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better understand the evolution of multimodal communi-
cation in anuran amphibians. 
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The present communication reports species-specific 
phenological events in three tropical dry deciduous 
forest species and herbaceous plants growing below 
their canopy. Digital photographs of the tree species – 
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Anogeissus pendula, Lagerstroemia parviflora Roxb. 
and Acacia catechu were collected regularly using a 
field-based digital camera between May and Septem-
ber 2010. The photographs were analysed separately 
on a set of regions of interest representing the tree 
canopy and herbaceous plants. Green-up onset date 
(GOD) and date of maximum rate of growth (DMRG) 
were estimated based on temporal modelling of green 
fraction (GF) values, which were estimated from time-
series digital photographs of the trees and herbaceous 
plants. DMRG of the herbaceous plants (15 July) was 
found earlier by a fortnight in comparison to DMRG 
of the Anogeissus pendula tree canopy (29 July). Rate 
of growth per day of herbaceous plants was found 
higher (average rate 0.35% day–1) when compared to 
the tree species (average rate 0.24% day–1) at DMRG. 
A significant high correlation (r = 0.96) was observed  
between temporal GF values and Normalized Differ-
ence Vegetative Index (NDVI) derived from SPOT-
VEGETATION sensor data. Besides, a systematic pat-
tern was observed when daily climatic data were com-
pared with temporal profiles of GF and NDVI data. 
These results suggest that utilization of field-based 
digital photographs (time-series data) can provide 
low-cost, spatially representative and valid informa-
tion in capturing the foliage growth cycle in a tropical 
dry deciduous forest ecosystem. 
 
Keywords: Digital photography, forest phenology, 
green fraction, herbaceous plants, Madhav National Park. 
 
PHENOLOGY is the study of reappearing lifecycle events 
in the biosphere, particularly as influenced by the seasons 
and changes in weather patterns from year to year1. Ear-
lier, studies have been carried out in agriculture to record 
phonological events like leaf flushing (a period of fresh 
growth of leaves, shoots), growing season (the season 
during which a tree grows best) and dormancy period  
(a period of arrested plant growth). In recent years, 
phenology has become an essential input for many stud-
ies concerned with the global carbon and water cycles2,3. 
Accurate knowledge and understanding of these phono-
logical events is required for land-surface schemes in cli-
mate models4. Most of these applications require regular 
and long-term measurements from species level to the 
global level. Because of the global coverage and continu-
ous monitoring, satellite data have increasingly been used 
to monitor vegetation phenology. Inadequate spatial and 
temporal resolution makes it difficult to capture phonol-
ogy at species level. Besides, many atmospheric (cloud, 
aerosol, water vapour, fog, etc.) and sensor-associated 
characteristics limit the use of satellite data, especially 
over tropical forests5,6. 
 Field-based digital camera has been a promising  
approach for monitoring forest phenology in a more exact 
way at low cost and effort. For species-specific pheno-
logy, such methods are particularly more attractive and 
have been the focus of several studies7–9. Increased  

requirement for large-scale phenological observations, 
network by international cooperation and standardization 
led to the establishment of several regional-level 
phenological monitoring networks such as International 
Phenology Garden (IPG) programme (founded in 1957), 
the Global Phenological Monitoring (GPM) programme 
(established in 1998) and the USA National Phenology 
Network (USA–NPN). These networks aim at accurate 
measurements for phonological events by mounting digi-
tal cameras (webcams) and recording daily (or even 
hourly) images of the vegetation condition10. Brandhorst 
and Pinkhof11 reported the use of digital camera images 
in the phenological studies by comparing selected 
phenological events (flowering and leaf development) of 
common park trees with dated analogue photography. In 
India, only few published works exist on forest pheno-
logy using low-cost and spatially representative devices. 
In this communication, we report observations of tropical 
dry deciduous forest phenology using field-based digital 
camera as a novel approach of near-surface remote sens-
ing. Particularly, we tried to detect green-up onset date 
(GOD) and date of maximum growth rate (DMRG) in 
three dry deciduous forest species (Anogeissus pendula, 
Lagerstroemia parviflora Roxb. and Acacia catechu) and 
herbaceous plants (grasses and plants like Achyranthes 
aspera Linn, Adhatoda vasica Nees, etc.) growing below 
the canopy using field-based digital photographs and sat-
ellite data. An effort was also made to understand the  
influence of regional climatic parameters on different 
phenological events of the trees and herbaceous plants. 
 
 
 

 
 
Figure 1. Satellite image of Madhav National Park, Shivpuri district, 
Madhya Pradesh. Rectangular box shows the location of the study area. 
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Figure 2. Schematic diagram of the approach used in the present study to derive forest phenol-
ogy using field-based digital photographs and satellite data in Madhav National Park, Madhya 
Pradesh. 

