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Abstract: Coniferous species are present in almost all major vegetation biomes on Earth, though they
are the most abundant in the northern hemisphere, where they form the northern tree and forest
lines close to the Arctic Circle. Monitoring coniferous forests with satellite and airborne remote
sensing is active, due to the forests’ great ecological and economic importance. We review the current
understanding of spectral behavior of different components forming coniferous forests. We look at the
spatial, directional, and seasonal variations in needle, shoot, woody element, and understory spectra
in coniferous forests, based on measurements. Through selected case studies, we also demonstrate
how coniferous canopy spectra vary at different spatial scales, and in different viewing angles and
seasons. Finally, we provide a synthesis of gaps in the current knowledge on spectra of elements
forming coniferous forests that could also serve as a recommendation for planning scientific efforts in
the future.

Keywords: conifer; forest; spectrum; reflectance; transmittance; albedo; BRDF; needle;
shoot; understory

1. Introduction

There are over 600 living coniferous tree or shrub species in the world [1]. Conifers are present
in almost all major vegetation biomes on Earth, though they are the most abundant in the northern
hemisphere where they form the northern tree and forest lines close to the Arctic Circle. Coniferous
species are often only associated with northern areas; 35 of the coniferous genera occur only in
the northern hemisphere. However, there are many species (25 coniferous genera) in the southern
hemisphere and also some species (10 genera) occurring in both hemispheres. Coniferous trees are
often the attention of general interest because they have broken world records: representatives of
conifers are, for example, the tallest [2] and oldest [3] living trees on Earth.

Monitoring coniferous areas through satellite and airborne remote sensing is active, due to
the forests’ great ecological and economic importance. Coniferous species have a key role in
global ecological processes: a large terrestrial carbon stock is present in the soils and biomass of
coniferous-dominated forests [4]. Conifers also have high economic value in the forest industry [5] in
the production of softwood lumber and paper, as well as in providing sources for non-wood products
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(e.g., nuts, resin, anti-cancer agents, essential oils) and modern wood-derived products to replace
e.g., oil or petroleum-based products. Coniferous forests cover geographically extensive areas: for
example, in Europe, 113 million hectares of all forest areas are covered by conifers, 90 million hectares
by broadleaved species, and 48 million hectares by mixed forests [6].

The unique structures and optical properties of these forests have posed serious challenges for
developing methods to interpret remotely sensed spectral data acquired from conifer-dominated areas.
Most conifers are evergreen, but five genera (incl. Larix sp.) shed their leaves in the fall and are
leafless throughout the winter period. The leaves of coniferous species are typically long and thin (also
called needle-like), and are often arranged in spiral structures called shoots. Some species (e.g., in
Cuprassaceae) have instead flat, scale-like leaves arranged in whorls. The size of coniferous needles
varies from a few millimeters to tens of centimeters in length. Thin and long needles, arranged in
whorls or shoots, are responsible for the high levels of multiple scattering of photons occurring in
coniferous canopies [7,8]—a phenomenon not seen in broadleaved forests. The thin-needle structures
have also proven to be a challenge when spectral reference libraries of coniferous species are collected
using standard spectral measurement techniques originally developed for broadleaved tree or crop
species [9-11]. In addition to the three-dimensional (3D) arrangement of foliage in the canopy and
optical properties of leaves, a significant contribution to the remotely sensed reflectance of coniferous
forests is produced by the understory (or forest floor) layer e.g., [12,13].

In this paper, we review the current understanding of spectral behavior of different components
forming coniferous forests. We look at the spatial, directional and seasonal variations in needle, shoot,
woody element and understory spectra in coniferous forests based on empirical measurements. We
also demonstrate how coniferous canopy spectra vary at different spatial scales, and in different
viewing angles and seasons. Finally, we provide a synthesis of gaps in the current knowledge on
spectra of elements forming coniferous forests that could also serve as a recommendation for planning
scientific efforts in the future.

2. Spectral Properties of Coniferous Needles

2.1. Measurements of Needle Optical Properties

Measuring optical properties of coniferous needles has been considered difficult already for
decades. Because of their small size (i.e., width and/or length), conifer needles do not usually cover
the sample ports of typical integrating spheres. This poses challenges to the measurements of needle
optical properties, and is one reason why only a small amount of data is available on needle spectra
when compared to broadleaved plant species. Early studies measured the reflectance of mats (also
called “mosaics” or “stacks”) of needles with an integrating sphere [14-16]. Contact probes and
bare spectrometer detectors have also been used (e.g., [17-20]). By using a contact probe together
with a needle clip, it is possible to measure only one needle at a time [21-23]. This approach is best
suited for measuring living needles in the field. Measuring only reflectance, however, is not always
sufficient. Data on spectral transmittance (and absorption) are also commonly needed. Measuring
both reflectance and transmittance of individual needles is possible with sample holders (often called
“needle carriers”) that hold the needles in the sample port of an integrating sphere. The drawback
of the method, in general, is that it requires accurate determination of the area of gaps between the
needles in the sample holder [9,10]. The measurement method and processing parameters used e.g., in
determining gap fractions between needles can have a large influence on the measured needle spectra,
which complicates comparison of results (e.g., concerning interspecific variation in needle spectra)
from different studies.

2.2. Interspecific Variation in Needle Spectra

To identify which coniferous species and geographical regions are best represented in literature,
we listed all openly available datasets containing needle spectra (Table 1), as well as publications in
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which needle spectra had been measured, even if the data are not openly accessible (Appendix A).
For completeness, all datasets and publications were included, regardless of whether they explicitly
reported species differences. We restricted the analysis to fresh (either detached from the branch
or intact) needles collected from trees grown outdoors. Literature reporting spectra of dried needle
material, and experiments on greenhouse or laboratory-cultivated seedlings were not included.

For each species, we counted the number of occurrences, i.e., in how many databases and
publications the species occurred. Of the coniferous genera, Pinus and Picea are best represented with
a total of 49 and 34 occurrences when all species are summed per genera, followed by Abies (9), Larix
(6), Pseudotsuga (4), Thuja (4), Tsuga (4), and Juniperus (2). Other genera (Calocedrus, Chmaecyparis,
Cryptomeria, Cunninghamia) had only a single occurrence. Of single species, the most common were
Pinus sylvestris (14), Picea abies (12), Pinus banksiana (10), and Picea mariana (9). Other species had
a maximum of 5 occurrences per species. Data from boreal and temperate regions in the northern
hemisphere dominate in the studies (Table 1, Appendix A, Figure 1). Studies on needle spectra have
not been conducted in tropical regions, and only one study is from the in the southern hemisphere [18].

Coniferous needles exhibit spectral features typical for green vegetation. There is a minimum
in reflectance and transmittance, and a maximum in absorption in the visible (VIS) region due to
the presence of various pigments in green leaves. Reflectance increases (and absorption decreases)
dramatically towards near infrared (NIR), and has distinct water absorption features both in NIR and
shortwave infrared (SWIR) regions. The largest differences between coniferous needles and broad (flat)
leaves are in transmittance, and in SWIR reflectance. Coniferous needles have lower transmittance
than broad leaves throughout all wavelengths [24-27], which results in larger absorption for coniferous
needles. Several authors have also emphasized that SWIR reflectance for coniferous needles is low
compared to broad leaves [11,25,26]. For VIS and NIR reflectance, the differences are not as evident.
Individual studies have reported that coniferous needles have slightly lower VIS reflectance than broad
leaves [26], and some have indicated that conifers may have higher NIR reflectance than broadleaved
species [24,26]. The local depressions in reflectance in the NIR plateau due to water absorption are
more pronounced in conifers [25,26].

