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SPECTRAL REFLECTANCE AND VEGETATION INDEX CHANGES
IN DECIDUOUS FOREST FOLIAGE FOLLOWING TREE REMOVAL:
POTENTIAL FOR DEFORESTATION MONITORING

D. Peng,”" Y. Hu,” and Z. Li* UDC 535.3:634.0.245

It is important to detect and quantify deforestation to guide strategic decisions regarding environment, socioeconomic
development, and climate change. In the present study, we conducted a field experiment to examine spectral reflectance
and vegetation index changes in poplar and locust tree foliage with different leaf area indices over the course of three
sunny days, following tree removal from the canopy. The spectral reflectance of foliage from harvested trees was
measured using an ASD FieldSpec Pro spectroradiometer; synchronous meteorological data were also obtained. We
found that reflectance in short-wave infrared and red-edge reflectance was more time sensitive after tree removal
than reflectance in other spectral regions, and that the normalized difference water index (NDWI) and the red-edge
chlorophyll index (Clgg) were the preferred indicators of these changes from several indices evaluated. Synthesized
meteorological environments were found to influence water and chlorophyll contents after tree removal, and this
subsequently changed the spectral canopy reflectance. Our results indicate the potential for such tree removal to be
detected with NDWI or Clgp, from the second day of a deforestation event.
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Introduction. Forests play an important role in the global carbon cycle. The total carbon storage of the earth’s
forests is greater than that of the entire atmosphere [1]. According to the Global Forest Resources Assessment of 2010, forests
account for 31% of the world’s total land area. However, large areas of forest have been lost mainly because of deforestation
[2—4], which impacts local socioeconomic development and global climate change [5] and causes wide scientific concern,
especially in tropical region [6—8], while large areas of deciduous forests in temperate zones have also been either cleared
for agriculture or destroyed through various other human activities [9—11]. It is therefore important to quantify and monitor
deforestation in deciduous forests to help guide strategic decisions regarding global climate change and regional economic
development.

Deforestation can be monitored using traditional field-based forest inventory techniques and the capture of
deforestation patterns by statistical sampling designs [12]. However, many traditional methods are time-consuming and
do not yield results in a timely manner [13]. Remote sensing is widely used to detect and assess forest changes at various
spatiotemporal scales. The MODIS instrument onboard the Aqua and Terra satellite platforms has acquired near-daily data
that have been particularly beneficial, especially for large regional detection and monitoring [14, 15]. Several methods have
been developed using satellite images to detect and monitor deforestation, including visual interpretation, pixel- or object-
based methods, pattern decomposition coefficients, and vegetation index changes [13, 16-20]. However, few studies have
focused on comparing vegetation spectral variables to identify which variables have a higher relative sensitivity for detecting
deforestation.

In the present study, two types of deciduous forest, poplar (Populus lasiocarpa) and locust (Gleditsia triacanthos),
which are deciduous forest and widely distributed in temperate zones, were investigated using field-based spectroradiometers.
We aimed primarily to examine spectral reflectance and vegetation index changes in foliage from harvested trees, and to thus
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identify the best indicators for detecting foliage changes and their potential for monitoring deforestation. In the study region
described below, trees are generally selectively harvested or clear-cut and then left on the ground for several days. As their
foliage senesces, its spectral reflectance changes, thus influencing the radiance detected by a remote sensor. This study was
designed to evaluate the temporal dynamics of foliage spectral reflectance during this senescence period to determine when
significant reflectance changes occur that may impact the detected radiance from an airborne or satellite sensor.