 
 
 The study region, i.e. Madav National Park (MNP) is 
situated in Shivpuri district, Madhya Pradesh in Central 
India between 2520–2540N lat. and 7735–7756E 
long (Figure 1). The region is representative of northern 
tropical dry deciduous mixed forest, comprised mainly of 
Anogeissus pendula, Boswellia serrata, Butea mono-
sperma and Acacia catechu species12. Leaf fall in dry  
deciduous forests starts in September with a peak be-
tween December and January13. Leaf initiation starts in 
February with a peak in April and leaf expansion also 
starts in February with a peak in May and July. This re-
gion has been the focus of numerous studies associated 
with aboveground biomass14,15, and remote sensing-based 
characterization of biophysical parameters16. The region 
is located in tropical arid to semi-arid zone over the cen-
tral plains, and experiences distinct monsoonal climate. 
May is the hottest month with a mean daily maximum 
temperature of about 41.1C. January is generally the 
coldest month with an average daily maximum tempera-
ture at about 24.5C. Annual rainfall of the region is 
895 mm. About 91% of the annual rainfall is received 
during the monsoon months (June–September). The 
month of July (291 mm) has maximum rainfall. 
 The approach used in the present study to derive char-
acteristic phenological patterns of three dry deciduous 
forest species in MNP is shown in Figure 2. Digital pho-
tographs of the tree species – Anogeissus pendula, L. 

parviflora Roxb. and Acacia catechu were collected regu-
larly using a field-based digital camera (10 megapixel 
resolution) between May and September 2010. Photo-
graphs were taken preferably around 10–11 am (IST) in 
JPEG (Joint Photograph Expert Group) format by point-
ing the camera towards the tree and keeping the sun be-
hind the observer. Each photograph covered the entire 
tree canopy and herbaceous plants growing below their 
canopy. Sample images collected during the study period 
are shown in Figure 3. Quantitative image analysis was 
carried out separately in a set of regions of interest 
(ROIs) representing single tree canopy and herbaceous 
plants growing below the canopy. 
 The ROI for tree canopy was marked at the middle por-
tion of the canopy to avoid overlapping with other tree 
canopies and to reduce the sky intervention between 
leaves. For herbaceous plants, ROI was marked on the 
ground surface below the tree canopy. Each pair (one tree 
canopy and one herbaceous plant) of ROI covered a spe-
cific set of tree species. Figure 4 shows ROI marked for 
the canopy and herbaceous plants. The colour channel in-
formation (digital numbers, DNs) of the photograph was 
extracted from the raw images and averaged over each 
ROI for individual colour channels (RedDN, GreenDN and 
BlueDN). Overall brightness (i.e. RGBDN) of ROI was cal-
culated using eq. (1), which was then used to calculate 
relative (or normalized) brightness of every channel16. 
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Figure 3. Digital photographs of Anogeissus pendula, Lagerstroemia parviflora Roxb. and Acacia catechu species and herbaceous plants growing 
below their canopies in the Madhav National Park. 
 

Table 1. Coefficients (a, b, c and d), coefficient of correlation (r) and root mean square error (RMSE) derived from the equation  
  GF(t ) = a  + b  cos((c  t) + d) for the relationship between green fraction (GF) and Julian days (t) 

Species a b c d r RMSE 
 

Anogeissus pendula (C)  0.37  0.043  0.027895518  –1.11  0.99  0.003 
Lagerstroemia parviflora Roxb. (C)  0.37  0.021  0.02961361  –1.52  0.94  0.005 
Acacia catechu (C)  0.36  0.021  0.0386096  –2.80  0.93  0.007 
Anogeissus pendula (H)  0.37  0.041  0.037203619  –2.55  0.98  0.005 
L. parviflora Roxb. (H)  0.35  0.026  0.037476529  –2.58  0.97  0.007 
Acacia catechu (H)  0.35  0.030  0.041022114  –3.30  0.94  0.007 

C, Canopy of respective tree species; H, Herbaceous plants grown below the canopy of respective tree species. 
 
 
Only a green fraction (GF)16–18 was used for modelling 
different phenological events in the forest species due to 
its extreme sensitive nature to variation in vegetation can-
opy conditions19. GF for each set of ROI was estimated 
using eq. (2). Temporal GF values were then plotted 
against day of year between May and September 2010. 
 
 RBGDN = RedDN + GreenDN + BlueDN, (1) 
 

 Green fraction = DN

DN

Green
.

