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*  Comparison of fisheye (DHP) and cover (DCP) photography for estimating canopy cover.

» Digital photographic estimates validated against artificial images with known cover.

*  Accuracy of cover estimates from DHP is influenced by mean gap size and actual cover.

»  Accuracy of cover estimates from DCP is not influenced by mean gap size and actual cover.

Fast and accurate estimates of canopy cover are central for a wide range of forestry studies. As
direct measurements are impractical, indirect optical methods have often been used in forestry
to estimate canopy cover. In this paper the accuracy of canopy cover estimates from two widely
used canopy photographic methods, hemispherical photography (DHP) and cover photography
(DCP) was evaluated. Canopy cover was approximated in DHP as the complement of gap fraction
data at narrow viewing zenith angle range (0°—15°), which was comparable with that of DCP. The
methodology was tested using artificial images with known canopy cover; this allowed exploring
the influence of actual canopy cover and mean gap size on canopy cover estimation from photog-
raphy. DCP provided robust estimates of canopy cover, whose accuracy was not influenced by
variation in actual canopy cover and mean gap size, based on comparison with artificial images;
by contrast, the accuracy of cover estimates from DHP was influenced by both actual canopy cover
and mean gap size, because of the lower ability of DHP to detect small gaps within crown. The
results were replicated in both DHP and DCP images collected in real forest canopies. Finally,
the influence of canopy cover on foliage clumping index and leaf area index was evaluated using
a theoretical gap fraction model. The main findings indicate that DCP can overcome the limits
of indirect techniques for obtaining unbiased and precise estimates of canopy cover, which are
comparable to those obtainable from direct, more labour-intensive techniques, being therefore
highly suitable for routine monitoring and inventory purposes.
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1 Introduction

Canopy cover is a commonly used variable in forestry (Jennings 1999; Rautiainen et al. 2005). This
variable is strongly required for accurate modelling of leaf area index L using radiative transfer
theory (Majasalmi et al. 2014; Nilson 1999; Nilson and Kuusk 2004). In addition, canopy cover is
a major determinant of forest reflectance from optical remote sensing data (Dawson et al. 1999).
It is also often included in national forest inventories (Angelini et al. 2015). Accordingly, accurate
in situ estimates of canopy cover are central for a wide range of forestry studies.

As direct measurements are impractical and time-consuming, canopy cover was often
estimated from optical instruments using a restricted zenith angle range (typically about 0°—15°).
Although the approach is somewhat incorrect, in that measurements are not strictly vertical, use
of narrow-angle of view is often considered due to its simplicity. For example, the widely used
hemispherical sensors such as LAI-2000 Plant Canopy Analyzer (Li-COR, Lincoln, NE, USA) or
digital hemispherical photography (also called fisheye photography; DHP) have been frequently
employed to obtain an estimate of canopy cover from gap fraction data at narrow viewing zenith
angle range (Korhonen et al. 2006; Kucharik et al. 1999; Rautiainen et al. 2005; Seed and King
2003). However, the gap fraction readings obtained at this view were typically noisy in hemispheri-
cal sensors, because of limited spatial sampling at this view. While some studies have proposed
correction for insufficient sampling using these instruments (e.g., Nilson and Kuusk 2004), Mac-
farlane et al. (2007) recently proposed digital cover photography (DCP), a restricted-view angle
method. The authors used a 70 mm equivalent-focal-length to obtain very fine spatial resolution at
an approximately 30° field of view (FOV), which was comparable with the FOV of the uppermost
ring of LAI-2000. The resulting combination of high resolution and mainly vertical sampling in
DCP allowed to separate total gap fraction into large, between-crowns gaps and small, within-crown
gaps, leading to distinct estimates of canopy cover (crown cover and foliage cover; Macfarlane et
al. 2007, but see also section 2.1). However, although some studies speculated that DCP can yield
more accurate estimate of canopy cover than DHP (Pekin and Macfarlane 2009; Ryu et al. 2010),
owing mainly to its higher zenithal resolution, no previous studies have evaluated the accuracy
of cover estimates from both these methods compared with known reference canopy cover data.