Needles of coniferous species differ by their biochemical composition [21,28-30], leaf thickness,
or mass per area [21,28,29,31], position and density of stomata [31], and internal anatomical
structure [28,31]. Therefore, it is not surprising that interspecies differences in spectra have been
observed [11,21,26,27,30-32]. Drawing general conclusions about interspecies differences and their
magnitude compared to other factors is however difficult, because most studies (Table 1, Appendix A)
are local, with only few species and sites measured, and data across campaigns cannot be readily
compared, due to methodological differences. Studies that have examined a large number of species,
using comparable methodology for each, clearly show that species is important, although not the only
factor explaining spectral differences [11,30,33]. For example, for a set of 12 boreal species belonging
to five taxonomic genera, species explained up to 71%, 70%, and 78% of variability in the reflectance,
transmittance, and albedo spectra, respectively [11]. On the other hand, a study containing 18 plant
species (of which 7 were conifers) in California, USA, reported that species explained 20%, 80%, and
47% of variability in the three first principal components derived from the reflectance spectra [33].
In addition, for four temperate and boreal species in North America, it was shown that differences
(range) in photochemical reflectance index (PRI) were larger between species than between light
conditions [30].

Similarity of species belonging to same taxonomic genera has been demonstrated [11,26].
Of individual species, Larix sp. clearly stands out (Figure 1, and [11]) with its spectra resembling those
of broadleaved trees. This is logical because Larix sp. are deciduous, and differ also morphologically
from the evergreen species. Because many of the reviewed studies focused on limited wavelength
ranges (Appendix A), very little is known about best wavelength regions to separate coniferous species.
Typically, the interspecies differences increase towards longer wavelengths, and are the largest in SWIR
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region [11]. Among principal components derived from the spectra, species explained largest amount
of variation in the component that was correlated with SWIR region [34].

Finally, it should be noted that the spectra of adaxial and abaxial sides of needles are different.
Some studies have shown interspecies differences to be larger in abaxial than adaxial needle
sides [31,34]. In addition, the differences in optical properties between the two leaf sides depend on
species [11]. For coniferous species with distinct abaxial and adaxial needle sides, it is thus important
to measure both sides of needles to understand species-specific reflectance patterns at canopy-level.
In practice, however, measuring the spectral properties of different sides of needles is very challenging,
due to their thin and often also sensitive structures.

Table 1. Datasets of coniferous needle spectra that are openly available in public repositories. Reference
is given to the original scientific publication or other documentation of the data. In addition, references
to the data repository are given if they are separate from the documentation.

Dataset Region nm Geom ! RorT? Species
[16] Italy 400-2500 IS R Picea abies, Pinus gorfforta, Pinus wallichiana,
(Temperate) Pseudotsuga menziesii
[25,35] MN, USA 350-2100 NA RT A'bzes balsamea, Lurlzx lurzczﬁa, Picea mariana,
(Boreal) Pinus banksiana, Pinus resinosa
[36] SK, Canada 400-1000 1S R, T Picea glauca, Picea mariana, Pinus banksiana
(Boreal)
Finland . . , ,
[27,37,38] 350-2500 1S R, T Picea abies, Pinus sylvestris
(Boreal)
Honshu, Chamaecyparis obtusa, Cryptomeria japonica,
[39,40] Japan 350-2500 1S R, T Cunninghamia lanceolata, Larix kaempferi,
(Temperate) Picea abies, Pinus densiflora
Abies balsamea, Juniperus virginiana, Larix
North Central laricina, Picea mariana, Picea rubens, Pinus
[41,42] and NE USA 350-2500 NC/IS * R T banksiana, Pinus resinosa, Pinus strobus,
(Temperate) Pinus sylvestris, Thuja occidentalis,
Tsuga canadensis
[42,43] MT, USA 350-2500 1S R Pinus contorta
(Temperate)

Abies balsamea, Abies sibirica, Larix gmelinii,
Finland Larix laricina, Larix sibirica, Picea abies, Picea
[11,37,38] (Boreal) 350-2500 1S R, T glauca, Picea mariana, Pinus banksiana, Pinus
contorta, Pinus sylvestris,
Pseudotsuga menziesii

USA
(Temperate)

Picea engelmannii, Picea pungens, Pinus

[44,45] edulis, Pinus sabiniana

350-2500 3 BF/NA 5 R

! Measurement geometry: IS = integrating sphere: sample containing several needles (with or without gaps) attached
to the port of the integrating sphere (directional-hemispherical reflectance/transmittance factor), NC = needle clip:
individual needles measured in hotspot geometry (bidirectional reflectance factor), BF = bare optical fiber or optical
head of spectrometer pointed at a mat or stack of needles illuminated with external light source (bidirectional
reflectance factor), NA = not described; 2 R = reflectance measurement, T = transmittance measurement; > Varies
slightly but all spectra cover at least 350-2500 nm; # Not all species measured with both methods; > Method not
described for all species: most of the species measured by pointing a bare fiber to a stack of needles.
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Figure 1. Spectra of needles of four coniferous genera that were the most abundant in the existing
spectral datasets (Table 1). Mean spectra of each species in each dataset were first calculated, and
all available species mean spectra were averaged. In addition, standard deviation was calculated
(half-transparent regions in the figure). The slight discontinuities observed e.g., at 1000 nm are due to
different number of observations in different wavelength regions (there were less spectra available for
wavelengths above 1000 nm).

2.3. Spatial Variation in Needle Spectra

A few coniferous species (e.g., Larix sp.) shed their needles every year, but most of the species
retain their needles for several years. The average lifespan, defined as the leaf age-class retaining at
least 50% of leaves, varies for coniferous species from 6 to 110 months [46]. Spectral differences within
coniferous crowns are mainly observed (1) between needles of different age, and (2) between vertical
canopy layers with different levels of adaptation to direct/diffuse radiation conditions [11,17,27,47].
For example, current-year Norway spruce needles collected from a study site in the Czech Republic
(see Appendix B for details) show the largest spectral differences between two vertical canopy levels,
whereas older cohorts of needles exhibit almost no differences in their spectral properties (Figure 2).
The wavelengths that are the most influenced by needle age are located in the green peak region,
as well as in NIR and SWIR regions, where transmittance of shade-adapted needles is higher than
that of sun-exposed needles. Needle reflectance is less influenced than transmittance by needle age.
Measurements of spectral properties of 13 boreal broadleaf and 12 coniferous tree species also revealed
that shaded foliage in general had higher transmittance than sun-exposed foliage throughout the
400-2400 nm spectral region (being the most prominent in NIR and SWIR regions) [11]. Canopy
position, however, explained only a relatively small proportion (<10%) of the overall variability in the
measured spectra for the 12 coniferous species. Needle age (current-year vs. previous-year needles), on
the other hand, explained up to 37% of the total variance in measured transmittance for the same set of
species. In addition, canopy position, and thus light environment, had a relatively small influence on
needle spectra [11], which is in line with other studies that have emphasized importance of species and
needle age over light environment [17,47]. On the other hand, in another study limited to three species,
larger differences in coniferous needle reflectance were indeed observed between canopy positions [27].
Reasons for these somewhat contradictory findings may be differences in forest structures and/or
definitions of canopy positions between studies, and the fact that the statistical analysis in the study
comprising 12 species [11] did not consider interaction effects by canopy position, needle age, and
species. Overall, the effect of canopy position is well documented in literature, but its magnitude in
relation to other factors (e.g., species, needle age, site type) is still uncertain.

Almost all studies on spectral properties of conifers do consider, to some extent, variability
in the canopy vertical gradient, but typically, no attention is paid to the spatial variation caused
by the azimuth orientation of branches. Based on our literature searches, there is only one study
that addressed the effect of azimuthal branch orientation on spectral characteristics of coniferous
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needles [48]. The study confirmed that the azimuth orientation of branches does not induce different
microclimatic and irradiance conditions, which would affect needle biochemical, structural, and hence,
spectral features of the study species, Norway spruce [48]. Even though the study included only
one species, this finding is important for collecting spectral libraries for use in e.g., remote sensing
of conifer physiology, because it allows random sampling of needles from upper tree crowns, so
that azimuth orientation does not need to be taken into account. Similar observations have been
reported for morphology and anatomy parameters of Scots pine needles sampled from the south-
and north-oriented branches at three vertical layers (top, middle, and lower part of the canopy) [49].
Once again, branch azimuth orientation had no significant impact on studied parameters, whereas
significant differences were found between the samples from different canopy vertical layers.
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Figure 2. Variability of needle optical properties for first year (left) and older (right) Norway spruce
needles sampled for two vertical canopy positions: sun exposed (red line) and shaded (blue line). See
Appendix B for details.