RGB
 (2) 

 
Since GF was estimated from RedDN, GreenDN and BlueDN 
of the photographs, it may vary from actual vegetation 
fraction in the study plot. However to confirm the rela-
tionship between GF and actual vegetation fraction in the 
study region, digital classification of the photographs was 
carried out. The photographs were classified into percent-
age green vegetated areas (GVA) and non-GVA. High 
correlation (r = 0.97) with offset 0.343 was observed  
between GVA (calculated from classification approach) 
and GF (calculated from eq. (2)) over selected ROI.  
Linear relationship observed between the estimates (GF 
and GVA) is as follows 
 
 GF = 0.001 (GVA) + 0.343  (R2 = 0.94). (3) 

Due to good correlation (R2 = 0.94) of GF with the  
actual green vegetation area, the equation was used in the 
subsequent analysis. 
 Temporal model was fitted between GF (dependent) 
and Julian days, t (independent) using CurveExpert ver-
sion 1.3 software. Among 26 possible fits, a sinusoidal fit 
(eq. (4)) showed good correlation at 95% confidence 
level. The fitted models were assessed using the root 
mean square error (RMSE). Coefficients (a, b, c and d), 
correlation coefficient (r) and RMSE for tree canopy and 
herbaceous plants are summarized in Table 1. 
 
 GF(t) = a + b cos((c  t) + d). (4) 
 
The proposed temporal models for tree canopy and her-
baceous plants were applied in the temporal window from 
132 to 258 Julian days and GF from 0.32 to 0.44. GOD 
and DMRG were estimated based on first and second de-
rivatives from the fitted models18,19. Temporal response 
of GF, GOD and DMRG to tree canopy and herbaceous 
plants is shown in Figure 5 and Table 2. A characteristic 
increase in magnitude of GF (0.35–0.42) was noticed  
during monsoon season (June–August) compared to the 
magnitude of GF (0.33) in summer (May). Growth of 
herbaceous plants was found earlier and faster compared 
to growth of trees. Average rate of growth of herbaceous 
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Table 2. Dates for green-up onset date (GOD) and attaining maximum rate of growth (DMRG) derived using vegetation growth  
  model. Fourth column shows the maximum percentage rate of growth day–1 attained in each case 

Species GOD DMRG Maximum rate of growth (% day–1) 
 

Anogeissus pendula (C)  2 June (153)  29 July (210)  0.31 
L. parviflora Roxb. (C)  7 June (158)  30 July (211)  0.17 
Acacia catechu (C)  3 June (154)  15 July (196)  0.23 
Anogeissus pendula (H)  3 June (154)  15 July (196)  0.42 
L. parviflora Roxb. (H)  2 June (153)  15 July (196)  0.27 
Acacia catechu (H)  7 June (158)  15 July (196)  0.35 

C and H, same as in Table 1. 
 

 
 
Figure 4. Sample camera images of (a) Anogeissus pendula, (b) L. 
parviflora Roxb. and (c) Acacia catechu taken on 12 July 2010 and re-
gions of interests (ROIs) marked for image analysis. The red colour 
rectangle represents ROI for canopy and yellow colour rectangle indi-
cates ROI for herbaceous plants. 
 
 
plants was calculated as 0.32% day–1, which was rela-
tively higher in comparison to the tree species (average 
rate = 0.24% day–1) in DMRG event. Herbaceous plants 
attained peak growth in the first week of September, 
whereas tree species continued to grow (in terms of  
increase in GF values) till September. Table 2 shows 
phenological characteristics of tree canopy and herba-
ceous plants. GOD between trees and herbaceous plants 
varied from 2 to 7 June. DMRG of herbaceous plants (15 
July) was found earlier by a fortnight in comparison to 
trees (Anogeissus pendula, L. parviflora Roxb. with 
DMRG = 29 and 30 July respectively). 
 In order to assess distinct phenological patterns derived 
from the time-series digital photographs, 10-day compo-
site data of NDVI derived from the Satellite Pour 
l’Observation de la Terre (SPOT)-VEGETATION sensor 
were acquired (http://free.vgt.vito.be) for the study pe-
riod. The sensor is a multispectral instrument flown aboard 
the SPOT satellite platforms, and operates in four spectral 
bands: blue (0.43–0.47 m), red (0.61–0.68 m), NIR 
(0.78–0.89 m) and shortwave infrared (SWIR, 1.58–
1.74 m), having a spatial resolution of 1 km and swath 
width 2250 km. The red and NIR bands are used to char-
acterize vegetation and the blue wavelength band is used 
for atmospheric correction of the other bands. The data 
were acquired in such a way that 10-day compositing  
period would cover date of the field-based digital photo-
graphs captured in the study plot. 
 Temporal NDVI data over the study plot were extrac-
ted using image processing software, Environment for 