Methods. Acquisition of harvested tree foliage spectra. Trees were harvested from Jia County, Shangxi Province
(38.295°N, 110.219°E) at 9:00 a.m. on May 25, 2011; 14 poplar trees and 13 locust trees with different diameters at breast
height were harvested. For both species, five sets of typical fresh branch samples were collected from the harvested trees and
placed on barren ground in a plot approximately 2 x 2 m in size. We measured the leaf area index (LAI) for each sample and
obtained the results of 1.5, 2.5, 4.5, 7.0, and 10.0 using a SunScan canopy analysis system. The spectral reflectance signatures
of the harvested tree foliage were measured by an ASD FieldSpec Pro spectroradiometer at 10 nm spectral resolution, over a
wavelength range of 350-2,500 nm. Each set of reflectance measurements consisted of five branch samples with ten replicate
readings and a white reference Spectralon panel reading. We calculated reflectance by the ratio of spectral radiance reflected
by foliage to spectral radiance reflected by the reference panel. Simultaneously, we measured the concentrations of leaf
chlorophyll for each sample using a SPAD-502 meter with ten replicate readings. We also measured several meteorological
parameters (including mean wind speed, air temperature, relative humidity, heat stress index, and dew point) using a portable
Kestrel 3000. The time interval for each measurement sequence was approximately 1 h, with a total of 25 sets of observations
collected over three clear and sunny days (May 25-27, 2011) for each of the harvested samples of poplar and locust tree
foliage. In the first two days, we missed the observations at 9:00 and 13:00 due to the influence of dew and heavy cloud
shadow, respectively.

Analysis of spectral reflectance and vegetation indices. To assess how well broadband sensors (e.g., MODIS) can
detect foliage changes and their potential for monitoring deforestation, the above-mentioned spectral reflectance curves were
convolved into MODIS wavebands using the spectral response functions of MODIS bands 1-7 (band 1, 620—-670 nm; band 2,
841-876 nm; band 3, 459-479 nm; band 4, 545-565 nm; band 5, 1230-1250 nm; band 6, 1628—1652 nm; and band 7, 2105—
2155 nm). Vegetation indices (VIs) are commonly used in vegetation canopy studies because of their relative simplicity and
robustness [21]. Structural VIs often rely on some combination of near-infrared (NIR) to red reflectance, because increases
in LAI result in decreasing red and increasing NIR reflectance. Biochemical and stress-related indices change the absorbing
wavelength based on biochemical parameters [22]. Widely used structural indices include the normalized difference
vegetation index (NDVI) [23] and the enhanced vegetation index (EVI) [24]. Biochemistry and plant physiology/stress
properties include water, chlorophyll, and fluorescence, and their common VIs include the normalized difference water index
(NDWI) [25], the simple ratio water index (SRWI) [26], the red-edge chlorophyll index (ClIgg) [27], and the photochemical
reflectance index (PRI) [28]. Tree removal alters vegetation properties, including vegetation structure, biochemistry, and
plant physiology/stress. Thus, based on the VI categories introduced by Thenkabail et al. [22], we selected several typical
VIs (Table 1) to assess the applicability of foliage spectral change detection following harvest and the potential of different
indices for monitoring deforestation.

The MODIS sensor has two NIR bands (bands 2 and 5) and two SWIR bands (bands 6 and 7). There are thus
two, two, four, four, and two possible combinations for calculation of NDVI, EVI, NDWI, SRWI, and Clgg, respectively.
Measured spectral reflectance was used to calculate all possible combinations of vegetation indices according to their
respective equations (Table 1). Red edge refers to the region of rapid change in reflectance of vegetation, characterized by
a maximum slope in the wavelengths between 680 and 740 nm [22]. Thus, we obtained the reflectance in red-edge position
derived from the greatest first-order derivative spectrum (Rgg) [22]. PRI was calculated using measured spectral reflectance
at 531 and 570 nm.

Analysis of harvested tree foliage spectral reflectance and vegetation index dynamics. Spectral reflectance was found
to vary in an almost identical manner throughout the whole band range and measurement period (May 25-27, 2011) after tree
removal regardless of LAI values. Spectral reflectance and vegetation indices of harvested foliage at different LAI values
were therefore averaged for each of the poplar and locust samples for subsequent analysis.

