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Abstract: Large scale assessment of aboveground biomass (AGB) in tropical forests is often limited by
the saturation of remote sensing signals at high AGB values. Fourier Transform Textural Ordination
(FOTO) performs well in quantifying canopy texture from very high-resolution (VHR) imagery, from
which stand structure parameters can be retrieved with no saturation effect for AGB values up to
650 Mg·ha−1. The method is robust when tested on wet evergreen forests but is more demanding
when applied across different forest types characterized by varying structures and allometries. The
present study focuses on a gradient of forest types ranging from dry deciduous to wet evergreen
forests in the Western Ghats (WG) of India, where we applied FOTO to Cartosat-1a images with 2.5 m
resolution. Based on 21 1-ha ground control forest plots, we calibrated independent texture–AGB
models for the dry and wet zone forests in the area, as delineated from the distribution of NDVI values
computed from LISS-4 multispectral images. This stratification largely improved the relationship
between texture-derived and field-derived AGB estimates, which exhibited a R2 of 0.82 for a mean
rRMSE of ca. 17%. By inverting the texture–AGB models, we finally mapped AGB predictions at
1.6-ha resolution over a heterogeneous landscape of ca. 1500 km2 in the WG, with a mean relative
per-pixel propagated error <20% for wet zone forests, i.e., below the recommended IPCC criteria
for Monitoring, Reporting and Verification (MRV) methods. The method proved to perform well
in predicting high-resolution AGB values over heterogeneous tropical landscape encompassing
diversified forest types, and thus presents a promising option for affordable regional monitoring
systems of greenhouse gas (GhG) emissions related to forest degradation.

Keywords: Fourier Transform Texture Ordination (FOTO); aboveground biomass (AGB); Western
Ghats (WG); tropical forests; Cartosat-1a; very high resolution (VHR); error propagation

1. Introduction

Earth’s forests, which cover 30% of the total land area [1], are dynamic systems which are
constantly in a state of change and drive/respond to the changes taking place in our environment.
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Forests store and sequester carbon and play an important role in climate change mitigation.
Deforestation and forest degradation are the second largest source of anthropogenic carbon emissions,
after fossil fuel emissions, which reached a contribution of nearly 20% of the total greenhouse gas
(GhG) emissions for the period between 1970 and 2004 [2]. Although these estimates have been
scaled downwards to 10%–15% of the total GhG emissions in recent studies [3–5], it appears that
most of the emissions occur in the tropical forests [6]. Earths tropical forests cover only about 13% of
the total ice free land area, but account for nearly 50% of the total plant biomass on the planet [1,7].
Recognizing the importance of reducing GhG emissions from tropical forests, the United Nations
Framework Convention on Climate Change (UNFCCC) developed an international program on
Reducing Emissions from Deforestation and forest Degradation (REDD), which proposes mechanisms
to provide financial and technological support to developing countries for stabilizing/increasing
their forest carbon stocks and keeping carbon emissions below a baseline [8]. The implementation of
this program depends upon our ability to accurately assess current forest carbon stocks, particularly
aboveground biomass (AGB) [9] at operational spatial and temporal scales [10]. Mapping AGB
variation due to conversion of forests to open lands and vice versa (deforestation/reforestation), which
creates drastic biomass loss or gain, are nowadays achievable with reasonable accuracy [11]. However,
assessing changes related to various intensities of forest degradation, i.e., when forest structure changes
but does not entail a change in land use, remains a challenge [12].

Though one of the largest contributors, carbon emissions due to deforestation and forest
degradation in tropical forests are still poorly quantified because of the use of different data,
assumptions and methodologies for estimating carbon stocks [5]. Given the extent of the tropical
forests, inaccessibility and limited ground measurements, remote sensing has long been seen as a way
to increase effectiveness in assessing tropical forest AGB at regional level. Combining forest structure
parameters from stand level estimates with extensive forest cover maps derived from remote sensing
have been shown to have the potential for providing reasonable biomass estimates at local, regional
and global level [13,14]. However, from stand level AGB estimates to wall-to-wall extrapolation using
different satellite data, the assessment of carbon stocks or AGB for tropical forests is still spoilt by
uncertainty [15] thus weakening the results at regional scales. One of the major reasons for uncertainty
in AGB estimates from most medium to high spatial resolution space-borne optical and radar platforms
is the saturation of remote sensing signals at fairly low levels of biomass (150–200 Mg·ha−1), far below
the upper range of values found in tropical forests (>500 Mg·ha−1) [16]. Synthetic aperture radar (SAR),
is a promising remote sensing sensor to map forest structure because of the ability of longer wavelength
(L-band and P-band) radar backscatter to penetrate forest canopies [13]. However, AGB values saturate
between 100–150 Mg·ha−1 [13,17] for L-band radar signatures and for up to 300 Mg·ha−1 for P-band
data [13]. Recently, small-footprint aerial LiDAR data have proven to be a robust tool for forest
structure modeling and biomass estimations [18], immune to signal saturation over the complete
range of observed biomass [19], thus opening promising perspectives for the monitoring of forest
degradation. However, aerial LiDAR covers very small extents and is very expensive to regularly
operate as part of a regional monitoring system. In addition, its use also requires flight authorizations,
which may delay independent monitoring. Up to now, it has been mostly used at local scales to
provide estimates of canopy heights and indirectly AGB, which can be used as a basis for calibration of
moderate resolution satellite data from which regional level AGB prediction models are built [18,20].
In the absence of airborne data, filling the gap between field data and medium/high resolution
imagery is difficult. This is probably one of the main reasons why uncontrolled discrepancies, between
ground-inventory-based and large-scale remotely sensed biomass extrapolations, still exist for tropical
forests [21,22]. Devising and validating mapping methods of forest stand structure parameters and
AGB over vast areas of tropical forests that would not need up-scaling to medium resolution is a
challenging task. Recent results of canopy texture analysis of very high resolution (VHR) panchromatic
images provide encouraging prospects for describing forest stand structures from airborne [23,24]
and spaceborne observations [25–28]. Forest science has long used visual interpretation of aerial
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photographs to characterize and map forest stands, and foresters have long known that the aspect of
forest canopy, which directly reflects the size distribution of tree crowns and inter-crown gaps, conveys
information on stand structure. This old paradigm has received support from both empirical and
theoretical studies dealing with allometries between tree parts, notably crowns and trunks [29].

The increasing availability of VHR digital canopy images pleads for the development of methods
for extracting information from canopy aspect. One such method is Fourier Transform Textural
Ordination (FOTO), which characterizes the spatial patterns in forest canopies through texture indices
that can be linked with stand structure parameters such as AGB. The FOTO method decomposes the
spatial variation of pixel values within the canopy image window into frequency domain, i.e., with
respect to spatially periodic functions, to compute Fourier spectra [24]. One of the advantages of
FOTO is that it is unsupervised and requires minimal input from the user, an advantage because of
the nature of many forest landscapes in the tropics for which field information is scarce. FOTO gives
output often interpretable in terms of size distribution of crowns or gaps that make the canopy aspect.
The FOTO method has been in development for the past decade and has been tested on different
tropical forest sites across the world [25–27,30,31], and those case studies provided robust estimates
of forest AGB, even at high biomass levels, based on empirical relationships between canopy texture
and stand structure parameters. The method has been tested using a range of different VHR satellite
images which are available nowadays such as IKONOS, Quickbird-2, Geoeye-1, Spot-6/-7, and even
freely available Google Earth (GE) imagery. FOTO canopy texture indices and their calibration with
field plot data proved to be useful for inverting information from VHR images to characteristics of
vegetation; spatial patterns in semi-arid vegetation [24,32]; stand structure parameters in the tropical
rainforests of French Guiana [30] and oil palm-tropical forest landscape in Malaysia [28]; AGB in
wet evergreen forest in the southern Western Ghats (WG), India [26,33]; and mangroves in French
Guiana [25]. Regional level AGB estimation was achieved over large territories using two different
satellite images in the Congo basin forests [27]. However, there are still challenges when dealing with
multiple images (from same or different sensors) which are needed to cover vast forest tracts. Indeed,
acquisition parameters reflecting the geometry of scene, sun and sensor may be different [16], and
thereby result in unavoidable inconsistencies in texture measures.

Calibrating remotely sensed AGB estimates also relies on the accuracy of field estimates of
biomass. Plot level biomass estimates are rarely obtained directly [34]. Estimates are instead derived
from already established allometric equations that convert easily measurable tree attributes such as
diameter at breast height (DBH), tree height and wood density into AGB [35]. Mapping regional level
biomass from remotely sensed data primarily consists of two steps: (1) field AGB estimates obtained
from sample plots; and (2) correlating the field estimates of AGB with the remote sensing derived
forest canopy indices to obtain biomass estimates at the scale of the output pixels derived from texture
analysis. Strong errors may be associated with these estimates [35,36] and plot level AGB uncertainties
have been investigated [36–38]. However, the way these errors propagate up to the AGB inversion of
the remote sensing signal has rarely been assessed (but see [39]), especially in the context of the AGB
inversion from texture-derived indices from VHR optical imagery.