The objective of this study was testing the accuracy of digital canopy photography for
estimating forest canopy cover. For the purpose, estimates obtained from cover and hemispheri-
cal photography were compared with those obtained from an artificial target with known canopy
cover; this allowed exploring the influence of actual canopy cover and mean gap size on canopy
cover estimation from digital photography. Results from both photographic methods were also
compared in real forest canopies. Finally, the impact of canopy cover on modelling canopy attrib-
utes like clumping index and leaf area index was illustrated using a theoretical gap fraction model
(Nilson 1999).

2 Material and methods
2.1 Definition of canopy cover

Canopy cover is frequently defined as the average proportion of ground surface covered by the
vertical projection of tree crowns (Jennings et al. 1999). However, two distinct variables can be
defined depending on whether gaps inside crown envelopes were considered or not. Traditional
measures of canopy cover consider crowns as non-transparent envelopes, i.e. considering within-
crowns gaps as part of the canopy; this is equivalent to the definition of crown cover by Macfarlane
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et al. (2007). Conversely, foliage cover is defined as the complement of total gap fraction, taking
into account both within- and between-crowns gaps. For the remainder of the study, canopy cover
and crown cover are used as synonym, while foliage cover is explicitly mentioned to distinguish
from the traditional definition of cover.

2.2 Artificial canopy cover measurements

The idea of measuring an artificial target to validate optical methods has been recently proposed
by Song et al. (2014) and Macfarlane et al. (2014). In this study reference canopy cover measure-
ments were obtained by generating artificial canopy images with known canopy cover. An R routine
(R Core Development Team, Vienna) was used to randomly filling blank 210 x 210mm images
with black-circles (simulating a dark canopy) with a radius of 3 mm each. Twenty scenes were
generated corresponding to an artificial (known) canopy cover ranging from 0.12 to 0.90, which
represents a realistic range of canopy cover in natural forest stands. Images were then printed and
placed in a levelled surface. Cover and hemispherical images were then acquired in overcast sky
conditions by orienting the camera perpendicular to the surface. The widely used canopy digital
camera Nikon Coolpix 4500, either with or without the fisheye lens, was placed at a distance
to represent the standard at the centre of the image within a FOV of about 30°. Hemispherical
images were acquired with the camera equipped with a FC-ES fisheye lens converter set to F1
(equivalent focal length 38 mm), aperture-priority mode (A), minimum aperture (F 5.3), one-stop
underexposure, as recommended by Macfarlane et al. (2014) to improve contrast in images, and
center-weighted exposure metering. Cover images were acquired with the fixed lens set to F2
(equivalent focal length of 70 mm), aperture-priority mode (A), minimum aperture (F 9.6), one-
stop underexposure and matrix exposure metering. Lens vignetting was assumed negligible in
both camera setups (Lang et al. 2010). The images were cropped to fit the standard’s extent. The
blue channel of each image was classified using a single binary thresholding (Ridler and Calvard
1978) from the ‘rtiff” package in R (R Core Development Team, Vienna). Canopy cover was then
estimated as the ratio of black pixels over total pixels.

To evaluate the influence of gap size on canopy cover measurements, eight images were
further generated by applying a checkerboard pattern (canopy cover of 0.5) with arbitrarily varying
checkerboard size (simulating gap size) from 0.02% to 0.2% of the image area (side width from 3
to 30 mm). The images were then printed and acquired using the same protocol above.

2.3 Actual canopy measurements

Fisheye and cover images were acquired under overcast sky conditions in ten 0.5-1 ha decidu-
ous stands in Central Italy (main species Fagus sylvatica L., Quercus cerris L., Castanea sativa
Mill.) that had a canopy cover ranging from medium to moderately dense. The data were collected
from three forests sites which were sampled in 2011 and 2012 in a previous study (Chianucci
et al. 2015).

Depending on plot size, 9—15 fisheye and cover images were acquired in each plot with the
Nikon Coolpix 4500 along a grid of sample points. Camera settings and image classification were
as described above, with the exception that the gamma function was set to 1.0 (Chianucci and
Cutini 2013). Canopy cover in DHP was calculated at the complement of gap fraction estimated
at 0°-15° zenith angle range.