We used coefficient of variation (CV) to evaluate temporal variations in spectral variables across the three-day
period. CV is defined as the ratio of standard deviation (S) to mean value (X ) over the time since the trees were harvested,
as shown in the following equation:

CV=3S8/X.
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TABLE 1. Selected Spectral Indices Used to Assess the Applicability of Foliage Spectral Changes Detection and the Potential
for Monitoring Deforestation

Categorized Index Reference
Structure NDVI = (RNIR — Rred)/(RNIR + Rred) [23]
EVI=2.5(RNIR — Rred)/(RNIR T ORped — 7.5Rpp + 1) [24]
Water NDWI = (RNIR — Rswir)/(RNIR + Rswir) [25]
CthI'Ophyll SRWI = RNIR/RSWIR [26]
Light use efficiency Clrg = RNIR/Rrg — 1 [27]
PRI = (Rs31 — Rs570)/ (Rs31 + Rs70) [28]

The CVs of all possible combined vegetation indices were compared, and it was found that The CV of NDVI
calculated by MODIS bands 1 and 2 was larger than that of NDVI calculated by MODIS bands 1 and 5. Furthermore, The
CVsof EVI (bands 1, 2, and 3), NDWI (bands 2 and 6), SRWI (bands 2 and 7), and Clzg (band 5) were found to be larger than
those of other corresponding possible combinations. The same results were observed for both poplar and locust trees. Those
VIs with the larger CVs were selected for further analysis regarding their variations with time after tree removal.

In addition, based on 25 observations obtained over three days, we calculated the correlation coefficients between
foliage spectral variables and synchronously observed meteorological data to assess the meteorological effects on the speed
of changes in reflectance and VIs of harvested tree foliage.

Results and Discussion. Variation in spectral reflectance with time after tree removal. Figure 1a shows variations in
the spectral reflectance of harvested poplar foliage, represented through MODIS bands 1-7 from May 25-27,2011. Maximum
reflectance was observed at the end of each day during the first two days after tree removal, and also at 13:00 on May 27.
A general overall increase in reflectance with time was found throughout MODIS bands 1-7. Based on CV values, reflectance
in MODIS band 7 (SWIR) exhibited the most significant increase (from 0.09 to 0.28) with a CV of 0.28, followed by MODIS
band 6 (SWIR) where reflectance increased from 0.23 to 0.49 with a CV of 0.22. Smaller increases were also found in
MODIS bands 1 (red), 3 (blue), 5 (NIR), and band 4 (green), in descending order. Both variations in spectral reflectance and
in CVs of deforested locust tree foliage were in complete agreement with those of harvested poplar tree foliage throughout
MODIS bands 1-7 (Fig. 1b).

On the second day following tree removal, the red-edge position of the harvested poplar foliage exhibited a very
significant "blue shift", and was moved from 724 to 702 nm for poplar trees and from 730 to 719 nm for locust trees (Fig. 2a).
The reflectance in the red-edge position decreased sharply on the second day following tree removal (Fig. 2b). These results
indicated that the red-edge position and reflectance of foliage from harvested trees were very sensitive to time, and that tree
removal could be detected from the second day following harvest.

Variation in vegetation indices with time after tree removal. Harvested poplar foliage vegetation indices were
normalized with their temporal variations after tree removal (Fig. 3). It was found that indices calculated from SWIR decreased
more significantly than others, especially for NDWI with CVs of 0.91 and 0.59 for poplar and locust trees, respectively.
This was followed by a reversal of Clgg, SRWI, and PRI, and a weak decrease in EVI and NDVI. Hence, it was clear that
structurally oriented VIs (e.g., NDVI and EVI) were less sensitive than water- and chlorophyll-related indices to the foliage
reflectance changes after tree removal. Thus, our results suggested that NDWI and Clgg was the most suitable vegetation
indices for detection of foliage reflectance changes after tree removal with the potential for timely detection of deforestation
events in this region.

Relationships between meteorological parameters and the foliage spectral reflectance dynamics. Based on the
correlation coefficients (R) between foliage spectral variables and meteorological parameters (Fig. 4), no spectral variables were
found to be significantly correlated with wind speed and temperature. Conversely, relative humidity was found to be associated
with decreasing reflectance in MODIS bands 1-7 for poplars and MODIS bands 1 and 3-7 for locust trees. PRI of the poplar
trees also exhibited positive significant correlations (p < 0.001) with relative humidity. The heat stress index and dew point were
associated with spectral variables of harvested tree foliage with a large value of R, particularly for reflectance in the MODIS
SWIR bands (bands 6 and 7) and vegetation indices NDWI and SRWI. Furthermore, chlorophyll concentration exhibited a
very significant correlation (p < 0.001) with spectral reflectance and with the indices of harvested tree foliage.
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Fig. 1. Temporal variations in spectral reflectance of harvested tree foliage in MODIS
bands 1-7 from May 25-27, 2011, for poplar (a) and locust trees (b).
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Fig. 2. Variations in the red-edge position (a) and red-edge reflectance (b) of harvested
tree foliage with time after tree removal from May 25-27, 2011.