In this paper, we used the FOTO method to derive canopy texture indices from Cartosat-1a VHR
images, covering thousands of hectares of dry deciduous (DD), moist deciduous (MD) and small
patches of wet evergreen (WE) tropical forests in the Western Ghats (WG) of India. The goals of the
study were to explore the potential of the FOTO method to devise a texture-based biomass model at
regional level across different forest types and to propagate the field-based errors up to the final AGB
estimates for the output pixels. Though the FOTO method has been developed with satellite images of
primarily metric level resolution (pixel size ≤ 1 m), a secondary objective was to test the method on
Cartosat-1a imagery having 2.5 m spatial resolution. Lastly, we intend to assess the overall error on
AGB prediction integrating both uncertainties on field plot measurements and errors deriving from
FOTO predictions of plot AGB values.
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2. Materials and Methods

2.1. Study Area

The study area (Figure 1) is located in the Yellapur Forest Division, Uttara Kannada District,
Western Ghats of Karnataka, India. The area comprises nearly 1500 km2, with Yellapur (14◦57′44.108′ ′N,
74◦42′22.12′ ′E) roughly at the center, with a mean elevation of 457 m. The study area is a transitional
zone between young Deccan trap rock formations and older Archean shield crystalline rocks of the
Indian Peninsula [40]. The southwest (SW) monsoon occurring between the months of June to October
is responsible for most of the rainfall received. Mean annual precipitation is 2500 mm and monthly
mean temperatures range between 25◦ to 33◦ Celsius. The Western Ghats forms an orographic barrier,
which exacerbates the SW monsoon and is responsible for the steep bioclimatic gradients which are
found in the region [41]. The study area comprises of highly mixed, heterogeneous forest landscape,
and has a continuum from dry deciduous forests in the lower rainfall zones to the northeast, transiting
to moist deciduous and high rainfall zones of secondary wet evergreen forests to the south and south
west with small patches of primary wet evergreen forests [42]. The tropical wet/semi evergreen,
moist deciduous and dry deciduous forest types in the study area have been described by Champion
and Seth [43] while Pascal [42] mapped them as part of a general map of forest types at a scale of
1:250,000. The forests in the study area were observed to be frequently disturbed and in different stages
of degradation due to anthropogenic stresses [44].
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Figure 1. Forest cover in the study area (grey, forest; and white, non-forest), Yellapur division, Uttara
Kannada District, Karnataka, Western Ghats, India. The binary map is prepared from a mosaic of
Cartosat-1a base imagery. Crosses represent location of 21 1-ha field plots.
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2.2. Datasets

Cartosat-1 is a stereoscopic earth observation satellite launched aboard ISRO’s Polar Satellite
Launch Vehicle (PSLV) on 5 May 2005 [45]. It orbits the Earth in a circular, sun-synchronous (near polar)
orbit at an altitude of 624 km. Cartosat-1 satellite carries two panchromatic sensors, a PAN-F (PAN
Forward-pointing camera, with a forward tilt of 26◦ ahead of nadir) and PAN-A (PAN Aft-pointing
camera with a aft tilt of −5◦ behind nadir). In this study, we use the images from the near nadir PAN-A
camera, hereafter designated as Cartosat-1a images. For canopy texture analysis, a mosaic of two
Cartosat-1a panchromatic images with a spatial resolution of 2.5 m was used to define the limits of the
study area. The two Cartosat-1a scenes were acquired and orthorectified using UTM coordinate system.
The two images were acquired on the same day under similar acquisition conditions (Sun Azimuth,
136.93◦ and 136.69◦; Sun Elevation, 51.70◦ and 51.83◦). For computing the normalized difference
vegetation index (NDVI) for the study site, a mosaic of two orthorectified and atmospherically corrected
LISS-4 multispectral images (spatial resolution = 5.8 m) was used and resized to Cartosat-1a limits. Both
Cartosat-1a and LISS-4 images were acquired by National Remote Sensing Center (NRSC), Hyderabad,
India. Characteristics of both sensors are specified in Table 1. Vegetation maps (scale, 1:250,000) of the
Western Ghats of India established in 1982 [42] and updated in 1997 [46], were used as reference and
are freely available as shapefiles [47]. Shapefiles of rivers, water-bodies, location of major settlements
and road network were extracted from OpenStreetMap® online database [48].

Table 1. Characteristics of Cartosat-1a and LISS-4 sensors.

Satellite Cartosat-1 (IRS-P5) Resourcesat-2

Sensor PAN_AFT LISS4
Agency NRSC, India NRSC, India
Date of Pass 13/02/2015 23/01/2013
Resolution (m) 2.5 5.8
No of Scenes 2 2
No of Bands 1 (PAN) 1 (mono), 3 (Multispectral)

Spectral Bands 0.5 µm–0.85 µm B2: 0.52–0.59 µm; B3: 0.62–0.68 µm;
B4: 0.77–0.86 µm; B3-default band for mono

Swath (km) 26.24 70
Altitude (km) 620 823
Revisit Days 5 5
Image Format GeoTIFF GeoTIFF
Source www.nrsc.gov.in/cartosat-1 www.isro.gov.in/Spacecraft/resourcesat-2

Water-body and river shapefiles were used to create a water mask. After masking out water-bodies
and rivers, results from preliminary runs of FOTO (see below) were used to create non-forest area
mask (which included villages, agricultural land, and open areas within forests) on the basis of their
textural signature. ASTER Digital Elevation Model (30 m resolution) was used to compute the slope
for the study area and areas with slope >25% were discarded as to avoid the illumination artifacts on
tree canopy crowns [49,50]. Outputs from all three steps were combined to create non-forest mask and
delineate the workable forest area (Figure 1). The same non-forest mask was used to subset the LISS-4
image. NDVI image was computed from LISS-4 multispectral imagery, and classified into two broad
forest classes viz. dry zone forests (dry deciduous forest) and wet zone forests (moist deciduous and
wet evergreen forests), based upon the histogram of observed NDVI values.

2.3. Field Plot Establishment, Tree Inventory

Field sampling design, for identifying locations of ground control plots, integrated preliminary
information on canopy texture gradient (fine to coarse grain) observed from preliminary FOTO runs of
Cartosat-1a images, forest type information from IFP vegetation maps, topography, road and river
networks and inputs from local forest officials. We established 21 permanent 1-ha plots, during two

www.nrsc.gov.in/cartosat-1
www.isro.gov.in/Spacecraft/resourcesat-2
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field missions in 2014 and 2015, covering the complete gradient of canopy texture and different forest
types present in the study area. Of the 21 1-ha plots, 6 were established in dry deciduous (DD) forest,
8 in moist deciduous (MD) forest and 7 in wet evergreen (WE) forest. The 21 permanent plots were
established following the RAINFOR [51] protocols and recommendations from Condit et al. [52].
Each plot was a 100 m × 100 m perfect square marked using Trimble Differential Global Positioning
System (DGPS) and Leica Total Station to ensure north–south orientation of the plots and to minimize
geo-location errors. In each plot, stem DBH was measured at 1.3 m height from the ground or above
the buttress if any, using calibrated measuring tapes. A total of 8913 individual stems ≥ 10 cm DBH
were recorded in all the 21 1-ha plots. Total tree height (H) was measured for randomly selected trees in
all DBH classes using a NIKON Forestry Pro laser rangefinder. Botanical nomenclature was recorded
for all the trees, identified up to species or genus level, with reference nomenclature to the Herbarium
of the French Institute of Pondicherry (HIFP). One hundred thirty-two tree species were recorded in
the field belonging to 43 botanical families. As we did not get permission for collecting wood core
samples, wood density (ρ) values for the recorded tree species were compiled from the Global Wood
Density (GWD) database [53]. Where the wood density of the species was not available, genus level
mean was assigned and where even genus level mean was not available, mean wood density of the
plot was assigned to that particular species/genus.

2.4. Plot-Level Biomass Estimation and Error Propagation

Plot AGB estimation and error propagation were implemented by using the R BIOMASS
package [54]. The AGB of each tree is estimated from its DBH, total height and wood density using
Chave’s global pan-tropical allometric model (i.e., model 4 in [35]), that is:

AGBtree = 0.0673 × (ρDBH2 H)
0.0976

where AGBtree is the tree level AGB estimate in Mg, ρ is the specific wood density in g/cm3, DBH
is the diameter at breast height in centimeters, and H is the total tree height in meters. As H was
measured for a subset of total trees in each plot, a Michaelis–Menten model [55] was used to develop
plot-specific H-DBH allometric relationships so to predict the missing H values. For a particular plot
with no height information (YP07), allometric model coefficients from the plots within same forest
type and similar species composition were used to estimate tree heights. Plot level AGB estimates
(in Mg·ha−1) were obtained by summing individual tree AGB estimates.

For uncertainty analysis we assumed no errors were made on DBH measurements. For uncertainty
in wood density values, a mean standard deviation (sd) was associated to each tree at the appropriate
taxonomic level i.e., the one at which the mean wood density was calculated for the tree, using the
approach in BIOMASS package. A plot-level mean sd was assigned to individuals for which wood
density was not assigned at the species or genus level. For tree height error assessment the residual
standard error (RSE) of the plot-specific H-DBH models was used. The uncertainties associated with
plot-based AGB estimates were obtained as described in [54], i.e., through a Markov Chain Monte
Carlo (MCMC) scheme, where the errors related to diameter, wood density and H-DBH model were
propagated up to the plot-level with 1000 iterations. This step yielded probability distribution of the
tree AGB values for each plot separately from which the mean AGB and 95% confidence interval were
calculated along with other stand structure parameters, such as plot basal area (G) and quadratic mean
diameter (QMD), reported in Table 2.
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Table 2. Stand structure parameters of 21 1-ha forest plots inventoried during two field missions in 2014–2015 and 2015–2016. QMD, Quadratic mean diameter of the
plot; Mean WD, Mean Wood Density; Dmax, Maximum diameter at breast height (DBH); Hmax, Maximum tree height; AGB, mean Aboveground biomass estimated
from field measurements; CI, Confidence Interval of AGB estimates computed using Markov Chain Monte Carlo (MCMC) error propagation scheme (see text).