Visualizing Images, Ver. 4.4. Temporal mean NDVI of 
the entire plot was computed from the spatial window 
size 3  3 pixels. Subsequently, temporal mean GF of the 
entire plot was computed by averaging GF values of all 
the tree canopies and herbaceous plants on the corre-
sponding Julian days. Temporal mean GF and NDVI 
were then plotted against day of year between May and 
September 2010. Temporal model (sinusoidal model)  
approach using CurveExpert version 1.3 was employed 
here to estimate and compare phenological patterns 
(GOD, DMRG, etc.) derived from GF and NDVI. 
 Temporal profiles of GF and NDVI over the study region 
are shown in Figure 6. Good correlation (r = 0.96) was 
observed between the estimates. Table 3 shows estimated 
GOD and DMRG from GF and NDVI. Averaging of GF 
values obtained from all the tree canopies and herbaceous 
plants led to estimation of early GOD (23 April). NDVI-
based estimates showed an early GOD (18 April) in com-
parison to the GF-based estimates. NDVI-based DMRG 
(2 August) estimates were found in broad agreement with 
the GF-based method, with a delay of a week (Table 3). 
 Temporal profiles of mean GF and NDVI were com-
pared with regional climatic data (rainfall, relative humi-
dity and average air temperature) acquired from the 
nearest meteorological station located in Shivpuri district, 
MP. The analysis was carried out to understand the influ-
ence of regional climatic factors on different phenologi-
cal events of trees and herbaceous plants. Temporal 
variability of GF and NDVI together with the different 
climatic data are shown in Figure 7. Magnitude of GF and 
NDVI was very low in the hottest and driest month 
(May), when rainfall and relative humidity were very low 
and mean temperature was at a peak, whereas the magni-
tude of GF increased significantly during the end of June, 
which coincides with the onset of the southwest mon-
soon. In the present study GOD appeared (18–23 May) 
before the onset of monsoon. Leaf initiation during the 
end of the dry season and before commencement of rain-
fall has also been reported in tree species20–26. This may 
be attributed to the influence of rising temperature27 and 
increase in the length of the photoperiods28,29. DMRG  
occurred in August. This may be attributed to the avail-
ability of enough soil moisture and low temperature. 
 Results in the present study indicate that, use of  
field-based digital cameras can provide low-cost, 
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Figure 5. Temporal variations of canopy green fraction (GF) in the selected vegetation during monsoon season 2010 in Madhav National 
Park, Madhya Pradesh. Green-up onset date (GOD) and dates of attaining a maximum rate of growth (DMRG) are shown in (a)–(f ). The 
solid vertical line shows GOD and dashed-dotted vertical line indicates dates of DMRG. C and H refer to tree canopy and herbaceous for 
the respective tree species. 

 

 
 

Figure. 6. Comparison of temporal GF values obtained from the time series digital photographs with NDVI 
values derived from the SPOT-VEGETATION sensor data of the corresponding Julian day. 

 
Table 3. GOD and DMRG using average green fraction (GF) values  
  computed from canopy and herbaceous GF and SPOT-NDVI data 

Approach GOD DMRG 
 

GF 23 May (143) 26 July (207) 
SPOT-NDVI 18 May (138) 2 August (214) 

Numbers in parenthesis indicate Julian days. 

spatially representative and objective information in cap-
turing the foliage growth pattern in a forest ecosystem. 
Fluctuations in the GF values could be due to exposure 
and weather conditions while taking the observations.  
In addition, colour balance was automatically adjusted by 
the camera firmware. These uncertainties can be  
minimized by placing the camera at an appropriate 
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Figure 7. Relationship between different phenological events and regional weather parameters in dry deciduous forest species of 
Madhav National Park. 

 
 
distance from the object, and setting its angle to lessen 
the sky area exposure. Another factor influencing the in-
ter-relationship between field observations and satellite 
measurements is geo-location accuracy. GPS measure-
ments of site locations were associated with an error of 
 10 m. The location accuracy of the site was within the 
geo-location accuracies associated with satellite data of 
1 km spatial resolution. There were a few days of differ-
ences between GOD and DMRG estimated from the digi-
tal photographs and the NDVI data. The variations in the 
dates could be due to averaging effects in the satellite 
data which come through scaling issues30. Systematic re-
semblance in temporal patterns of GF and NDVI with 
high correlation between these measurements shows good 
potential of merging these two techniques in addressing 
phonological issues in vegetation monitoring at different 
spatial scales. Considering all these issues together, it is 
evident that, in spite of moderate uncertainty in the GF 
values, the curves can be used to derive different 
phenological events in tropical dry deciduous forest spe-
cies. 
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