leaf optical properties for the temperate and tropical site were acquired
using two different approaches (Laboratory measurement with inte-
grating sphere for the temperate forest vs. non-destructive LOP sampling
using a leaf-clip add-on to the ASD spectroradiometer for the tropical
forest), possibly leading to some systematic differences between
measured LOPs with the different approaches. Hovi et al. (2017) found
that reflectance measured using a leaf-clip is on average 14% higher
compared with measurements using a single integrating sphere. As it
was not possible to assign LOP to the different tree species within the
DART scene, we opted for a random assignment of the measured LOPs to
the vegetation turbid medium voxels.

We argue that the above stated sources of uncertainty only have a
minor influence on the modeled light extinction. The findings in this
study showed that substantially different LOPs only resulted in relatively
small changes in modeled light extinction of up to 10-15% at the top of
canopy and less than 3% below 20% of the normalised canopy height.
This assumption is also supported by the findings of Kiikenbrink et al.
(2019) and Stuckens et al. (2009), where differences in simulated irra-
diance or reflectance values were small when LOPs were varied within
realistic boundaries.

In this study, we only analysed light extinction within the PAR
spectral region between 400 and 700 nm, as the majority of light har-
vested for photosynthesis is located within these wavelengths. However,
Chen and Blankenship (2011) found that under light-limiting condi-
tions, certain plants adapted to deep shade also can use wavelengths
greater than 700 nm for photosynthesis due to a modification in the
plant’s chlorophyll (Chen and Blankenship, 2011; Chen et al., 2010;
Miyashita et al., 1996). However, when light interception is studied in
relation to plant health and growth, an analysis based on photon flux
density (i.e. measured in mol m~2s~1) might be better suited because the
rate of photosynthesis depends on the number of photons received,
rather than photon energy (i.e. measured in W m~2) (Jones et al., 2003).
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4.4. Light extinction - diffuse illumination conditions

Especially in the tropics, diffuse-sky irradiance is the dominant
illumination source rather than direct sunlight due to high cloud
coverage. Therefore it is important to also analyse the distribution of
light within the canopy under diffuse illumination conditions. Alton
et al. (2007b) found that light-use efficiency (LUE) is increased by 28%
to 33% for a temperate and tropical forest, respectively, under diffuse
illumination conditions. It is believed that the LUE enhancement under
diffuse illumination is due to a sharing of the canopy radiation-load.
Alton et al. (2007b) argue that, under direct sunlight, a sizeable frac-
tion of the foliage is either light-saturated or not receiving enough
sunlight to photosynthesize efficiently. Our simulation with total diffuse
irradiance conditions showed that the distribution of light within the
canopy was much more homogeneous at both sites compared with
conditions under direct sunlight. A more even distribution of light
within the canopy could potentially be a further explanation for an
increased LUE and productivity of a forest.

4.5. Light extinction in wood proximity

Due to the separation of wood and leaf material in the laser acqui-
sitions, it is possible to analyse light extinction in the vicinity of major
trunks and branches. This analysis further highlights the complexity of
radiation measurements within the canopy, as wood material can have
an effect on observed incoming radiation at several meters distance from
the tree trunk or major branches. In this study, we modeled the 3D wood
structure based on the amount of detected laser returns from wood
material within each voxel. This can result in discontinuous trunk and
branch structures within the model due to occlusion effects caused by
dense understorey (especially in the tropical site) or trunks and branches
(Kiikenbrink et al., 2017; Schneider et al., 2019). A continuous repre-
sentation of the wood structure could have been achieved by using a
quantitative structure model (QSM) as introduced by Raumonen et al.
(2013) and already employed by Calders et al. (2018) to reconstruct a
temperate forest for radiative transfer modelling. However, a successful
performance of the QSM model requires a highly detailed representation
of the wood structure. Missing parts of branches or trunks can cause the
QSM model to fail, which would have been especially a problem in the
tropical site, where dense understorey often obstructed a clear view of
the lower trunk area. We therefore opted for the stated simpler approach
for representing the wood structure within the DART model.

5. Conclusion

We conclude that a detailed three-dimensional forest reconstruction
is essential for accurate modelling of the light distribution within a forest
canopy. In this study we developed an approach to model and analyse
the spatial heterogeneity of light distribution at high levels of detail in
the vertical, horizontal and temporal domains. We showed that the
radiative transfer of photons through the forest canopy was mainly
driven by characteristics of the canopy structure, whereas optical
properties of leaves had a smaller impact on the distribution of light
within the canopy. The comparison of the simulated light extinction
profiles with the ones produced using a Beer-Lambert approximation
revealed the necessity of such a complex representation of the 3D can-
opy structure in order to accurately represent the 3D radiative transfer of
photons through the forest canopy. The proposed approach may serve as
a benchmark to assess the impact of level of detail necessary to represent
a forest canopy structure as well as optical characteristics in a radiative
transfer model. This will further improve radiative transfer approxi-
mations in dynamic global vegetation models (DGVMs), further
advancing the understanding of the importance of light distribution
within a forest canopy. This is particularly important when DGVMs shall
represent a high level of detail allowing to assess primary productivity
and other processes well. For this it is important that photosynthetic
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light curves are not linear and thus for accurate prediction light distri-
butions cannot be averaged or aggregated across canopy parcels before
simulating assimilation. The presented study allows such accurate esti-
mates of photosynthesis and primary productivity. High resolution 3D
laser-scanning data with in-situ and in-vivo measured optical character-
istics in combination with a 3D radiative transfer model reveal insights
of small scale variability of light availability and distribution within a
canopy and therefore advance our understanding of light-matter in-
teractions driving species coexistence, competition and diversity in
complex forest canopies. In this study we only analysed 3D light
extinction for two forest ecosystems with contrasting canopy structure
and physiological characteristics. In future studies, additional forest
ecosystems should be analysed regarding the 3D light distribution and
its effect on ecosystem functioning. Furthermore, possibilities to
simplify the modelling approach and to validate modelled 3D light
distributions should be assessed.
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