2.4. Seasonal Variation in Needle Spectra

Studies on seasonal variation of needle spectra are only available for evergreen conifers in the
boreal and northern temperate regions [11,20,29,34,43,50-52]. The seasonal variations are driven by
structural (i.e., expansion of needles) and biochemical changes in current-year needles, and biochemical
changes in older (overwintered) needles. In addition, the contribution of epicuticular waxes to needle
reflectance is at its maximum in summertime, probably serving as a photoprotective mechanism [20].
Overwintered needles can be monitored throughout the season, and more results on them are thus
available. Current-year needles are difficult to measure, particularly in the beginning of growing
season, because newly emerged needles are thin, fragile, and may have a large water content [27,43].

When examining overwintered needles, notable changes are observed in the pigment composition
in the spring, associated with activation of the photosynthesis [51]. These changes, e.g., in chlorophyll
content, affect the spectra in visible wavelengths: an increase in PAR absorption and a shift in the
red edge position, and a decrease in the green peak reflectance and PRI from spring to summer are
therefore observed [34,50-52]. Changes between summer and early autumn (September) seem to be
inverse, but small [11,34]. Currently, there is no time series spanning from summer to winter available
for overwintered needles. In the NIR region, absorption increases through growing season, particularly
in the oldest needle age classes [34]. This could be caused by older needles serving as storage organs for
starch; the storage is depleted during winter, resulting in low absorption in spring, and the absorption
then increases gradually through growing season [34]. Similarly, a clear decrease in NIR reflectance
from June to September has been observed for one-year-old needles, while transmittance increased
only little, thus resulting in higher absorption [11]. Results regarding SWIR region are rare and mixed,
indicating small, but either opposite [43] or similar [11] changes, as in NIR.
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When examining current-year needles, no large differences in the visible region are observed
from summer to early autumn [11,34]. Measurements of PRI (a vegetation index originally defined
by [53]) suggest that the changes due to deactivation of the photosynthesis mechanisms are opposite,
but more gradual, compared to those observed for overwintered needles in the spring [51]. NIR
reflectance slightly increases [11,43] and transmittance slightly decreases [11] from summer to autumn.
The seasonal courses of NIR spectra in current-year needles, therefore, resemble those of deciduous
broadleaved species [11,54], and are probably related to changes in structure (thickness) and water
content [43]. Seasonal variations observed for current-year needles in SWIR are similar to those in NIR
region [11,43].

2.5. Directional Variation in Needle Spectra

Contrary to flat leaves, no spectral measurements with full directional characterization are
available for individual needles. Even in most elaborate laboratory measurements with integrating
spheres, only two directional scattering components are distinguished for needles: reflectance (Ry) and
transmittance () [9,10]. The leaf reflectance (Ry) and transmittance (17,) are defined similarly to flat
leaves, i.e., as the directional-hemispherical reflectance factor, DHREF, and the directional-hemispherical
transmittance factor, DHTFE. These two quantities are defined relative to an imaginary surface [55].
When measuring flat leaves, the leaves themselves are assumed to approximate this imaginary surface,
and the two directions include physically distinct scattering components: leaf reflectance (Rp) is
contributed by light reflected at the leaf-air interface (and not entering the leaf) and a diffuse component
scattered backward by leaf interior, while leaf transmittance (T ) consists only of the latter interior
component. During needle reflectance and transmittance measurements with an integrating sphere,
needles do not cover the whole measured area [9,10]. Hence, needle Ry and Ty contain both surface
and interior components: photons hitting the curved sides of needles can be easily scattered forward
by the needle surface, pass through the gaps between the needles, and contribute to Ty. The needles
of many coniferous species lack a physical flat surface required by the definition of DHRF and DHTF;
hence, it is more justified to interpret Ry and T\ as backward and forward scattering, respectively. The
spectral variation in scattering directionality is the largest in the visible part of the spectrum (Figure 2).
This directional variation in pine needle optical properties has also been shown to have implications
on interpreting remote sensing signals [56].

2.6. Drivers of Spectral Variability in Needle Spectra

The main drivers of the spectral variability in needle spectra are biochemical and structural
properties of needles [57,58], which vary between and within tree species. These properties are
influenced by many factors, such as species, site conditions, altitude, tree and needle age, forest
structure, and adaptation of needles to various light regimes.

Spectral properties of needles in the VIS region are dominated by strong absorption of plant
pigments (chlorophylls a and b, carotenoids, and anthocyanins), resulting in low reflectance and
transmittance. The NIR region is characterized by low absorption caused mainly by water, and to
lesser extent, by the presence of structural carbohydrates such as lignin and cellulose, resulting in high
needle reflectance and transmittance. The SWIR region, on the other hand, is characterized by strong
absorption of water that masks absorption features of other leaf constituents (lignin, cellulose, proteins,
starch), thus resulting in lower reflectance and transmittance.

Intraspecific variability in needle chlorophyll (Chl) and carotenoid (Car) contents and other
constituents (e.g., cellulose and lignin) is demonstrated here using three coniferous species included
in the LOPEX93 database [16] (Table 2), and has been further reported by other studies [29,59].
Interspecific variability in needle chlorophyll content is caused by needle aging: chlorophyll content
of the current-year needles increases during the growing season compared to older needles, which
have stable chlorophyll content (e.g., [60]). Older and shade-adapted needles typically exhibit higher
chlorophyll content as demonstrated for Sitka spruce [17] or Norway spruce (Table 3 and [61]).
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Table 2. Biochemical differences between coniferous tree species extracted from the LOPEX93 database [16]. n = number of samples.

Species (1) Chl a+b (mg/g) Car (mg/g) Nitrogen (%) Cellulose (%) Lignin (%) Starch (%)
Picea abies (5) 7.36 1.53 7.08 27.23 13.43 0.59
Pseudotsuga menziesii (2) 6.67 1.43 8.58 25.17 14.92 n.a.
Pinus contorta (2) 10.44 2.35 8.93 34.17 12.83 0.82

Table 3. An example of variability of biochemical and structural properties of coniferous needles. Study species: Norway spruce (Picea abies). See Appendix B for
details on measurement procedure.

Canopy SLAy Cab Per Dry Car Per Dry Cab Per Needle  Car Per Needle = Cm Per Needle = Cw Per Needle
Stand Age Position Needle Age (cm?/g) LAT CF Matter (mg/g) Matter (mg/g) Area (ug/cm?) Area (ug/cm?) Area (g/cm?) Area (g/cm?)

Exposed current 64.73 3.46 0.75 0.14 29.27 5.68 0.016 0.024
Immature P older 53.74 3.48 1.03 0.23 42.17 9.24 0.019 0.022
(~40 years) Shaded current 104.26 2.88 0.80 0.16 22.05 439 0.010 0.017
ade older 69.34 2.88 1.25 0.26 44.12 9.12 0.014 0.020
Exposed current 79.57 3.51 0.72 0.14 2251 445 0.013 0.018
Mature P older 58.44 3.36 1.09 0.23 41.86 8.78 0.017 0.020
(~80 years) Shaded current 102.70 2.78 0.96 0.19 23.65 477 0.010 0.014
ade older 92.38 2.76 1.21 0.24 30.29 6.08 0.011 0.014

SLAh—specific leaf area calculated on needle hemisurface area basis; LAT CF—projected to total leaf area correction factor (see [61] for more details); Cab per dry matter—total needle
chlorophyll a+b content expressed on needle dry matter basis; Car per dry matter—total needle carotenoid content expressed on needle dry matter basis; Cab per needle area—total needle
chlorophyll a+b content expressed on hemisurface leaf area basis; Car per needle area—total needle carotenoid content expressed on hemisurface leaf area basis; Cm per needle area-needle
dry matter content expressed on hemisurface leaf area basis; Cw per needle area—needle water content expressed on hemisurface leaf area basis.
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Chlorophyll (and other pigments) can be expressed per dry or fresh mass weight, or per leaf area
(total or projected leaf area). Most coniferous species have non-flat needles, and thus, the ratio between
the total-to-projected leaf area varies between species, as well as within individual tree crowns, as
adaptation to different incident light levels [46,61]. The shaded needles are flatter, which improves
their light harvesting efficiency [46]. Thus, different expressions of leaf chlorophyll (per mass or
area basis) might show different patterns and gradients with respect to needle age and illumination
conditions, and must be interpreted and cross-compared with care [46,61]. As shown in the example
of the within-species variability of Norway spruce biochemical properties (Table 3), pigments per
mass weight show stronger differences between needles of different age and light exposures than the
equivalent expressed per hemisurface leaf area.