Plot ID X Coordinate
(E)

Y Coordinate
(N) Forest Class Texture

Class
Stem
Count Species/Plot Basal Area

(m2)
QMD
(cm)

Mean WD
(g/cm3)

Dmax
(cm)

Hmax
(m)

AGB
(Mg·ha−1)

95% CI
(Mg·ha−1)

YP01 74◦46′4.9′ ′ 15◦4′42.1′ ′ Dry Deciduous Fine 253 26 20.84 32.40 0.737 67.5 26 177.64 164.89 192.52
YP02 74◦44′31.6′ ′ 15◦9′19.9′ ′ Dry Deciduous Intermediate 378 14 22.63 27.61 0.638 83.2 29 181.11 166.30 197.00
YP03 74◦42′51.7′ ′ 15◦10′3′ ′ Dry Deciduous Intermediate 219 18 20.45 34.49 0.739 87.8 28.5 181.69 165.90 197.68
YP04 74◦46′46.0′ ′ 15◦5′4.9′ ′ Dry Deciduous Coarse 149 16 22.90 44.25 0.709 118.7 30 227.57 205.51 250.46
YP05 74◦42′8.8′ ′ 14◦59′24.7′ ′ Moist Deciduous Intermediate 415 41 21.43 25.65 0.736 80 28.5 179.61 163.82 197.28
YP07 74◦44′35.7′ ′ 15◦1′42′ ′ Moist Deciduous Intermediate 299 26 35.44 38.86 0.674 110.6 NA 381.74 353.93 414.21
YP08 74◦42′18.4′ ′ 15◦3′52.6′ ′ Moist Deciduous Intermediate 245 15 33.38 41.66 0.690 146.2 36 336.13 303.22 367.22
YP09 74◦42’′8.8′ ′ 14◦59′13.9′ ′ Moist Deciduous Fine 627 49 23.08 21.66 0.623 77 33 141.82 128.59 153.33
YP10 74◦40′25.6′ ′ 15◦4′12,7′ ′ Moist Deciduous Fine 631 21 26.37 23.07 0.713 60.5 25 209.26 200.04 218.49
YP11 74◦35′28.2′ ′ 14◦54′13.5′ ′ Evergreen Intermediate 838 39 32.50 22.23 0.710 89.2 30.5 245.57 230.12 261.49
YP12 74◦40′20.1′ ′ 14◦58′57.3′ ′ Evergreen Intermediate 454 42 33.57 30.69 0.539 100.8 36.5 309.74 285.23 337.33
YP13 74◦44′55.6′ ′ 14◦51′18.8′ ′ Evergreen Coarse 527 27 36.44 29.68 0.695 103.4 36.5 435.06 402.94 470.20
YP14 74◦36′56.8 14◦57'59.9′ ′ Evergreen Coarse 469 44 43.68 34.44 0.558 156 39 485.56 437.77 534.81
YP15 74◦44′31.1′ ′ 14◦55′2.4′ ′ Evergreen Fine 687 42 29.08 23.22 0.691 92 27 208.09 189.53 225.86
YP16 74◦46′11.1′ ′ 14◦52′48′ ′ Evergreen Coarse 697 39 38.88 26.66 0.555 105 43.5 388.24 356.99 422.50
YP17 74◦46′24/4′ ′ 14◦51′1.7′ ′ Evergreen Coarse 394 41 32.39 32.36 0.611 126.4 45 415.85 372.24 459.74
YP18 74◦43′20.1′ ′ 14◦58′1.2′ ′ Moist Deciduous Intermediate 172 30 24.93 42.97 0.557 105.2 34 233.21 207.61 257.01
YP19 74◦49′11.4′ ′ 14◦55′36.5′ ′ Moist Deciduous Coarse 365 20 31.40 33.10 0.637 105 36.5 291.80 267.20 320.40
YP20 74◦45′41′ ′ 15◦1′55.7′ ′ Moist Deciduous Fine 665 28 23.98 21.43 0.710 48.1 31 167.83 160.00 174.76
YP21 74◦50′56.8′ ′ 15◦6′11′ ′ Dry Deciduous Fine 171 8 18.86 37.49 0.728 71.6 32.5 160.03 147.22 173.73
YP22 74◦49′51.7′ ′ 15◦4′45,5′ ′ Dry Deciduous Intermediate 258 18 18.91 30.56 0.739 58.7 24 159.82 148.87 170.73
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2.5. Fourier Transform Textural Ordination (FOTO)

FOTO [25] relies on 2-D spectral analysis by Fourier transform of panchromatic very
high-resolution satellite images. The applications of 2-D Fourier transform to explain spatial patterns
in digital images were described in detail in [56,57] and first applied to monitor vegetation patterns
in aerial photographs[24,58]. The method was further tested on tropical forest canopies [26,27,30,31].
Using multivariate ordination, i.e., Principal Component Analysis (PCA) of Fourier spectra, it
characterizes the canopy images with respect to canopy grain and allows quantification of patterns
as present in tropical forest canopy. The first step is to divide the satellite image into unit windows
of reasonable size which would allow for sufficient repetitions (3–5) of the largest patterns expected
in the study area, here the crowns of large canopy trees (maximum of 25–30 m in crown diameter).
For Cartosat-1a image the optimal window size was estimated to be 125 m × 125 m (50 × 50 pixels)
after running the FOTO method with different window sizes and comparing the variance as explained
by the eigenvalues of the PCA. The windows of relevant size were individually subjected to 2D Fast
Fourier Transform (2D-FFT) so as to decompose the spatial variation of the spectral radiance within
the image window with respect to frequency domain (for details refer to [24,30]).

Any digital image is an n × n array of pixels, depicting a range of digital numbers (DN)
(e.g., 0–255), which express the radiance of each pixel. The 2D-FFT, for each unit window, computes
the Fourier coefficients (a2

pq, b2
pq) on mean corrected DN values. Each pair of coefficients corresponds

to sine and cosine waveforms which are defined by harmonic wavenumbers, p and q along the
two Cartesian XY directions in the geographical space. Wavenumbers p and q, quantify the spatial
frequency by expressing the number of times each wave repeats itself in the window along a particular
direction. The squared amplitude of Fourier coefficients is the 2D periodogram or power spectrum [56].
It is a square array which represents the decomposition of the variance in image spectral radiance
according to all possible integer pairs (p, q) of wavenumbers (with 1 ≤ p ≤ n/2 and 1 ≤ q ≤ n/2),
where n is the window size in pixels. The periodogram can also be expressed in polar form by
averaging the values with respect to bins of harmonic wavenumbers values (r) and orientations (θ).
Within the scope of this study, we compute the radial spectrum or r-spectrum for which periodogram
values were averaged by bins of harmonic wavenumbers (r =

√
p2 + q2) over all possible orientations

(θ = tan−1 p/q). Each of the window r-spectra provides the proportion of window variance explained
by successive wavenumbers. R-spectra thus represent the spatial structure per sampling window in
terms of spatial frequencies, which can be related to the canopy textural properties in terms of coarse
to fine grain.

A Fourier r-spectrum was computed for each 125 m × 125 m window, all r-spectra being further
assembled into a single matrix with individual windows as rows and the harmonic spatial frequencies
of the Fourier r-spectrum as columns. However, high redundancy was regularly found at higher
frequencies, i.e., shorter wavelengths, with more than half of the harmonic Fourier components with
wavelengths shorter than 10 m. The issue was resolved by modifying the algorithm as presented
in [59], where the size of the sampling window is doubled in each direction (zero-padding) [59,60] and
r-spectra are linearly interpolated in wavelength space. This step allows for a more regular sampling
between low and high spatial wavelengths and improves the characterization of large tree crowns and
gaps [59]. The number of columns retained after zero-padding was 13 Fourier components. These
spatial wavelengths are used to detect the dominant pattern sizes as observed in the unit window,
which are in our case expected to relate to the apparent crown sizes of the canopy trees or to canopy
gaps. Although the two Cartosat-1a images had very similar scene geometries, r-spectra computed
from the two images were inter-calibrated as introduced in [27,31], thanks to a overlapping area
between the two images. Standardized major axis (Model II) linear regressions were performed
for each Fourier harmonic component of the image r-spectra tables corresponding to the overlap
region [29]. The r-spectra of one of the images were then transformed using slopes and intercepts of
the aforementioned regression model and concatenated with the r-spectra of the other image. The
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combined r-spectra table was then subjected to standardized PCA and window scores on the most
prominent ordination axes were used as texture indices.

