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Normalized difference vegetation index (NDVI) datasets are growing in
popularity to represent vegetation dynamics in ecological studies. Because of
its multidimensional nature, it is difficult to visualise the spatial and temporal
components of NDVI datasets simultaneously. This letter presents a method to
display vegetation dynamics as captured by the NDVI along natural gradients
and to visualise and test correlations between vegetation phenology and animal
movement.

1. Introduction

Remote sensing data are increasingly being used for ecological studies (Pettorelli et
al. 2005). The normalized difference vegetation index (NDVI), in particular, is useful
because it shows spatial and temporal trends in vegetation dynamics, productivity
and distribution (Reed et al. 1994, Nemani et al. 2003). Consequently, the NDVI is
growing in popularity as a tool to investigate the interaction between vegetation and
animal activity, including migration (Boone et al. 2006, Ito et al. 2006).

Until this century, the AVHRR and SPOT sensors were the only instruments
providing data to construct NDVI time series at an almost-daily resolution. The
1 km spatial resolution of these datasets limits their applicability for all but
continental and global ecological studies. Now, however, MODIS and MERIS data
can be used to produce NDVI time series of almost-daily resolution at a spatial
resolution as high as 250 or 300 m, making them useful for local and regional
studies. Derived datasets for monitoring regional vegetation activity, for example,
may be validated with in situ observations of vegetation phenology (Delbart et al.
2006, Beck et al. 2007). Hence, time series are well suited to represent the dynamics
of vegetation activity in ecological studies, and compare them, for example, to
animal migration and movement.

Displaying NDVI time series and relating them to ecological phenomena is
challenging, as the datasets are typically multidimensional, quantifying vegetation
activity in space, as well as through time. The most common approach is to exclude
either the spatial or the temporal component of the data in the visualisation. A
single time series of the NDVI may, for example, be shown to exemplify the data
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(e.g. Stockli and Vidale 2004), or a map depicting a ‘time-slice’ of the data may
represent the NDVI in space at a given moment in time (e.g. Pettorelli et al. 2005).
Alternatively, a parameter derived from the NDVI time series, such as a principal
component or the estimated start of the growing season, may be mapped (e.g.
Naizot et al. 2004, Karlsen et al. 2007) or plotted against a geographical gradient
(e.g. Zhang et al. 2003). While these approaches are complementary, none represents
the temporal and spatial patterns in an NDVI dataset simultaneously.

Since its first use, colour palettes have been applied to map the NDVI.
Occasionally, colour palettes have been used to represent NDVI values along axes
other than a geographical grid: Stockli and Vidale (2004) displayed the NDVI along
a time axis with daily resolution and a range of 1 year versus an axis with yearly
resolution. This allowed them to display interannual and seasonal variability in the
NDVI and the start and end of the growing season in a single figure. Dye and
Tucker (2003) displayed annual vegetation index (VI) patterns in colour along a
latitudinal gradient and Anyamba and Tucker (2005) displayed them along a
longitudinal gradient. In these latter two examples, colour bars represent the annual
trajectory of the NDVI in a single stratum of, respectively, latitude and longitude.

Here, the method of displaying NDVI along spatial and temporal dimensions
simultaneously is developed further. It is applied to a mountainous area to show
how the vegetation greenness changes in time and with altitude. Using the
movement data of radiotracked giant pandas in the area in addition illustrates how
the display method facilitates visualising correlations between vegetation phenology
and other biotic factors, in this case seasonal animal movement.

2. Study area and MODIS NDVI data

The Foping Biosphere Reserve is located in southwestern China and between
altitudes of 1000 and 2900m (see figurel). The area is mostly forested with
understorey vegetation dominated by bamboo species and has the highest
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Figure 1. (a) The location of Foping Biosphere Reserve and the southwest China temperate
forest it is a part of, in eastern Asia. (b) A vegetation map of Foping Biosphere Reserve
(Liu 2001), overlaid on a digital elevation model with a 30 m horizontal resolution. Deciduous
broadleaf forest is shown in brown, mixed forest in green, evergreen coniferous forest and
bamboo meadows in blue and other land cover types yellow.
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population density of giant pandas in the world (State Forestry Administration
2000).