The heat stress index is a combination of temperature and humidity [29, 30], and the dew point is coupled with a
number of atmospheric variables (e.g., mean surface temperature and relative humidity) [31]. Based on the relationships
between meteorological parameters and spectral variables of the harvested tree foliage (Fig. 4), no significant correlations
(»<0.01) were found between individual meteorological parameters (e.g., wind speed, temperature, and relative humidity) and
most of reflectance and indices. However, significant correlations (p < 0.001) were observed for synthesized meteorological
parameters (e.g., heat stress index and dew-point temperature) with reflectance in the SWIR and chlorophyll-related indices
(e.g., CIgg and PRI).

Applicability and limitation. In the present study, we have found that spectral reflectance and vegetation indices
was able to detect changes in tree foliage in the days immediately following harvest with related potential for monitoring of
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Fig. 3. Variations in vegetation indices of harvested tree foliage with time from May
25-27, 2011 after tree removal, for poplar (a) and locust trees (b).

deforestation. Owing to some limitations in our method, the following issues should be considered when determining the
applicability of this method.

The process of deforestation is not the same as that of defoliation (or withering); the latter is typically gradual and
characterized by loss of leaves due to insect infestation, disease, environmental change (e.g., drought), or normal seasonal
change (e.g., from summer to fall) for deciduous trees [32—-34]. Conversely, the process of deforestation is sudden. Based on
temporal variations in the spectral reflectance and the indices of harvest tree foliage (Figs. 2 and 3), significant changes in
the red-edge position and sharp decreases in reflectance were observed on the second day after harvest, followed by small
fluctuations. The same patterns were observed for NDWI and Clgg. We therefore propose comparing spectral variables of
harvested tree foliage before and after a deforestation event as a method of detecting deforestation. In this method, red-edge
position, reflectance in the SWIR bands, and water- and chlorophyll-related indices (e.g., NDWI and Clgg) were the primary
variables. In addition, we suggest consulting any long-term historical remote sensing records that may be available to capture
seasonal patterns of proposed spectral variables following a deforestation event, and this will help to differentiate between
deforestation and defoliation.

In this study, we convolved spectral reflectance data into MODIS wavebands using spectral response functions to
assess the capability of broadband sensors for detecting changes in spectral properties of tree foliage after deforestation.
However, we did not resolve the scaling problem of coupling remote sensing data with that from a field spectroradiometer.
The spectral indices proposed to detect changes in harvested tree foliage after deforestation were NDWI and Clgg, which can
be calculated from multispectral and hyperspectral images obtained from airborne sensors and satellites. Thus, many sources
of remote sensing data should be available for this method. MODIS data (e.g., reflectance product with a spatial resolution
of about 500 m) have an advantage in monitoring a regional forest clearing but are not adequate for a small or sparse forest
area, where the method of spectral unmixing or a combination with other higher resolution images helps to detect sub-
pixel changes [35-37]. Therefore, additional experimental research combined with other methods will be required to detect
deforestation directly from multi-source remote sensing data in future study.

Poplar and locust trees are deciduous plants that are widely distributed in temperate zones. The proposed spectral
reflectance changes in short-wave infrared bands, red-edge position, and vegetation indices (NDWI and Clgrg) are related
to canopy moisture and chlorophyll content [22]. Loss of water and chlorophyll is the primary reason for the time-sensitive
nature of our proposed spectral indices for detecting the spectral changes in the tree foliage after deforestation. For evergreen
forests, which should not lose water or chlorophyll as quickly as deciduous trees after deforestation, the starting day of
foliage spectral changes is not expected to be as soon as two days following harvest. Furthermore, for deciduous species, the
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proposed method can only be applied during the leaf-on period. Based on the relationships between spectral reflectance and
vegetation indices of the harvested tree foliage and meteorological parameters (Fig. 4), the success of the proposed method,
particularly with regard to the start time of tree foliage change detection, may be dependent on prevailing environmental
conditions. This is particularly true in climates with significant seasonal variation. Our experiment was conducted on very
clear and sunny days with a heat stress index of about 25°C and a dew point of about 10°C. In future studies, we will conduct
more experiments incorporating different environment conditions and seasonal effects, and including the same measurements
over about 3-day period before deforestation. Additional forest types and tree samples should also be considered to validate
the applicability of our method.