2.6. Texture–AGB Model Selection, Validtion and Inversion

Texture-AGB models were calibrated using multiple linear regressions between FOTO-derived
texture indices and field-derived mean plot AGB values (after error propagation). Model performance
was evaluated based on R2, mean root mean square error (RMSE) and mean residual standard error
(RSE) computed through a Leave One Out Cross Validation (LOOCV) scheme [61]. Models were
adjusted considering: (i) all 21 plots together; and (ii) with a stratification scheme based on forest
ecological classes (dry zone and wet zone forests) based on NDVI segmentation from LISS-4 image.
The best model for inversion was selected by comparing FOTO-derived AGB values (i.e., predictions
of the above multiple linear models) to plot-derived mean AGB values (i.e., estimations of the
pan-tropical allometry).

To propagate errors associated with field-based AGB estimates up to the AGB map, we built
independent texture–AGB regressions using the 1000 simulated field-based AGB estimates provided
by the MCMC error propagation method. For each model, a LOOCV scheme was applied to assess
the associated residual standard error (RSE). A random error was then assigned independently to the
AGB prediction for each pixel using a normal distribution with a mean of 0 and a standard deviation
equal to the model-specific RSE. This resulted in 1000 AGB estimations per output pixel from which
we calculated the per-pixel coefficient of variation (CV), computed as the ratio of standard deviation to
the mean of AGB estimations associated with the pixel. The final step is to project the above estimated
values to come up with regional level maps of mean predicted AGB, and CV.

3. Results

3.1. Landscape Scale Mapping of Forest Canopy Texture

After delineation of non-forest areas, the Cartosat-1a panchromatic image was subjected to FOTO
texture analysis. Each image was divided into 50 pixel windows (1 pixel = 2.5 m) and an r-spectrum
is computed for each of the unit windows. The r-spectra tables from the two images were then
inter-calibrated and the complete resulting table was subjected to standardized PCA which yielded
three prominent PCA axes explaining about 57% of the total variability (Figure 2). Figure 2a shows
the scatter-plot of all 125 m × 125 m Cartosat-1a image windows on the first two PCA axes along
with the sample plot windows illustrating the canopy texture from fine to coarse texture. Canopy
windows corresponding to ground control points (black dots) having fine-grained canopy texture
(e.g., YP09, YP10, and YP20) are displayed on the extreme negative side of PCA1 axis, while those
having coarse-grained canopies (e.g., YP16 andYP17) are on the positive extreme of PCA1. The
windows with intermediate canopy texture were more near the center of the PCA plane. Windows
with high scores on the positive side of PCA2 displayed a mixed, coarse to intermediate texture
gradient, signifying the simultaneous presence of smaller and larger spatial patterns. The correlation
circle (Figure 2c), shows that the first principal axis (PCA1) had higher loadings for shorter spatial
wavelengths (≤6, i.e., pattern sizes ≤15 m, fine textures) and larger spatial wavelengths (≥10, i.e.,
pattern sizes ≥25 m, coarse textures). The r-spectra of selected canopy image windows with fine,
intermediate and coarse grain canopy textures are shown in Figure 3, illustrating that the r-spectra
for finer textures are skewed towards low spatial wavelengths and the r-spectra for coarse texture
canopies are skewed towards larger spatial wavelengths (i.e., with lower repetition of patterns per
unit window). Using the geographic coordinates associated with each unit window, PCA scores on
the first three axes were mapped as RGB composite image (Figure 4b), which shows the highly mixed
and frequently heterogeneous nature of the forests present in the study area. The blue color in the
PCA image (low scores on PCA1) corresponds to fine canopy texture, whereas purple to pink color
gradient correspond to intermediate to coarse canopy texture. Note that the mask of non-forest areas
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has seemingly increased in the PCA image as compared to the original Cartosat-1a image because the
2D-FFT computation in the FOTO method with zero-padding excludes all the windows at the mask
edges (Figure 4a,b).Remote Sens. 2017, 9, 228  10 of 20 
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from Cartosat-1a panchromatic image collected over forests in Yellapur division of the Western 
Ghats of India. (a) Window scores of first two PCA axes (PCA1 and PCA2) in grey with the black 
dots representing canopy windows over the ground control plots (as supplementary individuals). 
Selected canopy image windows are displayed for illustration. The arrow at the bottom describes the 
general direction illustrating canopy texture from fine to coarse grain along PCA1; (b) eigenvalues 
showing the percentage of variance in the r-spectra matrix explained by each PCA axis; and (c) 
correlation circle between apparent spatial wavelengths (i.e., number at the end of arrows is the 
number of 2.5 m pixels) and PCA axes. Each arrow (radial direction) gives the PCA loadings of the 
particular spatial wavelength with the two PCA axes. 

Figure 2. PCA on Fourier r-spectra of 50 × 50 pixels (125 m × 125 m) forest canopy windows extracted
from Cartosat-1a panchromatic image collected over forests in Yellapur division of the Western Ghats
of India. (a) Window scores of first two PCA axes (PCA1 and PCA2) in grey with the black dots
representing canopy windows over the ground control plots (as supplementary individuals). Selected
canopy image windows are displayed for illustration. The arrow at the bottom describes the general
direction illustrating canopy texture from fine to coarse grain along PCA1; (b) eigenvalues showing
the percentage of variance in the r-spectra matrix explained by each PCA axis; and (c) correlation
circle between apparent spatial wavelengths (i.e., number at the end of arrows is the number of 2.5 m
pixels) and PCA axes. Each arrow (radial direction) gives the PCA loadings of the particular spatial
wavelength with the two PCA axes.
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Figure 4. (a) Input Cartosat-1a panchromatic image (grey-levels), non-forest area masked out (black);
(b) RGB image of the window scores of the first three principal PCA axes on Fourier r-spectra (see
Figure 2). The blue color in the PCA image (low scores on, PCA1) corresponds to fine canopy texture,
whereas purple to pink color gradient correspond to intermediate to coarse canopy texture; and
(c) NDVI image of the study area with dry zone forests (dry deciduous) in yellow and wet zone forests
(moist deciduous and wet evergreen) in green.

An NDVI image was computed from LISS-4 multispectral imagery using histogram thresholding
(Figure 4c). It showed bimodality with, the NDVI values from −0.23 to 0.35 for dry zone forests and
0.35 to 0.75 for the wet zone forests (Figure 4c). The values for wet zone forests were within the range
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specified in [62] (i.e., 0.2 to 0.8 with a mean of 0.5) for the moist deciduous forests in the Yellapur area.
The threshold of 0.35 was thus used to create two distinct forest masks, one for dry zone forests and
one for wet zone forests. From dry zone NDVI values we can infer that most of the dry deciduous
forests are located on the northeastern portion of the study area, which conforms with the vegetation
maps established by the IFP based on intensive field survey [42,46] and with our own observations
during the two field missions. The NDVI masks are then used for creating two separate PCA images
corresponding to dry zone and wet zone forests which are further used for AGB inversion.

3.2. Canopy Texture–AGB Relationships

We fitted, for the 21 1-ha field plots in Table 2, multiple linear regression models between
field-derived mean plot AGB values and FOTO-PCA scores on the first three axes. PCA images
corresponding to dry zone and wet zone forests were used to fit two separate linear regressions models
of mean AGB on PCA scores. Table 3 gives a summary of model parameters and errors related to
mean coefficients after LOOCV. Texture–AGB model applied without any distinction based on texture
classes or forest zones gave relatively poor, with mean relative root mean square error (rRMSE) of
26.7% and R2 = 0.53 (Figure 5a).

Table 3. Parameters of AGB estimation and errors computed from Leave One out Cross Validation
(LOOCV). a, b, and c are coefficients of PCA1, PCA2, and PCA3, respectively; RMSE, root mean square
error; rRMSE, relative root mean square error; RSE, residual standard error; rRSE, relative residual
standard error.

Parameters Estimate SE t P R2 RMSE rRMSE (%) RSE rRSE (%)

All Plots (n = 21)

Intercept 327.28 27.72 11.807 0.000
a 17.62 7.62 2.311 0.034
b 11.03 15.90 0.694 0.497
c −30.26 17.53 −1.726 0.103

Model 0.004 0.53 70.18 26.71 78.46 29.86

Dry Zone Plots (n = 6)

Intercept 166.26 4.20 39.61 0.001
a 5.66 1.68 3.37 0.078
b −1.89 1.67 −1.13 0.375
c 8.67 1.73 5.02 0.037

Model 0.021 0.98 1.52 0.87 3.39 1.94

Wet Zone Plots (n = 15)

Intercept 376.16 25.87 14.54 0.000
a 10.48 6.88 1.52 0.156
b 34.60 14.85 2.33 0.040
c −39.06 19.44 −2.01 0.070

Model 0.001 0.76 50.45 17.08 59.69 20.21

Measured vs. Predicted AGB (n = 21) 0.82 43.52 16.68 41.54 15.93

For wet zone ground control plots a single texture–AGB model was validated with rRMSE = 17.1%
and R2 = 0.76. The model is based on a gradient of canopy texture with high biomass plots
corresponding to coarse grain canopies (large tree crowns) and low biomass plots corresponding
to fine grain canopies (of smaller tree crowns). The predicted mean AGB values for the wet zone
plots ranged between 141 Mg·ha−1 and 486 Mg·ha−1 without any signs of saturation. A separate
texture–AGB model was fitted for dry zone ground control plots which predicted low biomass values
ranging between 159 Mg·ha−1 to 228 Mg·ha−1, with mean rRMSE of 0.9% and R2 = 0.98. The dry zone
plots reflected a gradient of canopy texture from fine to coarse grain, but with coarse grain canopies
corresponding to plots with canopy gaps. With a mean absolute error < 11% between the field-derived
AGB and FOTO-derived AGB estimates (13.6% for wet zone forests and 1.4% for dry zone forests), the
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FOTO canopy texture indices have proven to be robust in predicting AGB at plot level. The maximum
absolute error for a plot was 29% (110 Mg) for the moist deciduous plot YP07.Remote Sens. 2017, 9, 228  13 of 20 
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Figure 5. Predicted AGB (using FOTO texture indices, i.e., PCA scores) vs. field estimated AGB.
(a) without any distinction between forest zones or texture classes (rRMSE = 26.7% and R2 = 0.53); and
(b) after delineating the forest classes into two distinct groups (i.e., dry and wet zone forest plots) based
on LISS-4 derived NDVI values (rRMSE = 16.7% and R2 = 0.82). Dry zone plots are not labeled for
legibility purpose.