Once classified, DCP images were analyzed using Winscanopy 2012a (Regent Instruments,
Ste-Foy, Quebec, Canada). Two canopy cover estimates were obtained using a gap-size distribu-
tion approach; gaps larger than 0.3% of the image area were classified as between-crowns gaps;
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the gap area threshold was set based on a previous study (Chianucci et al. 2014). Consistently
with the terminology of Macfarlane et al. (2007), crown cover was estimated as the fraction of
pixels that do not lie in between-crowns gaps and foliage cover was estimated as the complement
of total gap fraction.

2.4 Gap fraction model

The impact of canopy cover on leaf area index and clumping index retrieval was evaluated using
the gap fraction model of Nilson (1999) and gap fraction data estimated from LAI-2000 Plant
Canopy Analyzer. The model determines gap fraction as follows:

P(6) = exp[ —c(9)NS(6) | )

where
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where N is tree density (trees m™2), S(0) is the area of projection of the average tree crown
envelope at the zenith angle 8, c¢(#) is an auxiliary parameter which corrects the mean crown
coverage, P;(6) the gap fraction within a single crown, G(8) is the foliage projection function,
L is the leaf area index, BAI is the branch area index, G/ is the Fisher’s grouping index of tree
distribution pattern. The model estimates clumping index (2, Eq. 4) and leaf area (L, Eq. 5) as:
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where « is the shoot-level clumping index and « is the branch area to leaf area ratio. To apply the
formulas, in addition to the estimated value of P(6), the model requires input parameters includ-
ing stand density, tree height, crown depth, shoot-level clumping, foliage projection function and
canopy cover. The model was run in the birch (Betula pendula Roth) stand in Jarvselja, Estonia,
belonging to the RAMI (Radiation transfer Model Intercomparison) test sites, which have been
widely used to benchmarking radiative transfer modelling (e.g. Kuusk et al. 2009; Pisek et al. 2011).
All the input parameters (including canopy cover) were obtained from the works by Kuusk et al.
(2009) and Nilson et al. (2011); the input canopy cover was then varied to evaluate the influence
of these attributes on L and €, the other input parameters held constant. As canopy cover directly
influences the grouping index (GI), the input canopy cover was varied within a range suitable to
allow the theoretical formulas to give reliable results, i.e., where GI(S(0)) < 1.
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3 Results

Both photographic methods provided accurate estimates of canopy cover, which significantly agreed
with those obtained from artificial images with known canopy cover (Pearson’s r-test, p<0.01).
Nonetheless, the two methods showed different performance depending on actual canopy cover
(Fig. 1a) and mean gap size (Fig. 1b). DHP showed a larger tendency to underestimate canopy cover,
in particular in medium-dense canopies (Fig. 1a); in addition, DHP showed an increasing tendency
to underestimate canopy cover with decreasing gap size (Fig. 1b). Closer inspection of artificial
chessboard-patterned images revealed that DHP possessed more mixed pixels (Fig. 2), being highly
sensitive to gap fragmentation, because mixed pixels are located mainly on the canopy-sky edges.
This effect, in turn, have a strong impact on pixel classification since fragmented canopy images
are more prone to be misclassified into sky or canopy during thresholding (Fig. 1). Conversely,
DCP possessed very few mixed pixels (Fig. 2), and showed lower variations in estimated cover
associated with actual canopy cover (Fig. 1a) and mean gap size (Fig. 1b).

Comparisons of both photographic methods applied in real forest canopies were in agree-
ment with results obtained from artificial images; DHP yielded larger canopy cover estimates
compared with foliage cover estimated from DCP, indicating that many small gaps (i.e., within-
crown gaps) were either classified as foliage during thresholding or were not detected at all in DHP,
because of the lower zenithal resolution of fisheye images (Fig. 3). A better agreement was observed
between canopy cover from DHP and crown cover in DCP (Fig. 3), because large between-crowns
gap were more-easily identified in fisheye images.