The NIR and SWIR regions are also strongly influenced by leaf inner structure of air—cell interfaces,
and outer surface features such as waxes [62]. The leaf inner structure, such as volume of mesophyll
cells, differs between tree species [28,63], as well as within species, as observed for e.g., in sun- and
shade-adapted needles of Picea abies [64], needles of different age of Picea rubens [28], and between
populations of Picea omorika belonging to two different gene pools [65].

3. Spectral and Directional Optical Properties of Coniferous Shoots

Coniferous needles are usually arranged in spiral structures called shoots. The number of reported
measurements of the spectral properties of coniferous shoots is small. Shoot scattering phase functions
were measured for the first time in Estonia, for Scots pine, in the 1990s [66,67]. The direction of
illumination (relative to shoot axis) was varied, and the scattered radiation in a single plane was
measured. Shoots were found to scatter most strongly in the backward directions with very little
forward scattering in blue and red; in NIR, the phase function was smoother. Strong scattering
peaks, most evident in VIS, were detected for some illumination orientations, and contributed to the
specular reflection from needle surfaces. Nearly twenty years later, the scattering phase function
of 10 shoots of the same species (Scots pine) from Switzerland were measured, so that the shoots
were illuminated from their longest side [68]. The results corroborated the strong backscattering
properties of shoots (Figure 3), and an empirical shoot scattering model was proposed, consisting of
two wavelength-dependent components: (1) isotropic and (2) Lambertian backscattering. Scattered
radiation was measured on a cubature covering 4, allowing to determine the total spectral scattering
and absorption by the shoots. The physical link between the spectral absorptions of the shoot and the
needle quantified by the photon recollision probability in the shoot has also been demonstrated [69].
The recollision probability was calculated from the spherically averaged shoot Silhouette to Total Area
Ratio (STAR [70]) determined from photographs of the shoots and needles.

It is noteworthy that all reported measurements are directional. The size of the shoots and
their 3D nature makes it difficult to measure their absorption using the optical ports of common
integrating spheres. However, measuring shoots inside integrating spheres could be a feasible
alternative, following the example of for measuring leaves [71]. To our knowledge, the measurements
in Switzerland [68,69,72] are the only ones which can been used to scale optical properties between
the needle and shoot levels. Despite the small number of measured shoots, the shoot structure had a
pronounced effect on its total scattering [69], as well as on scattering directionality.

We can define the average number of needle layers (NNL) in a shoot (a concept similar to the
contact number in vegetation canopies) as the ratio of the mean projected area of a needle to that of a
shoot. According to the definition of STAR, NNL = 1/(4STAR). This parameter was strongly correlated
with ratio of shoot transmittance (Tspy) to needle transmittance (Ty), Tsp/ T in the whole wavelength
range used in measurements, 400-2100 nm (R? = 0.79, Figure 4) in the Scots pine measurements in
Switzerland. The structural variation included in the measured dataset affected Tsy /TN by a factor of
almost two.
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Figure 3. Sample Scots pine shoot scattering phase functions at four wavelengths as measured by [68].
The diagram in upper-left illustrates illumination geometry.
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Figure 4. The effect of shoot structure on its average transmittance between 400 and 2100 nm based
on the measurements of ten Scots pine shoots. The equation is: y = —0.553x + 1.553. See [68,69] for
measurement details.

4. Spectral Properties of Woody Parts

Spectral properties of woody parts of coniferous trees have been less studied compared to
leaves. Bark spectra are available only for a few coniferous species in public databases (Figure 5,
Table 4). Reflectance of bark is highly variable between species, but generally, bark reflectance increases
monotonically through visible and NIR [25]. Bark reflectance is therefore similar to reflectance of
soil [24]. In the SWIR, water absorption bands are usually observed (Figure 6). In current-year twigs
of some species, near-infrared reflectance is high, and there is some chlorophyll absorption seen at
approximately 680 nm, but these features become less evident as the twigs become older [24].
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Figure 5. Reflectance spectra of woody components (tree stem or pieces of bark) measured in a
laboratory for Picea, Larix, Abies, and Cryptomeria genera. The data represent mean spectra for each
species, and they were obtained from three public databases [42,44,73]. Extremely noisy regions were
removed before plotting the spectra.

Table 4. Datasets of coniferous bark spectra that are openly available in public repositories.

Dataset Region Biome Wavelengths Species
[25,35] MN, USA Boreal 350-2100nm  Abies balsamen, Larix laricina,
Picea mariana
[73] Estonia (Hemi) boreal 400-2460 nm Picea abies, Pinus sylvestris
[39,40] Honshu, Japan Temperate 350-2500 nm Cryptomeria japonica,

Larix kaempferi

A
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Figure 6. (A) The understory spectra of various coniferous forest stands. HDRF = Hemispherical-directional
reflectance factor measured by a field spectrometer. (B) Variation of HDRFs corresponding to MODIS
channels GREEN (545-565 nm); RED (620-670 nm); NIR (842-875 nm) along a 100 m long transect at
Kalevansuo site, Finland in June 2017.
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5. Spectral Properties of Understory in Coniferous Forests

5.1. Spectral Differences between Understory Types

The understory, or forest floor, of a coniferous forest can vary from nearly bare soil and litter
(in e.g., the temperate zone) to a mix of dwarf shrubs, herbaceous species, mosses, and lichens
in the boreal zone. There is a correlation, albeit not necessarily strong, between the density of
the tree layer (i.e., canopy cover) and abundance of understory vegetation in managed forests [74].
The forest floor can contribute significantly to the reflectance of coniferous forests measured by remote
sensors [13,75-79]. As the contribution of forest floor in sparse coniferous stands can easily reach up
to 50% of forest total reflectance [12], several approaches for retrieving understory properties from
optical satellite data have been developed [80-83]. All these methods need in situ data to evaluate
their performance. In addition, global algorithms for estimation of leaf area index from satellite
data (e.g., [84]) utilize a spectral database of “soil” (forest floor) spectra in the inversion of radiative
transfer models.

Currently, there are only few publicly open databases containing spectral libraries of different
understory types of coniferous forests (e.g., [73]). Nevertheless, in situ measurements of understory
layers or plants have been collected and reported in scientific publications by a few research teams
in boreal and subarctic coniferous forests in Scandinavia [85,86] and North America [83,87,88], in
European hemiboreal forests [89,90], and in larch forests in Siberia [91]. These sites do not cover the
full variation in different understory types, nor do most of the datasets cover the SWIR region. There
is also a clear bias towards availability of spectral understory data from the boreal region compared to
other coniferous forests which are clearly underrepresented in the existing spectral datasets.

The spectra of understory coniferous forests differ considerably (Figure 6A). Stands with bare
soil or the ground layer composed of dead plant material (e.g., Yatir, Bily K¥iZ) are characterized by
the brightest values in the visible, and little contrast with the NIR part of the spectrum. Sodankyla
site illustrates the case of forest floor spectra dominated by lichens. Véarri¢ and Lettosuo sites have
spectrally similar understory spectra, yet their forest floor conditions are different: at Véarrio the
measurements were collected very early into the growing season with pockets of snow still on the
ground, while Lettosuo stand has been partly clearcut, with exposed bare soil and wood debris left of
the ground. Differences between other, more fertile sites can be then observed mainly in the NIR part
of the spectrum, driven mainly by the site fertility and moisture conditions.

5.2. Seasonal Variation in Understory Spectra

Seasonal variation in understory spectra may play a major role in remote sensing of regional and
global phenological events. The relative contributions of the understory and tree layers to coniferous
forest reflectance may change during a growing season [12]. If the seasonal cycles of the tree canopy
and understory spectra differ from each other considerably, the greening of the forest floor vegetation
out of sync with the tree canopy may interfere with interpreting common phenological metrics from
optical satellite images.