Comparison between predicted AGB values from two separately fitted models for dry and wet
zone forests and the estimated AGB values gave a mean rRMSE of 16.7% and R2 = 0.82 (Table 3,
Figure 5b). Figure 5 shows the correlation between predicted AGB values obtained and field-derived
AGB for both single texture/forest class model and the model implemented after grouping into
ecological forest zones. We can see significant improvement in the correlation once we clustered the
field plots based on ecological zones. Although we are concentrating only on AGB in this study, we
also tested the potential of texture indices to predict other forest stand structure parameters. Stand
basal area estimates were closely correlated to canopy texture indices (R2 = 0.58), whereas quadratic
mean diameter had weak correlation with texture indices (R2 = 0.29), for the fifteen wet zone plots.
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3.3. Mapping Forest Aboveground Biomass

Texture indices, derived from Cartosat-1a and calibrated with plot-level AGB estimates using the
forest zone-wise models in Table 3 were used to predict and map AGB values throughout the study
area along with the associated relative error of prediction per pixel or CV (Figure 6).
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Figure 6. Model inversion and error estimation: (a) aboveground biomass (AGB) predicted using the
model coefficients for dry and wet zone forest plots in Table 3; and (b) relative error (CV) in percentage.
Pixel Size of the output maps: 125 m × 125 m.

The AGB map shows a gradient from high to low biomass from southern part of the study area
towards the north, which follows the rainfall gradient present in the study area. Wet zone forests
are dominated by patches of wet evergreen forests with high biomass with predicted AGB exceeding
500 Mg·ha−1 and low relative error per-pixel (<16%), depicted by blue color in the CV image (Figure 6b).
Secondary wet evergreen forests and moist deciduous forests constituted intermediate AGB range,
whereas areas with degraded formation of wet evergreen forests and old forest plantations in the moist
deciduous forests exhibited low biomass values in the prediction map (green pixels). Dry zone forests
in the north-east are dominated by lower to intermediate predicted biomass values ranging between
75 Mg·ha−1 and 310 Mg·ha−1 and higher per-pixel relative error (>30%).

4. Discussion

4.1. Predictive Power of FOTO in Estimating Stand Structure Parameters

In combination with the field information, forest canopy texture may provide us with information
regarding status and type of forests present in the study area [27]. In this study, we demonstrated that
canopy texture analysis of VHR images does provide robust estimates of AGB, even in the presence
of diverse tropical forest types in a heterogeneous landscape, as frequently observed in the WG of
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India. Most previous studies [25,26] reached positive results in the context of close canopy evergreen
tropical forests and mangroves, and even succeeded [27] in dealing with a mosaic of forest types in
Democratic Republic of Congo (Central Africa) when different inversion models were used for fine,
intermediate and coarse canopy texture classes. However, our study is the first case for which both
evergreen and moist deciduous stands (i.e., wet zone forest plots) were considered in a single inversion
model. Texture–AGB relationships in the wet zone (R2 = 0.76) are consistent with the results obtained
in other tropical forests of the world [25–27,30,31], with AGB values ranging from 27 Mg·ha−1 in some
degraded Congo basin forests in Africa [27] to more than 650 Mg·ha−1 in a protected forest in the
Western Ghats of India [26]. In addition, we were able to characterize a texture–AGB model separately
for the dry zone plots (R2 = 0.98). This demonstrated the robustness of the texture based indices in
consistently predicting forest biomass estimated from the pan-tropical allometric model when applied
either to wet zone or to dry zone forests. Also, the FOTO texture indices appeared successful in
other studies in predicting the stand structure parameters such as apparent crown diameter [63], and
total stand characteristics such as tree density, quadratic mean diameter, mean canopy height and
basal area [30,33]. For our study, texture indices were found to be closely correlated with basal area
(R2 = 0.63) but had a weak correlation with quadratic mean diameter (R2 = 0.36) inside the wet zone
forests. The correlation of FOTO indices with total stem density was poor and this may be because of
the heterogeneous forest structure i.e., a mosaic of forest succession stages from highly degraded and
disturbed patches of secondary evergreen and moist deciduous forests to small patches of undisturbed
evergreen forests, encountered in the study area. Another reason is the expected limitation of canopy
images regarding the understory trees, as they are not visible in the canopy. For this reason, it is not
expected that FOTO provides acceptable predictions of stem density systematically. However, this
problem was not serious for AGB predictions because canopy trees are known to account for a large
share of stand AGB [64,65].

For the present study, we benefited from two VHR images, nearly synchronous and acquired
in very similar scene geometric conditions. However, a major issue for applying FOTO to vast areas
through the use of multiple images (from same or different sensors), is that the images may display
heterogeneity in scene geometry due to varying acquisition parameters which results in inconsistency
of texture measures [16]. Acquisition geometries can affect the textural properties in the image and
can blur texture–structure relationships between different images [16,59]. However, Barbier and
Couteron [59] showed from sensibility analysis based on extensive set of simulated images that the
problem is only serious to deal with scenes imaged in backwards mode. Different approaches for
correcting texture indices have been in development lately, such as partitioned standardization of
Fourier r-spectra [16,28] and standardized major axis (Model II) linear regression of r-spectra frequency
bins, which is possible if overlap between images exist [27,59]. The latter solution, i.e., regression of
r-spectra based on frequency bins, is the most efficient and is particularly promising for diachronic
studies that would be a part of degradation monitoring (e.g., to track logging impacts [59]). In the
present study, we applied this principle for r-spectra corrections, thanks to the overlap between the
two images for which good correlations were observed between the two r-spectra tables. However,
images acquired with extreme backward viewing conditions close to hotspot mode are not liable to be
corrected and should not be used [59].

4.2. Effect of Different Forest Types Present in the Study Area

In stark contrast to the homogeneous, continuous and closed canopy forests encountered in
previous studies [25,26], forests in Yellapur study area are highly fragmented as seen from the
Cartosat-1a masked image (Figure 4a,c). This is representative of most locations in the Western
Ghats of India, and to an increasing share of tropical forest landscapes across the world. Thus, it
becomes very difficult to find large homogeneous patches of evergreen forests. Fine texture classes
mostly corresponded to the old growth plantations and degraded forest patches in wet zone forests,
characterized by small crown size, few gaps and low AGB. Coarse texture classes corresponded to
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areas with large crown size and high biomass in wet zone forests. In dry zone forests with fairly open
and low biomass stands, the coarse texture is determined by large canopy gaps. It was because of this
inverse relationship (coarse texture due to canopy gaps—low biomass) exhibited by few dry zone plots
(YP04 and YP22) that the regression model based on single texture/forest class gave poor correlation
(R2 = 0.53). Thus, texture information is not unequivocal in the study area and there is a gradient of
textures, from fine to coarse, in both dry zone and wet zone forests of contrasting meaning. Because
of this, texture–AGB models behave differently, with respect to stand structure parameters, in dry
zone forests with fairly open canopies and plots with canopy gaps are classified as high biomass areas
and hence high prediction error is observed when a single model is fitted across all the forest types
(Figure 6b). Combination of reflectance information (NDVI) from LISS-4 image improved the overall
texture–structure relationships by allowing discrimination of forest types into different zones and
enabling us to fit a separate model for each of the two forest zones. It can be safely stated that we
need to develop two different approaches for closed canopy and open canopy forests. In the case of
forest stands with canopy gaps, it may be useful to increase the size of sampling plots above 1-ha for
better quantification of canopy gaps. In addition, a lacunarity based statistic, found to be strongly
associated with gap volume [23], may also be explored as a complement to FOTO in order to better
quantify canopy gaps and to distinguish between gaps vs. crowns induced coarse grained textures.

Field measurement errors were propagated up to the plot level using an MCMC scheme in a
Bayesian framework with uninformative priors [54] and were depicted by the 95% CI of the AGB
estimates at the plot-level. The texture–AGB predictions at the plot level did not show any apparent
saturation with a global rRMSE of 16.7%. The errors were then mapped up to the regional level
at the scale of output pixel size and we found high relative errors in the dry zone forests (due to
limited number of field plots) and lower relative errors in the wet zone forests. However, a very high
correlation was observed for texture–AGB model for the six plots in the dry zone forests (R2 = 0.98).
Increasing the size of sampling plots in those fairly open, low biomass forest stands or increasing the
number of sample plots, to reach accurate AGB estimations, would be affordable, in terms of cost and
time, for operational services such as forest departments.