MODIS NDVI data (MOD13) over part of the Foping Biosphere Reserve were
downloaded. The dataset provides 23 NDVI images per year at 16 day interval,
where every pixel value is the product of maximum value compositing (Huete ez al.
2002). From the 5 year data between 2001 and 2005, the best 1 year time series,
consisting of 23 images, was composed as follows: for each pixel and compositing
period, the five available NDVI values were extracted and the mean of the three
values of highest quality was calculated. If more than three values had the highest
quality, the mean NDVI of all these was used. The quality judgement was based on
the usefulness index accompanying the MODIS data.

To interpolate the 23 values of the average NDVI time series for display purposes
and to reduce noise in the data, the TIMESAT software package and a Savitsky—
Golay function were used (Jonsson and Eklundh 2004).

3. Relative phenological development (RPD)

Changes in NDVI through time reflect phenological development in terrestrial
vegetation types ranging from the Arctic to the tropics (Krishnaswamy et al. 2004,
Beck et al. 2006). The interpolated NDVI trajectory of each pixel was normalized to
cover the range of 0% to 100%, indicating the minimum and maximum NDVI for a
given pixel, respectively. Therefore, RPD,=(NDVINDVI;,)/(NDVI,.x—
NDVI1,,;,), where NDVI,;;, is the minimum NDVI for the pixel, NDVI,,., is the
maximum NDVI for the pixel and RPD, and NDVI, are the relative phenological
development at and NDVI at time ¢, respectively.

Thus, when viewing the RPD of two pixels at a given time ¢, one can compare the
state of greenness of the two pixels irrespective of their absolute NDVI values. Here,
this scale is termed the relative phenological development (RPD).

4. Giant panda movement data

The giant panda movement data were gathered between June 1991 and December
1995 from three female and three male individuals equipped with radiocollars. The
geographical position of the animals was estimated from at least three bearings
recorded in the field. As successful registration was not possible every day and for
every animal, the number of position estimates varied between animals, from 107 to
465, with a mean of 293.

The first MODIS sensor was launched in 1999, while the giant panda movement
datasets are from 1991 to 1995. It was tested whether the 2001 to 2005 average
NDVI time series may represent the period 1991 to 1995 by comparing the
temperature and precipitation in the two periods, as these are main drivers of plant
phenology (Cleland et al. 2007).

5. Compatibility of the NDVI and giant panda movement data

In general, the 1991 to 1995 period is comparable to the 2001 to 2005 period,
although the mean monthly temperature was slightly higher than the 2001 to 2005
maximum in August, November and December (figure2(a)). The difference was
greatest in November, where the 1991 to 1995 mean was 0.9 °C warmer than the
2001 to 2005 maximum. The mean monthly precipitation in the 1991 to 1995 period
was 10 mm higher than the 2001 to 2005 maximum in April and 40 mm lower than
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Figure 2. Range of (¢) monthly temperatures and (b) cumulative precipitation in Foping
from 1991 to 1995, when giant panda location data were collected (lines), and from 2001 to
2005, when MODIS NDVI data were collected (shaded area, excluding 2002). The year 2002
(dashed line) was unusual, because it saw very high rainfall (210mm) on 9 June. The
meteorological station was moved to a new location in July 2001. Therefore, all temperature
recordings from this date onwards were adjusted downwards to correct for the 260 m
difference in altitude of the two locations, assuming a lapse rate of 6.5 °C/km.

the 2001 to 2005 minimum in September and the driest summers occurred in the
former period (figure2(b)). Overall, the climate in the period with NDVI
observations was somewhat colder in summer and autumn than in the period with
giant pandas, and also slightly wetter. The year 2002 was unusual as it saw 210 mm
of rainfall on 9 June (Hou et al. 2006). However, when excluding the year 2002 from
the NDVI data composition as described in §2, the average NDVI values for the 23
images did not change by more than 0.02. Hence, the NDVI is generally
representative of the years with giant panda observations.