Already the first studies on the seasonal dynamics of understory reflectance in coniferous forests
of the Boreal Ecosystem-Atmospheric Study (BOREAS) two decades ago in North America showed
that spectral differences between understory types become more significant as the growing season
progresses [88]. More recently, detailed studies in European forests have further confirmed that
understory layers in boreal and hemiboreal coniferous forests have strong seasonal dynamics during
their snow-free period, and that the seasonal courses of understory reflectance are most likely also
specific to forest site fertility type [85,90]. Typically, the spectral differences both between and within
hemiboreal and boreal understory types are the largest at the peak growing season, whereas in
the beginning and end of the growing season, the differences between understory types are rather
marginal [85,90].
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Overall, the current understanding of the seasonal variation in understory spectra is very limited,
and there are no published datasets on the seasonality of spectra for most of the coniferous forest types
with large spatial coverage (e.g., temperate forests). Most of the existing boreal datasets also do not
cover the SWIR region which is potentially of high interest due to e.g., the changing moisture content
of forest floor during a growing period. In addition, studies showing how different phenological
phases of the understory, such as flowering and ripe berries of dwarf shrubs, affect the understory
spectra are currently also almost completely missing [92].

5.3. Spatial and Directional Variation in Understory Spectra

Understories are not homogeneous, and their spectra tend to show very high spatial variability
due to their patchiness, large species variation, and structural complexity of ground vegetation.
Figure 6B illustrates this with the understory spectra collected every 2 m along a 100 m long transect at
a drained dwarf-shrub pine bog at Kalevansuo, Finland [93]. The signal variation reflects the spatially
changing understory, which may vary from green, lush Vaccinium bushes, peat- and forest-mosses, to
dead grass and ground patches covered with dead needles.

The directional signatures or the bidirectional reflectance distribution functions (BRDF) of the
forest background may be sometimes needed as well [94]. In the case of strong angular anisotropy of
the understory layer, more detailed knowledge on understory BRDF can be expected to improve, for
example, radiative transfer simulations for a forest. Directional features of forest floor vegetation of
boreal coniferous forests can be significant and non-Lambertian, more striking at larger solar zenith
angles than at smaller ones [95]. All targets in the cited study showed some signs of backscattering
enhancement—heather and lichen the strongest, moss the weakest. Lingonberry and blueberry also
scattered relatively strongly forward. The BRDF may also depend strongly on the wavelength [95].
Importantly, measuring properties of single understory species is not necessarily useful for remote
sensing applications [95], because a remote sensing signal is a mixture of many species.

5.4. Drivers of Spectral Variability in Understory Spectra

A logical phase in creating an ideal spectral library of coniferous forests” understories should
be linking the spectral in situ data to a detailed description of both vegetation and non-vegetation
constituents, as well as the season, since understory is highly variable with the time of the year. To date,
only a few studies have been conducted to identify the biochemical or structural drivers of spectral
variability in understory vegetation. In hemiboreal forests, the biochemical descriptors (such as water
content, chlorophyll content, and dry biomass) that could be coupled with spectral properties of
the understory vegetation, have been identified [96]. On the other hand, the general sensitivity of
understory reflectance to leaf biochemical variables in at least hemiboreal forests has been shown to be
relatively weak [89]. Besides biochemical properties of the understory layer, other factors have been
used to explain spectral variation in forest floor vegetation. For example, the team of [97] studied
several species occurring in the tundra (similar to the species abundant in large parts of the coniferous
boreal zone), and successfully linked spectral in situ measurements to estimates of fractional cover of
major plant functional types. Similar studies also showed an existing, albeit weak correlation between
plant fractional cover and spectral properties of boreal and hemiboreal understory vegetation [85,90].

6. Case Studies: Spectra of Coniferous Canopies

6.1. Introduction to Case Studies

The previous sections have reviewed the spectral properties of different elements forming
coniferous forests. In this section, we pool all these elements together, and provide selected examples
of canopy-level spectra of coniferous forests. We use empirical case studies to illustrate the influence
of spatial scale (Section 6.2), viewing angle (Section 6.3), and growing season phase (Section 6.4) on the
reflectance spectra of Scots pine and Norway spruce forests.
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6.2. Nested Scales of Spectra of Coniferous Canopies

The reflectance spectra of coniferous forests vary with the spatial resolution of the remotely sensed
dataset. When using airborne hyperspectral data and high-spatial resolution satellite multispectral
data (such as Sentinel-2), the reflected signal originates from tree- or stand-level scales, whereas
when using coarse resolution data (such as MODIS data), it originates from a landscape or ecosystem
scale. Here, we present a case study to demonstrate the nested scales of coniferous spectra from
leaf to canopy scales at multiple spatial resolutions. The study area comprises two Norway spruce
dominated stands: 40-year-old (“immature stand”) and an over 80-year-old stand (“mature stand”)
located in the Czech Republic. Four remote sensing data sources on coniferous forest spectra are
visualized for the exact same study site and time period (in late summer 2016): (1) needle-level
measurements of reflectance measured by a field spectroradiometer attached to an integrating sphere;
(2) very high spatial and spectral airborne hyperspectral data (SASI+CAS], spatial resolution 2.5 m);
(3) high resolution satellite multispectral data (Sentinel-2, spatial resolution 20 m); and (4) medium
resolution multispectral satellite data (MODIS MCD43 nadir-normalized product, spatial resolution
500 m) (Figure 7). To be able to cross-compare spectral data acquired by different remotely sensed
instruments, we used products with close-to-nadir observation. More details on the study sites and
data are provided in Appendix B.

The highest spruce reflectance is observed for needle-level measurements with average reflectance
in NIR-plateau around 1000 nm between 0.4 and 0.5. In NIR wavelengths, also, the standard deviation
of measured needle reflectance is the highest (£0.07 in absolute units), whereas at visible and SWIR
wavelengths, the variation is low (£0.01 in absolute units). Both airborne and spaceborne observations
of top-of-canopy reflectance exhibit similar magnitudes of reflectances, having an NIR reflectance of
0.12 for mature spruce stand, and 0.18 for immature spruce stand. From the three remote sensing
instruments, airborne hyperspectral data of joint CASI and SASI sensors (with the highest spatial
resolution) had the highest within-plot variability. By contrast, the stand variability obtained by
Sentinel-2 sensor is very low, but the mean reflectances are comparable to airborne data of CASI and
SAS], in particular, in the red-edge spectral region. The individual pixels of MODIS nadir-normalized
product showed the highest reflectance among the three studied remote sensing instruments, especially
in the infrared spectral region. Possible explanations for this phenomenon may be the lower spatial
resolution of MODIS, resulting in mixed pixels of reflectances originating from different land cover
types and the radiometric calibration of the instruments.

The largest difference between the studied remote sensing datasets is indeed observed between
needle-level and canopy/ecosystem-level data. At the needle-level, the main driver of needle
reflectance is biochemistry (particularly leaf chlorophyll and water content) and inner leaf structure,
specific leaf area being the key needle-level trait describing the allocation of leaf biomass per area.
When moving from leaf to canopy scale observations, the additional role of canopy structure
and optical properties of various forest elements (e.g., leaves, trunks, branches, understory) is
introduced. For closed forest canopies, the canopy structure dominates. Due to the effect of multiple
scattering, the light penetrating forest canopies is attenuated upon multiple interactions with canopy
elements and mutual shadowing of tree crowns. Crown-level multiple scattering, in contrast to leaf
biochemistry, shows no distinctive spectral absorption features, but rather systematically decreases
canopy reflectance. This phenomenon is the basis for the spectral invariants theory [98], which links
leaf and canopy reflectance via several spectrally invariant parameters describing canopy structure
(e.g., photon recollision probability and directional escape factor).

When comparing the two spruce stands, we observe systematically higher reflectance for the
immature forest stand compared to the mature one at all spatial scales. At needle-level scale, the
higher reflectance can be attributed to different biochemical properties and specific leaf area when
compared to mature spruce needles (see Section 2.6 and Appendix B for more details). At canopy level,
the higher proportion of first-year needles in canopy and differences in canopy structures (such as
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high tree density, and thus, less shadowing between the crowns) are possible driving factors of the
spectral differences between the stands.