4.3. Potential of Cartosat-1a Imagery

Cartosat-1a images have provided encouraging results in characterizing forest stand structures
through a systematic analysis of canopy features by Fourier textural ordination. The texture indices
extracted from Cartosat-1a image did not show any saturation for high levels of biomass present in
the study area, even more than 500 Mg·ha−1. The aforementioned range of errors with Cartosat-1a
images was comparable to those exhibited by higher resolution Quickbird-2/Geoeye-1 images [27]
and IKONOS/GE images [33]. We may also note that the same range of errors was also observed
from airborne LiDAR based biomass predictions in [66]. Cartosat-1a provides a comprehensive and
large database of VHR satellite images at affordable cost, which can be exploited for large scale and
multi-temporal analysis of variations in structure, composition and biomass of vast tracts of tropical
forests. In addition to Cartosat-1a, other spaceborne systems such as SPOT-6/-7 [67] have a spatial
resolution of 1.5 m and large swaths (60 km, which limits the need for inter-image corrections) and
are of higher affordability than VHR images of higher resolutions (i.e., pixel size between 0.5–1 m).
For the present study, though the discrepancies in sun and sensor geometries and image acquisition
parameters were limited, we applied the recommended r-spectra corrections, as image overlap was
available. However, in the case of regional level studies, successive Cartosat-1a images acquired in
along-track mode, have overlapping areas from which models for correction of Fourier indices can
be devised as in [27]. With the growing demand for low-cost VHR datasets, Cartosat-1a offers an
acceptable alternative albeit at a spatial resolution above 2 m. To the best of our knowledge, Cartosat-1a
images have not previously been used for characterizing forest structure and predicting AGB of a large
heterogeneous forest landscape.
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5. Conclusions

In this study, we utilized a consistently evolving and robust technique (i.e., FOTO) to characterize
forest canopy texture in terms of repetition of patterns in very high spatial resolution images which are
readily available and affordable. FOTO texture analysis has proven to be efficient in different tropical
forests across the world. Inclusion of reflectance information based on classical indices like NDVI,
allows us to gain complimentary information to texture as to efficiently characterize and distinguish
different forest types present in the study area. Texture indices were calibrated with the ground based
AGB estimates, and the overall error resulting from the complete upscaling process leading from
individual tree allometries to regional level FOTO predicted estimates of AGB has been computed and
mapped. This is the first example of such an error assessment for pixel-level AGB predictions from
texture-derived indices.

The FOTO method is a powerful tool in predicting stand structure parameters from canopy texture
analysis of VHR satellite images. It remained relevant even when applied to slightly lower resolution
images (2.5 m instead of 1 m spatial resolution) and heterogeneous forest landscapes. This study is
a good promotion for the use of very high-resolution Cartosat-1a images, and can be used for large
scale and multi-temporal analyses of forest above ground biomass. Other sources of images of similar
resolution and large swath (e.g., SPOT-6/-7) can similarly contribute to improved characterization and
mapping of tropical forests stand parameters and related AGB.

Acknowledgments: This study was supported by a joint project between AMAP lab, Montpellier, France, the
National Remote Sensing Centre, Hyderabad, India and the Institut Français de Pondichéry, India, through a
IFPCAR (Indo-French Promotion Center for Advanced Research) grant number 4509-1 “Controlling for Uncertainty
in Assessment of Forest Aboveground Biomass in the Western Ghats of India”, which also supports Sourabh
Pargal’s PhD fellowship. We would like to acknowledge National Remote Sensing Center Hyderabad, India for
organizing the two field trips, for taking care of all the logistics and their assistance in the field. Institut Français
de Pondichéry is acknowledged for providing expertise in identification of tree species in and off the field. We
also acknowledge greatly the Karnataka Forest Department (KFD), for providing personnel (Forest Guards) who
guided us in the field.

Author Contributions: Sourabh Pargal, Raphaël Pélissier, Pierre Couteron designed the experiments; analyzed
the data; and wrote the paper. Rakesh Fararoda, Gopalakrishanan Rajashekhar, Maxime Réjou-Méchain,
Nicolas Barbier, Chandra Shekhar Jha and Vinay Kumar Dadhwal assisted with the study design, interpretation
of results and writing of the paper. NRSC/IFP botanists assisted in the field work and in species identification.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Carlowicz, M. Seeing Forests for the Trees and the Carbon: Mapping the World’s Forests in Three Dimensions:
Feature Articles. Available online: http://earthobservatory.nasa.gov/Features/ForestCarbon/printall.php
(accessed on 17 January 2016).

2. Intergovernmental Panel on Climate Change (IPCC). Climate Change 2007: Synthesis Report. Contribution of
Working Groups I, II and III to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change;
IPCC: Geneva, Switzerland, 2008.

3. Intergovernmental Panel on Climate Change (IPCC). Climate Change 2014: Synthesis Report;
Intergovernmental Panel on Climate Change: Geneva, Switzerland, 2015.

4. Van der Werf, G.R.; Morton, D.C.; DeFries, R.S.; Olivier, J.G.J.; Kasibhatla, P.S.; Jackson, R.B.; Collatz, G.J.;
Randerson, J.T. CO2 emissions from forest loss. Nat. Geosci. 2009, 2, 737–738. [CrossRef]

5. Harris, N.L.; Brown, S.; Hagen, S.C.; Saatchi, S.S.; Petrova, S.; Salas, W.; Hansen, M.C.; Potapov, P.V.; Lotsch, A.
Baseline Map of Carbon Emissions from Deforestation in Tropical Regions. Science 2012, 336, 1573–1576.
[CrossRef] [PubMed]

6. Houghton, R.A. Aboveground Forest Biomass and the Global Carbon Balance. Glob. Chang. Biol. 2005, 11,
945–958. [CrossRef]

7. Chapin, F.S.; Matson, P.A.; Mooney, H.A. Principles of Terrestrial Ecosystem Ecology; Springer: New York, NY,
USA, 2002.

http://earthobservatory.nasa.gov/Features/ForestCarbon/printall.php
http://dx.doi.org/10.1038/ngeo671
http://dx.doi.org/10.1126/science.1217962
http://www.ncbi.nlm.nih.gov/pubmed/22723420
http://dx.doi.org/10.1111/j.1365-2486.2005.00955.x


Remote Sens. 2017, 9, 228 18 of 20

8. Gibbs, H.K.; Brown, S.; Niles, J.O.; Foley, J.A. Monitoring and estimating tropical forest carbon stocks:
Making REDD a reality. Environ. Res. Lett. 2007, 2, 045023. [CrossRef]

9. Houghton, R.A.; Hall, F.; Goetz, S.J. Importance of biomass in the global carbon cycle. J. Geophys. Res. 2009.
[CrossRef]

10. DeFries, R.; Achard, F.; Brown, S.; Herold, M.; Murdiyarso, D.; Schlamadinger, B.; de Souza, C.
Earth observations for estimating greenhouse gas emissions from deforestation in developing countries.
Environ. Sci. Policy 2007, 10, 385–394. [CrossRef]

11. Gibbs, H.K.; Ruesch, A.S.; Achard, F.; Clayton, M.K.; Holmgren, P.; Ramankutty, N.; Foley, J.A. Tropical
forests were the primary sources of new agricultural land in the 1980s and 1990s. Proc. Natl. Acad. Sci. USA
2010, 107, 16732–16737. [CrossRef] [PubMed]

12. Herold, M.; Román-Cuesta, R.; Mollicone, D.; Hirata, Y.; Van Laake, P.; Asner, G.P.; Souza, C.; Skutsch, M.;
Avitabile, V.; MacDicken, K. Options for monitoring and estimating historical carbon emissions from forest
degradation in the context of REDD+. Carbon Balance Manag. 2011, 6, 13. [CrossRef] [PubMed]

13. Saatchi, S.S.; Harris, N.L.; Brown, S.; Lefsky, M.; Mitchard, E.T.A.; Salas, W.; Zutta, B.R.; Buermann, W.;
Lewis, S.L.; Hagen, S.; et al. Benchmark map of forest carbon stocks in tropical regions across three continents.
Proc. Natl. Acad. Sci. USA 2011, 108, 9899–9904. [CrossRef] [PubMed]

14. Reddy, C.S.; Rakesh, F.; Jha, C.S.; Athira, K.; Singh, S.; Alekhya, V.V.L.P.; Rajashekar, G.; Diwakar, P.G.;
Dadhwal, V.K. Geospatial assessment of long-term changes in carbon stocks and fluxes in forests of India
(1930–2013). Glob. Planet. Chang. 2016, 143, 50–65. [CrossRef]

15. Réjou-Méchain, M.; Muller-Landau, H.C.; Detto, M.; Thomas, S.C.; Le Toan, T.; Saatchi, S.S.; Barreto-Silva, J.S.;
Bourg, N.A.; Bunyavejchewin, S.; Butt, N.; et al. Local spatial structure of forest biomass and its consequences
for remote sensing of carbon stocks. Biogeosciences 2014, 11, 6827–6840. [CrossRef]

16. Barbier, N.; Proisy, C.; Véga, C.; Sabatier, D.; Couteron, P. Bidirectional texture function of high resolution
optical images of tropical forest: An approach using LiDAR hillshade simulations. Remote Sens. Environ.
2011, 115, 167–179. [CrossRef]

17. Mermoz, S.; Rejou-Mechain, M.; Villard, L.; Le Toan, T.; Rossi, V.; Gourlet-Fleury, S. Biomass of dense forests
related to L-band SAR backscatter? In Proceedings of the 2014 IEEE International Geoscience and Remote
Sensing Symposium (IGARSS), Quebec City, QC, Canada, 13–18 July 2014.