A theoretical gap fraction model (Nilson, 1999) indicated that canopy cover was inversely
correlated with the grouping index (Pearson’s r-test p < 0.05) and therefore with the foliage clump-
ing index, the sparser canopies exhibiting more clumped distribution of foliage and the denser cano-
pies exhibiting more randomly distributed foliage (Fig. 4). In addition, canopy cover was strongly
correlated with leaf area index inverted from gap fraction data — the higher the canopy cover, the
smaller the respective inverted leaf area index value. In our simulation increasing canopy cover
from 0.65 to 0.95 decreased the estimated leaf area index by values ranging from 24% to 51%.
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Fig. 1. a) Difference between the actual and measured canopy cover calculated from artificial canopy images with
known canopy cover using digital hemispherical (DHP) and cover (DCP) photography; b) Variation of canopy cover
with mean gap size calculated from artificial checkerboard-patterned canopy images using digital hemispherical (DHP)
and cover (DCP) photography. Mean gap size ranges from 0.02% (3 mm) to 0.2% (30 mm) of the artificial canopy
image area.
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Fig. 2. Histograms of DCP (top) and DHP (bottom) images of artificial checkerboard-patterned canopy images with
different mean gap size. The color classes in legend indicates different mean gap size ranging from 0.02% (3 mm, navy)
to 0.2% (30 mm, blue) of the artificial canopy image area.
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Fig. 3. Canopy cover from hemispherical photography (y-axis) vs either foliage cover (left) or crown cover (right)
calculated from cover photography (x-axis) in studied stands in Italy. The dashed line indicates the 1:1 relationship.
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Fig. 4. Variation in foliage clumping index estimates with view zenith angle at different assumed canopy cover values
for the Radiative Transfer Model Intercomparison (RAMI) birch stand in Jérvselja, Estonia.

4 Discussion

The study demonstrated that DCP provides robust estimates of canopy cover, whose accuracy is
largely unaffected by variation in actual canopy cover and mean gap size. By contrast, the accuracy
of DHP was affected by both actual canopy cover and mean gap size, mainly because its lower
nearly vertical resolution, which results in a lower ability in detecting small gaps near the zenith
and a measurement of a quantity that is analogous to something between crown and foliage cover
(Pekin and Macfarlane 2009). It has generally been noted that low resolution images have more
mixed pixels (Blennow 1995; Leblanc et al. 2005; Macfarlane, 2011), which could obscure small
gaps within canopies. This effect, in turn may prevent the accuracy of gap size distribution esti-
mates, particularly in highly fragmented canopies (Song et al. 2014). This implies that use of DHP
is particularly critical in dense canopies, which are mainly characterized by small within-crown
gaps; DHP may be unable to detect gaps in such canopies, leading to an increasingly probability
to achieve saturated canopy cover values. This effect, in turn, may prevent the inversion of canopy
attributes from transmittance data, since the logarithm of zero gap fraction is undefined. Therefore,
DCP appears particularly suited in dense forest canopies, because its higher ability to detect small
gaps allows more accurate canopy cover retrieval in these stands. In addition, the higher vertical
resolution of DCP allows separating total gap fraction into large, between-crowns gaps and small,
within-crown gaps, leading to effective estimates of canopy transmittance (Rautiainen et al. 2005).
Further, previous studies demonstrated that DCP was less sensitive to camera exposure, lens vignet-
ting and sky luminance than DHP (Macfarlane et al. 2007; Macfarlane, 2011).

Canopy cover has certainly an effect on average gap fraction and its angular distribution
— the higher the canopy cover, the smaller the total gap fraction (Nilson 2011). In addition, the
theoretical gap fraction model indicated that canopy cover influences gap size and its variance;
sparser canopies exhibited more clumped distribution of foliage, which can be attributed to a
larger frequency in large gaps (Chen and Cihlar 1995) and a larger variation in gap size occur-
ring at increasing canopy space availability. Conversely, denser canopies showed more randomly
distributed foliage, probably because the lower number of small gaps occurring at saturating
canopy density (Macfarlane 2011). As the variation in foliage clumping corresponds to different
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proportion in sunlight and shaded leaves, it implies that accurate canopy cover estimates are
critical for reliable modelling fluxes of carbon, water and energy, and their distribution within
the canopy (Chen et al. 2012).

To sum up, the study has compared two photographic methods for estimating canopy cover in
forest stands. The main findings indicate that DCP is an effective tool for estimating forest canopy
cover. As the method is simple, rapid and cost-effective, it can be used for routine measures and
monitoring of canopy cover in a wide range of forestry applications.
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