The forest background must also be considered in determining the applicability of our method. In this study, we
ignored the influences of the background that would typically occur under a forest canopy because no background appeared
in the field of view in our experiments. Our proposed method was based on comparisons of spectral variables before and
after a deforestation event, with particular attention given to sudden changes in these variables. Theoretically, we believe
our proposed method can be used to detect tree foliage changes and has potential for monitoring deforestation in an area
dominated by deciduous forest with bare or sparse vegetation background. However, the disturbance generated by the
background should be considered in the area where the understory is comprised of heavy vegetation. Our proposed method
is not applicable to forest harvesting processes in which trees are removed from the forest and immediately taken away for
processing, leaving only slash/debris and understory vegetation behind. It is only applicable to deforestation methods that
leave foliage of harvested trees in a place for several days following harvest.

Conclusions. For the present study, we chose poplar and locust trees for field experiments conducted over three
consecutive sunny days. We used a spectroradiometer and a weather meter to explore the time sensitivities of spectral
reflectance and vegetation indices of tree foliage after harvesting. It was found that reflectance in SWIR bands and the red-
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edge position and water- and chlorophyll-related indices (e.g., NDWI and Clyeg eqge) Were more time-sensitive to harvested
tree foliage changes. Accordingly, these are proposed as primary indicators for detection of foliage changes, with these having
potential for deforestation monitoring. Significant correlations (p <0.001) were observed between synthesized meteorological
parameters (e.g., heat stress index and dew point) and spectral variables, and the second day after tree removal was found
to be a suitable time to start detection, under a heat stress index of about 25°C or a dew point of about 10°C. To address the
limitations of our study, future studies will focus primarily on monitoring deforestation over a large area with additional forest
types using airborne sensors or satellite images. In particular, we intend to incorporate the influences of the understory and
different environment conditions.

Acknowledgments. This study was funded by the Director Foundation of the Institute of Remote Sensing and Digital
Earth, Chinese Academy of Sciences (Y3SJ8200CX), and the National Natural Science Foundation of China (41571423,
41201354, and 41325004).

REFERENCES

1. UNFCC (United Nations Framework Convention on Climate Change). Reducing emissions from deforestation in
developing countries: approaches to stimulate action, Fact sheet. United Nations Framework Convention on Climate
Change, Geneva, Switzerland (2011).

2. Y. Malhi, T. Roberts, R. A. Betts, T. J. Killeen, W. Li, and C. A. Nobre, Science, 319, 169—172 (2009).

3. D. Armenteras, N. Rodriguez, J. Retana, and M. Morales, Change, 11, 693—705 (2011).

4. G. Clovis, R. Fety, G. Valéry, V. Romuald, B. Martial, and V. Ghislain, Remote Sens. Environ., 139, 68-80 (2013).

5. R. A. Houghton, Tropical Deforestation as a Source of Greenhouse Gas Emissions. In Tropical Deforestation and
Climate Change, Ed. Paulo Moutinho and Stephan Schwartzman, 13-21. Belém and Para, Brazil/Washington, D.C.:
Instituto de Pesquisa Ambiental da Amazonia and Environmental Defense (2005).

6. W.F. Laurance, Biol. Conserv., 91, 109-117 (1999).

7. F.Achard, H. D. Eva, S. J. Hans, and P. Mayaux, Science, 297, 999—1003 (2002).

8. H. . Geist and E. F. Lambin, BioScience, 52, 143—-150 (2002).

9. I Laureysensa, L. De Temmermanb, T. Hastira, M. Van Gyselc, and R. Ceulemans, Environ. Pollut., 133, 541-551

(2005).

10. S. Ramesh, V. L. Alexandre, L. D. Kenneth, and E. K.Vladimir, Agr. Ecosyst. Environ., 117, 128134 (20006).

11.  H. Noriko, H. Martin, D. S. Veronique, S. D. Ruth, B. Maria, V. Louis, A. Arild, and R. Erika, Environ. Res. Lett.,
7, 044009 (2012).