18. Asner, G.P.; Powell, G.V.N.; Mascaro, J.; Knapp, D.E.; Clark, J.K.; Jacobson, J.; Kennedy-Bowdoin, T.; Balaji, A.;
Paez-Acosta, G.; Victoria, E.; Secada, L.; et al. High-resolution forest carbon stocks and emissions in the
Amazon. Proc. Natl. Acad. Sci. USA 2010, 107, 16738–16742. [CrossRef] [PubMed]

19. Réjou-Méchain, M.; Tymen, B.; Blanc, L.; Fauset, S.; Feldpausch, T.R.; Monteagudo, A.; Phillips, O.L.;
Richard, H.; Chave, J. Using repeated small-footprint LiDAR acquisitions to infer spatial and temporal
variations of a high-biomass Neotropical forest. Remote Sens. Environ. 2015, 169, 93–101. [CrossRef]

20. Baccini, A.; Asner, G.P. Improving pantropical forest carbon maps with airborne LiDAR sampling.
Carbon Manag. 2013, 4, 591–600. [CrossRef]

21. Hill, T.C.; Williams, M.; Bloom, A.A.; Mitchard, E.T.A.; Ryan, C.M. Are Inventory Based and Remotely
Sensed Above-Ground Biomass Estimates Consistent? PLoS ONE 2013, 8, e74170.

22. Mitchard, E.T.A.; Feldpausch, T.R.; Brienen, R.J.W.; Lopez-Gonzalez, G.; Monteagudo, A.; Baker, T.R.;
Lewis, S.L.; Lloyd, J.; Quesada, C.A.; Gloor, M.; et al. Markedly divergent estimates of Amazon forest carbon
density from ground plots and satellites. Glob. Ecol. Biogeogr. 2014, 23, 935–946. [CrossRef] [PubMed]

23. Frazer, G.W.; Wulder, M.A.; Niemann, K.O. Simulation and quantification of the fine-scale spatial pattern
and heterogeneity of forest canopy structure: A lacunarity-based method designed for analysis of continuous
canopy heights. For. Ecol. Manag. 2005, 214, 65–90. [CrossRef]

24. Couteron, P. Quantifying change in patterned semi-arid vegetation by Fourier analysis of digitized aerial
photographs. Int. J. Remote Sens. 2002, 23, 3407–3425. [CrossRef]

25. Proisy, C.; Couteron, P.; Fromard, F. Predicting and mapping mangrove biomass from canopy grain analysis
using Fourier-based textural ordination of IKONOS images. Remote Sens. Environ. 2007, 109, 379–392.
[CrossRef]

26. Ploton, P. Analyzing Canopy Heterogeneity of the Tropical Forests by Texture Analysis of Very-High Resolution
Images—A Case Study in the Western Ghats of India; Institut Français de Pondichéry: Puducherry, India, 2010.

http://dx.doi.org/10.1088/1748-9326/2/4/045023
http://dx.doi.org/10.1029/2009JG000935
http://dx.doi.org/10.1016/j.envsci.2007.01.010
http://dx.doi.org/10.1073/pnas.0910275107
http://www.ncbi.nlm.nih.gov/pubmed/20807750
http://dx.doi.org/10.1186/1750-0680-6-13
http://www.ncbi.nlm.nih.gov/pubmed/22115360
http://dx.doi.org/10.1073/pnas.1019576108
http://www.ncbi.nlm.nih.gov/pubmed/21628575
http://dx.doi.org/10.1016/j.gloplacha.2016.05.011
http://dx.doi.org/10.5194/bg-11-6827-2014
http://dx.doi.org/10.1016/j.rse.2010.08.015
http://dx.doi.org/10.1073/pnas.1004875107
http://www.ncbi.nlm.nih.gov/pubmed/20823233
http://dx.doi.org/10.1016/j.rse.2015.08.001
http://dx.doi.org/10.4155/cmt.13.66
http://dx.doi.org/10.1111/geb.12168
http://www.ncbi.nlm.nih.gov/pubmed/26430387
http://dx.doi.org/10.1016/j.foreco.2005.03.056
http://dx.doi.org/10.1080/01431160110107699
http://dx.doi.org/10.1016/j.rse.2007.01.009


Remote Sens. 2017, 9, 228 19 of 20

27. Bastin, J.-F.; Barbier, N.; Couteron, P.; Adams, B.; Shapiro, A.; Bogaert, J.; De Cannière, C. Aboveground
biomass mapping of African forest mosaics using canopy texture analysis: toward a regional approach.
Ecol. Appl. 2014, 24, 1984–2001. [CrossRef]

28. Singh, M.; Malhi, Y.; Bhagwat, S. Biomass estimation of mixed forest landscape using a Fourier transform
texture-based approach on very-high-resolution optical satellite imagery. Int. J. Remote Sens. 2014, 35,
3331–3349. [CrossRef]

29. Enquist, B.J.; West, G.B.; Brown, J.H. Extensions and evaluations of a general quantitative theory of forest
structure and dynamics. Proc. Natl. Acad. Sci. USA 2009, 106, 7046–7051. [CrossRef] [PubMed]

30. Couteron, P.; Pelissier, R.; Nicolini, E.A.; Paget, D. Predicting tropical forest stand structure parameters from
Fourier transform of very high-resolution remotely sensed canopy images: Predicting tropical forest stand
structure. J. Appl. Ecol. 2005, 42, 1121–1128. [CrossRef]

31. Barbier, N.; Couteron, P.; Proisy, C.; Malhi, Y.; Gastellu-Etchegorry, J.-P. The variation of apparent crown
size and canopy heterogeneity across lowland Amazonian forests: Amazon forest canopy properties.
Glob. Ecol. Biogeogr. 2010, 19, 72–84. [CrossRef]

32. Couteron, P.; Barbier, N.; Gautier, D. Textural Ordination Based on Fourier Spectral Decomposition: A
Method to Analyze and Compare Landscape Patterns. Landsc. Ecol. 2006, 21, 555–567. [CrossRef]

33. Ploton, P.; Pélissier, R.; Proisy, C.; Flavenot, T.; Barbier, N.; Rai, S.N.; Couteron, P. Assessing aboveground
tropical forest biomass using Google Earth canopy images. Ecol. Appl. 2012, 22, 993–1003. [CrossRef]
[PubMed]

34. Clark, D.B.; Kellner, J.R. Tropical forest biomass estimation and the fallacy of misplaced concreteness.
J. Veg. Sci. 2012, 23, 1191–1196. [CrossRef]

35. Chave, J.; Réjou-Méchain, M.; Búrquez, A.; Chidumayo, E.; Colgan, M.S.; Delitti, W.B.C.; Duque, A.; Eid, T.;
Fearnside, P.M.; Goodman, R.C.; et al. Improved allometric models to estimate the aboveground biomass of
tropical trees. Glob. Chang. Biol. 2014, 20, 3177–3190. [CrossRef] [PubMed]

36. Molto, Q.; Rossi, V.; Blanc, L. Error propagation in biomass estimation in tropical forests. Methods Ecol. Evol.
2013, 4, 175–183. [CrossRef]

37. Chave, J.; Condit, R.; Aguilar, S.; Hernandez, A.; Lao, S.; Perez, R. Error propagation and scaling for tropical
forest biomass estimates. Philos. Trans. R. Soc. B Biol. Sci. 2004, 359, 409–420. [CrossRef] [PubMed]

38. Chen, Q.; Vaglio Laurin, G.; Valentini, R. Uncertainty of remotely sensed aboveground biomass over an
African tropical forest: Propagating errors from trees to plots to pixels. Remote Sens. Environ. 2015, 160,
134–143. [CrossRef]

39. Gonzalez, P.; Asner, G.P.; Battles, J.J.; Lefsky, M.A.; Waring, K.M.; Palace, M. Forest carbon densities and
uncertainties from Lidar, QuickBird, and field measurements in California. Remote Sens. Environ. 2010, 114,
1561–1575. [CrossRef]

40. Gunnell, Y.; Bourgeon, G. Soils and climatic geomorphology on the Karnataka plateau, peninsular India.
Catena 1997, 29, 239–262. [CrossRef]

41. Pascal, J.-P. Wet Evergreen Forests of the Western Ghats of India. Ecology, Structure, Floristic Composition and
Successio; Institut Français de Pondichéry: Puducherry, India, 1988.

42. Pascal, J.-P. Explanatory Booklet on the Forest Map of South India. Sheets: Belgaum-Dharwar-Panaji, Shimoga,
Mercara-Mysore; Travaux de la Section Scientifique et Technique. Hors Série N◦ 18; Institut Français de
Pondichéry: Puducherry, India, 1986.