6. Visualisation

Vegetation activity, estimated using the NDVI time series, was displayed in the
Foping Biosphere Reserve along an altitudinal gradient. Annual NDVI trajectories
were stratified by altitude and plotted along axes of time and altitude (figure 3(a)).
To facilitate the comparison of phenological development at different altitudes and
across vegetation types, the plot was coloured according to the RPD. Thus, bands of
similar colour in the figure can be regarded as vegetation in similar phenological
stages, allowing for differences between vegetation types, because of the normal-
ization in the RPD calculation (for non-normalized phenological indices, see
Krishnaswamy et al. (2004) and Das et al. (2006). The figure clearly shows how the
period of dormancy lengthens and the growing season shortens towards higher
altitudes; at the lowest altitudes, the dormancy period continues until April, while it
continues until May at the highest altitudes. This concurs with the ground
observations of Wang et al. (in press) that in the Foping Biosphere Reserve, canopy
trees leaf out in mid April to late May and leaf fall is complete by mid October to
early November. After dormancy, the vegetation reaches maximum greenness in the
course of about 1 month at the lowest altitudes, increasing to almost 2 months on
the mountain peaks. In the middle of summer and the middle of winter, the average
NDVI in the area is constant across the altitude gradient in the area. The length of
near-maximum greenness lasts for more than 4 months in the lowlands, but for only
3 months on the mountain plateaus and tops.
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Figure 3. (a¢) Summarized phenology of the Foping biosphere reserve as detected by
MODIS NDVI after processing with TIMESAT. The RPD is a rescaled version of the NDVI.
The solid white line shows the average altitudinal movement of six radiotracked giant pandas
and the thin white lines indicate the standard error of the average. (b) Time-slices of RPD
during early spring, late spring, summer and early autumn, with the positions of the
radiotracked giant pandas during a 10 day period indicated by black dots.

The altitudinal movement of the giant pandas in the area shows a striking
correlation with the phenological development of the area. In spring, the animals
move rapidly to higher altitudes when the vegetation reaches its peak greenness. In
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autumn, the gradual movement of the animals to lower altitudes coincides with the
onset of vegetation senescence from the highlands to the valleys.

In addition, the RPD was mapped during early spring, late spring, summer and
early autumn and showed the giant panda locations in the corresponding periods
(figure 3(b)). The maps were overlaid on a shaded digital elevation model of the area.
Together, they further illustrate how the phenological development correlates with
altitude and strongly indicate that phenological development drives the giant panda
movement. The display methods described here provide a useful exploratory tool
when relating vegetation activity, as monitored in remote sensing, to other
ecological phenomena.

Acknowledgements
The authors would like to thank the two anonymous referees and editor Giles
Foody for their comments on this manuscript.

References

ANYAMVA, A. and Tucker, C.J., 2005, Analysis of Sahelian vegetation dynamics using
NOAA-AVHRR NDVI data from 1981-2003. Journal of Arid Environments, 63, pp.
596-614.

BEck, P.S.A., ATZBERGER, C., HoGDA, K.A., JOHANSEN, B. and SKIDMORE, A.K., 2006,
Improved monitoring of vegetation dynamics at very high latitudes: a new method
using MODIS NDVI. Remote Sensing of Environment, 100, pp. 321-334.

Beck, P.S.A., JonssoN, P., HoGpA, K.A., KARLSEN, S.R., EKLUNDH, L. and
SKIDMORE, A.K., 2007, A ground-validated NDVI dataset for monitoring vegetation
dynamics and mapping phenology in Fennoscandia and the Kola peninsula.
International Journal of Remote Sensing, 28, pp. 4311-4330.

BoONE, R.B., THIRGOOD, S.J. and HOPCRAFT, J.G.C., 2006, Serengeti wildebeest migratory
patterns modeled from rainfall and new vegetation growth. Ecology, 87, pp.
1987-1994.

CLELAND, E.E., CHUINE, I., MENZEL, A., MOONEY, H.A. and ScCHWARTZ, M.D., 2007,
Shifting plant phenology in response to global change. Trends in Ecology & Evolution,
22, pp. 357-365.