12.  R. DeFries, F. Achard, S. Brown, M. Herold, D. Murdiyarso, B. Schlamadinger, and C. de Souza, Environ. Sci. Policy,
10, 385-394 (2007).

13. D. Baudouin, B. Patrick, and D. Pierre, Remote Sens. Environ., 102, 1-11 (2006).

14. M. Takeshi, S. Masanobu, U. Yumiko, and S. Budi, Remote Sens. Environ., 155, 79-88 (2014).

15. S. M. Damien, E. K. Robert, Z. Yang, B. Justin, N. K. Olga, and A. F. Mark, Remote Sens. Environ., 151, 114-123
(2014).

16. P. Mui-How, T. Satoshi, F. Naoyuki, and S. L. Jung, J. Environ. Manag., 88, 784-795 (2008).

17. R.Johannes, V. Jan, H. Dirk, and H. Martin, Remote Sens. Environ., 156, 276-293 (2015).

18. P. Q. Carlos, S. A. Arturo, and M. E. Mario, Remote Sens. Environ., 97, 150—159 (2013).

19. G. Clovis, R. Fety, G. Valéry, V. Romuald, B. Martial, and V. Ghislain, Remote Sens. Environ., 139, 68—80 (2013).

20. P. M. How, T. Satoshi, F. Naoyuki, and S. L. Jung, J. Environ. Manag., 88, 784—795 (2008).

21. D. Peng, A. R. Huete, J. Huang, F. Wang, and H. Sun, /nt. J. Appl. Earth Observ. Geoinform., 13, 13-23 (2011).

22. P.S. Thenkabail, J. G. Lyon, and A. R. Huete, Perroy, 309-327 (2012).

23.  W. Rouse, R. H. Haas, J. A. Schell, and D. W. Deering, Third ERTS-1 Symposium, Washington DC:NASA SP-351,
December 10-14, 1973, 309-317 (1974).

24. A.R. Huete, H. Q. Liu, K. Batchily, and W. VanLeeuwen, Remote Sens. Environ., 59, 440—451 (1997).

25. B. Gao, Remote Sens. Environ., 58, 257-266 (1996).

26. P.J. Zarco-Tejada, C. A. Rueda, and S. L. Ustin, Remote Sens. Environ., 85, 109124 (2003).

27. A.A. Gitelson, G. P. Keydan, and M. N. Merzlyak, Geophys. Res. Lett., 33, 1.11402 (20006).

28. J. A. Gamon, L. Serrano, and J. S. Surfus, Oecologia, 112, 492-501 (1997).

336



29. C. Liang, G. Zheng, N. Zhu, Z. Tian, S. Lu, and Y. Chen, Build. Environ., 46, 2472-2479 (2011).

30. S.Z. Dobrowski, J. C. Pushnik, P. J. Zarco-Tejada, and S. L. Ustin, Remote Sens. Environ., 97, 403—414 (2005).

31. H. Millan, B. Ghanbarian-Alavijeh, and 1. Garcia-Fornaris, Atmos. Res., 98, 89—101 (2010).

32. L. Eklundh, T. Johansson, and S. Solberg, Remote Sens. Environ., 113, 1566—1573 (2009).

33. D. M. Muchoney and B. N. Haack, Remote Sens., 60, 1243—1251 (1994).

34. K. M. de Beurs and P. A. Townsend, Remote Sens. Environ., 112, 3983-3990 (2008).

35. W. Martin, Q. Shaun, U. Yumiko, S. Michael, and Y. Kokok, Remote Sens. Environ., 124, 83-98 (2012).

36. M. C. Hansen, S. V. Stehman, P. V. Potapov, B. Arunarwati, F. Stolle, and K. W. Pittman, Environ. Res. Lett., 4, 034001
(2009).

37. M. Broich, M. C. Hansen, F. Stolle, P. V. Potapov, B. Arunarwati, and B. Adusel, Environ. Res. Lett., 6, 014010014019
(2011).

337



	Abstract
	Introduction
	Methods
	Results and Discussion
	Conclusions
	Acknowledgments
	REFERENCES