43. Champion, H.G.; Seth, S.K. A Revised Survey of the Forest Types of India; Natraj Publishers: Dehra Dun,
India, 2005.

44. Ramesh, B.R.; Venugopal, P.D.; Pélissier, R.; Patil, S.V.; Swaminath, M.H.; Couteron, P. Mesoscale Patterns in
the Floristic Composition of Forests in the Central Western Ghats of Karnataka, India: Floristic Composition
of Forests. Biotropica 2010, 42, 435–443. [CrossRef]

45. CARTOSAT-1-ISRO. Available online: http://www.isro.gov.in/Spacecraft/cartosat-%E2%80%93-1 (accessed
on 7 September 2016).

46. Ramesh, B.R.; Seetharam, M.; Guero, M.C.; Michon, R. Assessment and Conservation of Forest Biodiversity
in the Western Ghats of Karnataka, India. 1. General Introduction and Forest Land Cover and Land Use Changes
(1977–1997); Pondy Papers in Ecology No. 6; Institut Français de Pondichéry: Puducherry, India, 2009.

47. Map|India Biodiversity. Available online: http://indiabiodiversity.org/map# (accessed on 8
September 2016).

http://dx.doi.org/10.1890/13-1574.1
http://dx.doi.org/10.1080/01431161.2014.903441
http://dx.doi.org/10.1073/pnas.0812303106
http://www.ncbi.nlm.nih.gov/pubmed/19363161
http://dx.doi.org/10.1111/j.1365-2664.2005.01097.x
http://dx.doi.org/10.1111/j.1466-8238.2009.00493.x
http://dx.doi.org/10.1007/s10980-005-2166-6
http://dx.doi.org/10.1890/11-1606.1
http://www.ncbi.nlm.nih.gov/pubmed/22645827
http://dx.doi.org/10.1111/j.1654-1103.2012.01471.x
http://dx.doi.org/10.1111/gcb.12629
http://www.ncbi.nlm.nih.gov/pubmed/24817483
http://dx.doi.org/10.1111/j.2041-210x.2012.00266.x
http://dx.doi.org/10.1098/rstb.2003.1425
http://www.ncbi.nlm.nih.gov/pubmed/15212093
http://dx.doi.org/10.1016/j.rse.2015.01.009
http://dx.doi.org/10.1016/j.rse.2010.02.011
http://dx.doi.org/10.1016/S0341-8162(96)00070-7
http://dx.doi.org/10.1111/j.1744-7429.2009.00621.x
http://www.isro.gov.in/Spacecraft/cartosat-%E2%80%93-1
http://indiabiodiversity.org/map#


Remote Sens. 2017, 9, 228 20 of 20

48. OpenStreetMap. Available online: http://www.openstreetmap.org/ (accessed on 5 September 2016).
49. Ploton, P.; Pélissier, R.; Barbier, N.; Proisy, C.; Ramesh, B.R.; Couteron, P. Canopy texture analysis for

large-scale assessments of tropical forest stand structure and biomass. In Treetops at Risk; Lowman, M.,
Devy, S., Ganesh, T., Eds.; Springer: New York, NY, USA, 2013; pp. 237–245.

50. Kane, V. R.; Gillespie, A. R.; McGaughey, R.; Lutz, J. A.; Ceder, K.; Franklin, J. F. Interpretation and
topographic compensation of conifer canopy self-shadowing. Remote Sens. Environ. 2008, 112, 3820–3832.
[CrossRef]

51. Phillips, O.; Baker, T.; Feldpausch, T.R.; Brienen, R. RAINFOR Field Manual for Plot Establishment and
Remeasurement; Moore Found: Leeds, UK, 2009.

52. Condit, R. Methods for Estimating Aboveground Biomass of Forest and Replacement Vegetation in the Tropics; Center
for Tropical Forest Science Research: Ancon, Panama, 2008.

53. Zanne, A.E.; Lopez-Gonzalez, G.; Coomes, D.A.; Ilic, J.; Jansen, S.; Lewis, S.L.; Miller, R.B.; Swenson, N.G.;
Wiemann, M.C.; Chave, J. Data from: Towards a worldwide wood economics spectrum. Dryad 2009.
[CrossRef]

54. Réjou-Méchain, M.; Tanguy, A.; Piponiot, C.; Chave, J.; Hérault, B. BIOMASS: An R Package for estimating
above-ground biomass and its uncertainty in tropical forests. Methods Ecol. Evol. 2017. [CrossRef]

55. Molto, Q.; Hérault, B.; Boreux, J.-J.; Daullet, M.; Rousteau, A.; Rossi, V. Predicting tree heights for biomass
estimates in tropical forests—A test from French Guiana. Biogeosciences 2014, 11, 3121–3130. [CrossRef]

56. Renshaw, E.; Ford, E.D. The Description of Spatial Pattern Using Two-Dimensional Spectral Analysis.
Vegetatio 1984, 56, 75–85.

57. Mugglestone, M.A.; Renshaw, E. Detection of geological lineations on aerial photographs using
two-dimensional spectral analysis. Comput. Geosci. 1998, 24, 771–784. [CrossRef]

58. Sommerfeld, R.; Lundquist, J.; Smith, J. Characterizing the canopy gap structure of a disturbed forest using
the Fourier transform. For. Ecol. Manag. 2000, 128, 101–108. [CrossRef]

59. Barbier, N.; Couteron, P. Attenuating the bidirectional texture variation of satellite images of tropical forest
canopies. Remote Sens. Environ. 2015, 171, 245–260. [CrossRef]

60. Percival, D.B.; Walden, A.T. Spectral Analysis for Physical Applications: Multitaper and Conventional Univariate
Techniques; Cambridge University Press: Cambridge, UK, 1993.

61. Picard, R.R.; Cook, R.D. Cross-Validation of Regression Models. J. Am. Stat. Assoc. 1984, 79, 575–583.
[CrossRef]

62. Madugundu, R.; Nizalapur, V.; Jha, C.S. Estimation of LAI and above-ground biomass in deciduous forests:
Western Ghats of Karnataka, India. Int. J. Appl. Earth Obs. Geoinf. 2008, 10, 211–219. [CrossRef]

63. Barbier, N.; Couteron, P.; Gastelly-Etchegorry, J.-P.; Proisy, C. Linking canopy images to forest structural
parameters: Potential of a modeling framework. Ann. For. Sci. 2012, 69, 305–311. [CrossRef]

64. Bastin, J.-F.; Barbier, N.; Réjou-Méchain, M.; Fayolle, A.; Gourlet-Fleury, S.; Maniatis, D.; de Haulleville, T.;
Baya, F.; Beeckman, H.; Beina, D.; et al. Seeing Central African forests through their largest trees. Sci. Rep.
2015, 5, 13156. [CrossRef] [PubMed]

65. Ploton, P.; Barbier, N.; Takoudjou Momo, S.; Réjou-Méchain, M.; Boyemba Bosela, F.; Chuyong, G.; Dauby, G.;
Droissart, V.; Fayolle, A.; Goodman, R.C.; et al. Closing a gap in tropical forest biomass estimation: Taking
crown mass variation into account in pantropical allometries. Biogeosciences 2016, 13, 1571–1585. [CrossRef]

66. Zolkos, S.G.; Goetz, S.J.; Dubayah, R. A meta-analysis of terrestrial aboveground biomass estimation using
lidar remote sensing. Remote Sens. Environ. 2013, 128, 289–298. [CrossRef]

67. SPOT-6 and 7-eoPortal Directory—Satellite Missions. Available online: https://directory.eoportal.org/web/
eoportal/satellite-missions/s/spot-6-7 (accessed on 7 September 2016).

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://www.openstreetmap.org/
http://dx.doi.org/10.1016/j.rse.2008.06.001
http://dx.doi.org/10.5061/dryad.234.
http://dx.doi.org/10.1111/2041-210X.12753
http://dx.doi.org/10.5194/bg-11-3121-2014
http://dx.doi.org/10.1016/S0098-3004(98)00065-X
http://dx.doi.org/10.1016/S0378-1127(99)00277-7
http://dx.doi.org/10.1016/j.rse.2015.10.007
http://dx.doi.org/10.1080/01621459.1984.10478083
http://dx.doi.org/10.1016/j.jag.2007.11.004
http://dx.doi.org/10.1007/s13595-011-0116-9
http://dx.doi.org/10.1038/srep13156
http://www.ncbi.nlm.nih.gov/pubmed/26279193
http://dx.doi.org/10.5194/bg-13-1571-2016
http://dx.doi.org/10.1016/j.rse.2012.10.017
https://directory.eoportal.org/web/eoportal/satellite-missions/s/spot-6-7
https://directory.eoportal.org/web/eoportal/satellite-missions/s/spot-6-7
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Area 
	Datasets 
	Field Plot Establishment, Tree Inventory 
	Plot-Level Biomass Estimation and Error Propagation 
	Fourier Transform Textural Ordination (FOTO) 
	Texture–AGB Model Selection, Validtion and Inversion 

	Results 
	Landscape Scale Mapping of Forest Canopy Texture 
	Canopy Texture–AGB Relationships 
	Mapping Forest Aboveground Biomass 

	Discussion 
	Predictive Power of FOTO in Estimating Stand Structure Parameters 
	Effect of Different Forest Types Present in the Study Area 
	Potential of Cartosat-1a Imagery 

	Conclusions 