Immature spruce forest stand Mature spruce forest stand
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Figure 7. Leaf and canopy level reflectance factors of two Norway spruce forests with contrasting
age and structure (left—40-year-old stand, right—80+-year-old stand) in late August 2016 in Bily K#iz
(the Czech Republic). Canopy level reflectance signatures (as hemispherical-directional reflectance
factors, HDRF) were extracted for exactly the same polygons from nearly synchronous acquisitions of
the airborne hyperspectral sensors CASI + SASI mounted on the same platform, and satellite sensors
Sentinel-2 and MODIS. All remote sensing data have similar close-to-nadir observation geometries.
Leaf level reflectance (directional-hemispherical reflectance factors) were collected with an integrating
sphere attached to a spectrometer.

6.3. Angular Variation in Spectra of Coniferous Canopies

The reflectance spectrum of a coniferous forest varies as a function of viewing geometry. Modeling
studies (e.g., [99,100]) have analyzed the BRDFs of coniferous forests together with satellite data.
However, remote sensing instruments are typically limited to close-to-nadir observation geometries, so
only little empirical data are available for validation of multiangular reflectance simulations. Only two
spaceborne instruments, the low spatial resolution MISR onboard TERRA platform [101] and the
high-spatial resolution CHRIS onboard PROBA-1 platform [102], have a capability of providing
near-simultaneously acquired data for a given location at multiple angles. The spatial resolution of the
MISR instrument (between 275 m and 1.1 km) is too coarse for stand-level observations, and therefore,
data provided by the CHRIS instrument is the only possibility to analyze the angular variation in
stand-level reflectance of coniferous canopies from space.

Using the same Norway spruce stands as in the previous section (Section 6.2, Figure 8) but from a
different year (fall 2007), we demonstrate the angular variation in coniferous forests’ spectra (Figure 8).
Top-of-canopy reflectances were acquired for five different view angles of the CHRIS instrument (actual
viewing angles: —51°, —32°, 4°, 27°, 48°, with negative angles denoting backscatter) in 18 different
spectral channels, from 400 to 800 nm. Both forest stands exhibit similar angular behavior—their
reflectance is the highest for backward-looking observation geometries (reflectance at —51° being
higher than reflectance at —32°), whereas forward scattering observation geometries have the lowest
reflectances. The magnitude of angular differences was higher for the mature spruce stand; reflectances
in the view nadir angle of —51° were on average 1.9 x higher than reflectances in the + 48° viewing
angle for the immature and 2.8 x higher for the mature stand. Qualitatively, this can be explained
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by their different canopy structures: the immature spruce forest has a slightly higher canopy closure
than the mature forest. The canopy was also shorter: 34 m in the mature stand, and only 17 m in
the immature forest. These factors result in a smaller change in the visible proportions of sunlit and
shaded canopy parts (when moving from one viewing angle to another), compared to the more open
and taller mature forest.
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Figure 8. Top-of-canopy hemispherical-directional reflectance factors (HDRF) of immature (left) and
mature (right) Norway spruce forest stands at Bily KfiZ site sampled in five angular observation
geometries: near-nadir +4° (black), +27° (yellow), —32° (blue), +48° (green), and —51° (cyan) from
nadir. Data were acquired by the CHRIS sensor onboard the tiltable PROBA satellite on 21 September
2007. Sun zenith angle during the data acquisition was 50° and azimuth 163°.

6.4. Seasonal Variation in Spectra of Coniferous Canopies

In addition to spatial and angular variation in reflectance, coniferous forests also exhibit clear
seasonal patterns in their spectra. To demonstrate the seasonal variation in spectra of coniferous forests,
we selected a pure Scots pine site from Finland. Four pixels covering a total area of 60 m x 60 m
from a time series of EO-1 Hyperion spectral imagery corresponding to the area around the SMEAR 11
flux tower in Hyytiéld, central Finland (61°51'N, 24°18'E) were used to illustrate the seasonality in a
coniferous forest’s reflectance (Figure 9). The site is dominated by mature Scots pine trees, with only
some scattered birch species and Norway spruce, and has a peak growing season effective overstory
LAI of 2.14 (in 2014). Due to the infrequent overpasses of EO-1 and the typical presence of cloud cover
in this region, satellite data from 2010 to 2012 were combined.

The time series, arranged in the order of vegetation development, starts on Day Of Year (DOY) 63
(acquisition date 3 March 2012), when snow was present everywhere in the scene. A snowfall took
place on the night before the second image from DOY 71 (11 March 2012). The third measurement
of the series, DOY 125 (5 May 2010), corresponds to the beginning of the growing season, with no
snow in open places and very little snow left in the most shaded areas below the canopy. On DOY 184
(3 July 2010) and DOY 215 (3 August 2011), the canopy and understory layers were fully developed.
No significant stress events were detected during these years. The biggest change on the spectrum
was caused by the snowfall in the spring, before DOY 71. It increased the reflectance factor by 0.05 in
visible and NIR parts of the spectrum (400-900 nm); in SWIR, reflectance decreased by approximately
0.01. The lowest NIR reflectance was recorded for early May, when almost all snow had melted, but
the deciduous species and understory vegetation inevitably present in the pixels had not greened up
yet. The two midsummer measurements (DOY 184 and 215) show increased NIR reflectance, with
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values still beyond what was recorded with the presence of snow. The changes in visible and SWIR
parts of the spectrum were noticeably low during the snowless season.
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Figure 9. An example of seasonality of coniferous forests’ spectra. Seasonal variation in Scots
pine canopy hemispherical-directional reflectance factors (HDRF) at SMEAR II station (Hyytidld,
central Finland) as measured by the EO-1 Hyperion sensor on 3 March 2012 (Day of Year, DOY = 63),
11 March 2012 (DOY = 71), 5 May 2010 (DOY = 125), 3 July 2010 (DOY = 184), and 3 August 2011
(DOY = 215). The imagery was corrected radiometrically (for the striping and spectral smile effects)
and atmospherically (using the FLAASH algorithm implemented in ENVI by Harris Geospatial, Inc.
See [103] for details. The atmospheric absorption bands near 950, 1400, and 1900 nm were removed.
The spectrum includes noticeable noise, especially at longer wavelengths, and negative values for
wavelengths below 450 nm (blue to violet light), caused by the low signal to noise ratio and decreasing

performance of the ageing experimental instrument.

7. Conclusions

Despite the fact that coniferous structures are often complex and difficult to measure, a large
number of efforts have been made to collect empirical data on coniferous forests’ spectra in Northern
and Central Europe and North America. The number of scientific studies especially on the spectral
properties of coniferous needles has notably increased during the past decade: based on our literature
review, approximately 40% of the studies reporting e.g., needle spectral data have been published after
2010, and 75% of the studies have been published after 2000. We summarized the main points from
our literature review as a strengths, weaknesses, opportunities, and threats (SWOT) matrix (Table 5).

Our literature review shows that, in general, the spectral properties of coniferous forests growing
in the boreal biome are better documented than the spectral properties of coniferous forests elsewhere.
For boreal coniferous forests, there are already a few open access datasets on needle and bark spectra
for key species, and one open access dataset on understory spectra. Typically, the spectral data
reported in these databases and other scientific articles have been collected during peak growing
season. The general behavior of the spectral response of coniferous needles is now much better
understood than fifteen years ago. There is a clear gap, however, in knowledge concerning the optical
properties of needle and bark of coniferous species growing in the tropics, and also for many species
growing in the temperate zone.
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Table 5. A summary of scientific studies on the spectral properties of coniferous forests.

Strengths

Weaknesses

The number of scientific studies on coniferous spectra
has rapidly increased during the past decade.

High quality instrumentation available for in situ and
lab spectral measurements.

Spectra of dominant boreal coniferous species and
different understory types have been reported.

A few open access datasets for needle and bark
spectra already exist.

Basic factors influencing needle spectra and their
seasonality are understood.

Spectral measurements often not well documented
and not quantitatively comparable between
campaigns due to varying sampling schemes.
SWIR wavelengths and transmittance data often
missing in datasets.

Spectra of coniferous species growing in tropical
regions rarely measured.

Older age classes of needles better represented than
young needles in spectral datasets.

Seasonal courses of needle and understory spectra
rarely measured.

Only one open access dataset available for
understory spectra.

Spectral scattering phase functions of coniferous

elements poorly understood.

e  Leaf biochemical and structural parameters rarely
measured simultaneously with
spectral measurements.

Opportunities Threats

e  Faster methods for spectral measurements of needles
in lab and field conditions can be developed.

e  Development of multiangular measurement
methodologies will add to the understanding of
directional scattering properties of
coniferous elements. .

e  New imaging spectroradiometers may offer a
possibility to study e.g., spatial scaling of spectra and
fluorescence of coniferous forests and their .
understory layers.

e  New opportunities for distributing spectral data in
open repositories.

e  Scaling of spectra from needles to forest canopies
offers possibilities for new concepts in theoretical
modeling of radiation regimes of coniferous forests.

Spectral in situ measurements are very labor
intensive: extensive campaigns to cover intra- and
interspecies variability difficult to plan also in future.
Physiological status of needles often difficult to take
into account in spectral data collection.

Also, some key coniferous species, such as Larix sp., have been rarely measured for their optical
properties, even though they cover geographically extensive areas in the boreal zone. Some of the
spectral measurements are poorly documented or performed under varying or unfavorable light
conditions outdoors, which makes it difficult to compare and use the spectral data collected in different
field campaigns. A general limitation is also the narrow wavelength range: many datasets lack
the SWIR wavelengths that are critical in interpreting data from new remote sensing instruments.
The seasonality of spectra of needles and understory layers in coniferous forests have been measured
and published only for a few sites in the boreal zone. Currently, the basic mechanisms influencing the
seasonal variations in spectra in the visible domain have been described, yet we do not have a clear
understanding of the differences in seasonal courses of different species and understories in different
site fertility conditions. There are also very limited studies showing how the spectral properties of
needles, bark, and understory vary spatially in different environmental conditions. Sampling strategies
have a noteworthy influence on the quality and extent of spectral databases. Thus, it is difficult to make
quantitative conclusions about, for example, the inter- and intraspecific variation in needle spectra.
From an application point-of-view, we also do not have a clear understanding of which wavelength
regions or wavelength combinations could be potentially used to separate coniferous tree species (at
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needle, tree, or stand levels) or site types (at stand level) from each other, nor have we established
universal relationships between spectral and biochemical/structural properties of coniferous elements.

Spectral properties of coniferous shoots, that is, the spectral scattering phase functions of shoots,
have been measured only for a very limited set of samples from one species, so far, even though
shoot-level clumping is known to significantly influence forest spectra. Future studies should develop
faster set-ups for measuring the spectral properties of shoots, and also aim to cover more species, in
order to investigate how universal the scaling relationships between needle- and shoot-level spectra
actually are. Similarly, the directionality of spectral scattering of larger coniferous elements (from
whorls to entire trees) should be investigated, although creating the measurement set-up for the
experiments can be challenging.

Future technologies will offer possibilities for increasing the understanding of spectral signatures
of conifers. For example, further development of multiangular measurements—using goniometers, and
air- and satellite-borne sensors—will add to our comprehension of directionality of reflectance data, and
how it can be used to monitor coniferous forests and their understory layers. Also, very high spectral
resolution data, such as fluorescence measurements, may open up new insights to understanding
physiological processes of conifers. Nevertheless, spectral in situ measurements will remain very labor
intensive: extensive campaigns to cover intra- and interspecies variability will be challenging to plan
also in future, and accounting for physiological status of needles will often be difficult in spectral data
collection. Hopefully, however, the measurement techniques will become faster.
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Appendix A.
Table Al. A summary of publications that report measurements of coniferous needle spectra.

The references are in chronological order: the oldest dataset (from 1965) is first and the most recent
dataset (from 2017) is last in the table.

Dataset Region Biome nm Geom. ! RorT? Species
[14] - - VIS/NIR 3 IS R Pinus strobus, Thuja occidentalis
[15] - - 400-1100 IS R Pinus resinosa

Abies balsamea, Pinus sylvestris,

3

[50] ON, Canada Temperate VIS/NIR BF R Thuja occidentalis

[24] VT, USA Temperate 400-1100 IS R, T Picea abies, Pinus resinosa,
Pinus strobus

[28] ME, USA Temperate 400-1100 1S R, T Picea rubens, Tsuga canadensis

[34] SK, Canada Boreal 400-1000 1S R, T Picea mariana, Pinus banksiana

[29] SK, Canada Boreal 400-1000 IS R T Picea glauca, Picea mariana,
Pinus banksiana

[104] M%g AKS’ Temperate 400-850 IS R, T Pinus palustris

[21] NH, USA Temperate 306-1138 NC R Abies balsamea, Picea rubens

[17] UK Temperate 400-2500 BF R Picea sitchensis

[32] AK, USA Boreal 306-1138 NC R Picea glauca, Picea mariana

[26] WA, USA Temperate 200-2350 IS R T Pseudotsuga menziesii, Thuja

plicata, Tsuga heterophylla
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Table Al. Cont.

Dataset Region Biome nm Geom. ! RorT? Species
[105] ON, Canada Boreal 400-800 1S R T Pinus banksiana
[18] Australia Temperate 350-1100 BF R Pinus radiata

Juniperus monosperma,

[106] NM, USA Temperate 350-2500 1S R Pinus edulis
[107] Rczef}l‘. Temperate 450-1000 IS R,T Picea abies
epublic
[48] RCZQCh. Temperate 350-1000 BF R, T Picea abies
epublic
[108] Sweden Boreal 400-1000 1S R, T Picea abies
[60] ON, Canada Boreal 350-1050 1S R, T Pinus banksiana
[109] ON, Canada Boreal 350-2500 1S R T Picea mariana
[110] CA, USA Temperate 400-800 IS R T Pinus jefferyi
[111] Estonia Temperate 400-1050 IS R Picea abies, Pinus sylvestris
[30] B/ll\];‘fv(,igfﬁd;a Temperate /boreal 400-1000 # NC R igzzsizzgaxhzgf ponderost
Tsuga heterophylla
[22] Spain Mediterr. 306-1138 NC R Pinus sylvestris
[69] Switzerland Temperate 400-1800 IS R, T Pinus sylvestris
[112] ON, Canada Temperate 400-900 # 1S R T Picea mariana, Pinus banksiana
[113] Finland Boreal 400-900 BF R Pinus sylvestris
[19] Rgng)}llic Temperate 350-2500 CB R Pinus sylvestris
[20] Finland Boreal 325-1075 CB R Pinus sylvestris
31] Slovenia Temperate 250-880 1S R frz frsﬂfalb’;zi Zf‘;y”li’j:;ri icca
[51] AB, Canada Boreal 400-900 NC R g;ﬁ%z;‘;‘; Oi ’:“S contorta,
[52] AB, Canada Boreal 400-900 NC R Pinus contorta ®
[114] Finland Boreal 325-1075 IS/CB R, T Picea pungens, Pinus sylvestris
[115] Rggfﬁic Temperate 350-2500 1S/CB R Picea abies
Abies concolor, Abies magnifica,
[33] CA, USA Temperate/mediterr ~ 350-2500 IS R ]Ce;fe(;d%iﬁcﬁ:;is’;;:;uspm s
ponderosa, Pinus sabiniana
[47] Finland Boreal 400-900 4 CB R Picea abies, Pinus sylvestris
[23] Finland Boreal 400-1100 NC R Pinus sylvestris

1 IS = integrating sphere: sample containing several needles (with or without gaps) attached to the port of the
integrating sphere (directional-hemispherical reflectance/transmittance factor), NC = needle clip: individual
needles measured in hotspot geometry (bidirectional reflectance factor), CB = contact probe: mats or stacks of
needles measured in hotspot geometry (bidirectional reflectance factor), BF = bare optical fiber or optical head of
spectrometer pointed at a mat or stack of needles illuminated with external light source (bidirectional reflectance
factor), NA = not described. 2 R = reflectance, T = transmittance. 3 Wavelengths not given numerically. 4 Exact
wavelengths not given. Wavelengths deduced from figures shown in the articles. > The same measurements as
described in [51].

Appendix B.

Appendix B.1. Data Description

Sections 2.3, 2.6, 6.2 and 6.3 are supported with field, airborne, and satellite remote sensing data
collected for Norway spruce forest stands located in the vicinity of the permanent ecosystem research
site Bily K¥iZ (Czech Republic). Field data, airborne hyperspectral, and Sentinel-2 multispectral data
were acquired in August 2016 [116], and CHRIS/PROBA multiangular satellite data were acquired
in September 2007 (unpublished data). This appendix provides details on data acquisition and
pre-processing of the datasets.
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Appendix B.2. Site Description

The ecosystem research site Bily K¥iZ in the Moravian-Silesian Beskydy Mts. (Czech Republic,
49°30'N, 18°32’E, 800-920 m a.s.l.) is used for long-term research on tree ecophysiology and carbon
fluxes as a part of national (Czech Carbon Observation System CzeCOS) and international (Integrated
Carbon Observation System ICOS) research networks. The site is characterized by annual mean air
temperature of 6.8 °C, annual mean relative air humidity of 84%, and annual precipitation of 1280 mm
(recorded between 1998 and 2012). The site is covered predominantly by Norway spruce (Picea abies)
stands of different age, with minor admixture of silver fir (Abies alba), European beech (Fagus sylvatica),
and European mountain ash (Sorbus acuparia).

Two plots with Norway spruce stands contrasting in canopy structure and age were selected to
demonstrate the variability of forest reflectance properties. The immature spruce is located right at
the ecosystem station (49°30'7.8''N, 18°32/16.4"E) on a south oriented slope (with an 11 degree slope).
This stand is a row plantation, and in 2016, trees were 40 years old with leaf area index (LAI) equal to
8.5. The mature stand is located in the vicinity of the ecosystem station (49°29/35.5''N, 18°32/8.2"'E)
on a south-west oriented slope (with an 8 degree slope). This stand is over 80 years old, and has LAI
equal to 6.7. Although both sites are located in a mountainous area, the sites were chosen purposely
with comparable azimuths (southward facing) and that both were small. Thus, we assume similar
topographic effects at both sites.

Appendix B.3. Field Data on Leaf Optical and Biochemical Properties

Leaf optical and biochemical properties, (reflectance, transmittance, chlorophyll a+b and
carotenoids content, leaf water content, and leaf mass per area) were measured at the peak of growing
season at the end of August 2016. As such, they are compatible with airborne hyperspectral and
Sentinel-2 images acquired on 31 August of the same year. Needle samples were collected from three
representative trees at each spruce plot. Current, one- and two-years-old shoots were cut off from two
branches representing sunlit (i.e., crown top) and shaded (i.e., crown bottom) illumination conditions.

Directional-hemispherical reflectance (DHRF) and transmittance factors (DHTF) were measured
using the combination of ASD FieldSpec 3 and FieldSpec 4 spectroradiometers attached to ASD
RTS-3ZC integrating spheres with the ASD halogen light source supplied with the sphere. A FieldSpec
4 with the first integrating sphere was used to measure reflectance and a FieldSpec 3 attached to
the second sphere was used to measure transmittance, that allowed faster measurements and lower
uncertainty due to the fixed position of a light source. Needles were placed into specifically designed
carriers so that small gaps were allowed in between [9,10,107]. Gap fraction, i.e., percentage of gaps
within the illuminated needle sample, was estimated from scanning the carriers and applying a
mask of the actual light beam position. Final reflectance and transmittance were computed using the
following formulas:

_ (SAMPLE — STRAY) « SPECT 1
DHRE = WR — STRAY *1-GFg (A1)
DHTE . _ SAMPLE 1 )

WR — STRAY 1= GFy

where SAMPLE is the sample reflectance or transmittance measured in DN values, STRAY is measured
stray light in DN values, SPECT is reflectance of the inner sphere wall, WR is white reference reflectance
in DN values and GF is the gap fraction value different for the reflectance and transmittance sample.
The final spectra were smoothed using Savitzky—Golay filtering with 5th degree polynomial.

Leaf samples for pigment analyses were immediately frozen in liquid nitrogen, and stored in
deep freeze (—80 °C) until being processed in a laboratory. Pigments were extracted according to
the method of [117], using the 80% acetone solvent, and the pigment concentration was determined
spectrophotometrically according to the empirical equations of [118]. Leaf pigment and water content
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values were converted from mass-based to area-based units using specific leaf area, defined as ratio
between half of the hemisurface needle area [61] and the sample dry matter weight.

Appendix B.4. Airborne Hyperspectral Data

Airborne hyperspectral images were acquired with the pushbroom CASI (372-1044 nm) and SASI
(957-2442 nm) spectroradiometers (ITRES Research Limited, Canada). Both sensors were operated
simultaneously on board of the CzechGlobe’s Flying Laboratory of Imaging Systems (FLIS [119]).
Images were acquired under clear sky and sunny conditions on 31 August 2016 in a high-resolution
mode (i.e., pixel size of 1 m for CASI and 2.5 m for SASI, 72 spectral bands for CASI and 100 bands
for SASI). Corrections of the hyperspectral images were performed according to a processing chain
established at CzechGlobe [119]. Radiometric corrections were performed using the factory calibration
coefficients in the RCX software (post-processing software developed by ITRES that runs in the
ENVI/IDL programming environment). Geometric corrections, i.e., image orthorectification and
geo-referencing, were performed using the GeoCorr software provided also by ITRES. Atmospheric
corrections were performed using the ATCOR-4 software [120]. For both spruce stands, mean canopy
reflectance and its standard deviation was extracted from the CASI, SASI hyperspectral images for a
representative, homogeneous square area of 100 x 100 m located at each study plot center. Data were
acquired in north-south flight direction, in order to minimalize BRDF effects on image.

Appendix B.5. Multispectral Satellite Data

CHRIS/PROBA: Satellite multiangular data from CHRIS sensor on board the PROBA platform
were acquired on 21 September 2007 in so-called chlorophyll mode, resulting in 18 bands covering
visible to near-infrared wavelengths from 490 nm to 797 nm, with a nominal spatial resolution of
17 m (in near-NADIR +4° observation geometry) and five actual observation view angles, ranging
from backward scattered —51° and —32° to NADIR and forward scattered +27° and +48°. Raw data
supplied by ESA were processed to top-of-canopy reflectances using CHRIS Proba Toolbox for BEAM.
In first step, image vertical stripping was removed by applying Noise removal algorithm. In the next
step, atmospheric corrections were performed using the dedicated atmospheric correction module of
CHRIS Toolbox. No geometrical corrections were applied. From each of the observation geometries’
mean and standard deviation of forest reflectances from two plots, immature and mature Norway
spruce forest were extracted.

Sentinel-2: A cloud free Sentinel-2 MSI image was acquired on 31 August 2016, almost
simultaneously with airborne hyperspectral data acquisition. The image was processed using sen2cor
ESA toolbox (version 2.3.0), including the atmospheric and topographic corrections. Only the spectral
bands with the nominal spatial resolution of 10 m and 20 m (i.e., bands B2-B7, B8a, B11, and B12)
were retained and resampled to the common pixel size of 20 m. For both spruce stands, mean canopy
reflectance and its standard deviation from Sentinel-2 was extracted for the same 100 x 100 m area
(i.e., 5 x 5 Sentinel-2 image pixels). The observation zenith angle of Sentinel-2 was 2° off-nadir.

MODIS: Medium resolution satellite data from MODIS sensor on board Terra and Aqua platforms
were obtained in the form of “NADIR BRDF-Adjusted reflectance” product (MODIS name MCD43A4,
version 05). This synthetic product uses best-available observations within a 16 days period to generate
nadir-normalized surface reflectance using a simple kernel-driven radiative transfer model. Data are
produced every 16 days as cloud-free tiles with global coverage. Spatial resolution of the product
is 500 m. We downloaded the tile h19.v04 generated from all MODIS Terra and Aqua observations
between 20 August 2016 and 6 September 2016. Two nadir-normalized reflectances in seven spectra
channels between 640 nm and 2130 nm were extracted for the areas corresponding to immature and
mature forest stands. We carefully examined ancillary metadata layer of the scene; all MODIS pixels
were retrieved using full BRDF model inversion, indicating good quality of input MODIS observations.
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