Das, A., KrRisHNASWAMY, J., Bawa, K.S., KiIRaN, M.C., SRINIVAS, V., KUMAR, N.S. and
KARANTH, K.U., 2006, Prioritisation of conservation arcas in the western Ghats,
India. Biological Conservation, 133, pp. 16-31.

DELBART, N., LETOAN, T., KERGOAT, L. and FEDOTOAVA, V., 2006, Remote sensing of spring
phenology in boreal regions: a free of snow-effect method using NOAA-AVHRR and
SPOT-VGT data (1982-2004). Remote Sensing of Environment, 101, pp. 52-62.

DyE, D.G. and TUucker, C.J., 2003, Seasonality and trends of snow-cover, vegetation index,
and temperature in northern Eurasia. Geophysical Research Letters, 30, pp. 1405.

Hou, J., WaNG, C., Lu, Y., NING, Z. and Du, J., 2006, Activity of typhoons and extreme
rainstorms in Shaanxi Province (in Chinese). Journal of Tropical Meteorology, 22, pp.
203-208.

HUETE, A., DipAN, K., MIURA, T., RODRIGUEZ, E.P., GAO, X. and FERREIRA, L.G., 2002,
Overview of the radiometric and biophysical performance of the MODIS vegetation
indices. Remote Sensing of Environment, 83, pp. 195-213.

Ito, T.Y. MiUurA, N., LHAGVASUREN, B., ENKHBILEG, D., TAKATSUKI, S. and
TSUNEKAWA, A.J.Z., 2006, Satellite tracking of Mongolian gazelles (Procapra
gutturosa) and habitat shifts in their seasonal ranges. Journal of Zoology, 269, pp.
291-298.

JoNssoN, P. and EKLUNDH, L., 2004, TIMESAT - a program for analyzing time-series of
satellite sensor data. Computers & Geosciences, 30, pp. 833-845.



Downloaded By: [Beck, P. S. A.] At: 22:15 16 June 2008

Remote Sensing Letters 4283

KARLSEN, S.R., SoLHEIM, I., HoGaD, K.A., WIELGoLASKI, F.E., ToMMERVIK, H. and
Beck, P.S.A., 2007, Variability of the start of the growing season in Fennoscandia,
1982-2002. International Journal of Biometeorology, 51, pp. 513-524.

KRIiSHNASWAMY, J., KIRAN, M.C. and GANESHAIAH, K.N., 2004, Tree model based eco-
climatic vegetation classification and fuzzy mapping in diverse tropical deciudous
ecosystems using multi-season NDVI. International Journal of Remote Sensing, 25, pp.
1185-1205.

Liu, X., 2001, Mapping and modelling the habitat of giant pandas in Foping Nature Reserve,
China. Phd thesis, Wageningen University, Wageningen, 155 p.

Naizot, T., AUDA, Y., DERVIEUX, A., THIOULOUSE, J. and BELLAN, M.F., 2004, Une nouvelle
analyse multi-temporelle d’images satellitales, les résidus de 1’Analyse en
Composantes Principales. Un cas d’étude: une série d’images Landsat Thematic
Mapper de la Camargue, France. International Journal of Remote Sensing, 25, pp.
1925-1938.

NEMANI, R.R., KEELING, C.D., HAsHimoTto, H., JoLLYy, W.M., PIPER, S.C., TUCKER, C.J.,
MyNENI, R.B. and RUNNING, S.W., 2003, Climate-driven increases in global
terrestrial net primary production from 1982 to 1999. Science, 300, pp. 1560-1563.

PETTORELLI, N., VIK, J.O., MYSTERUD, A., GAILLARD, J.-M., Tucker, C.J. and
STENSETH, N.C., 2005, Using the satellite-derived NDVI to assess ecological responses
to environmental change. Trends in Ecology and Evolution, 20, pp. 503-510.

REeD, B.C., BROwN, J.F., VANDERZEE, D., LovELAND, T.R., MERCHANT, J.W. and
OHLEN, D.O., 1994, Measuring phenological variability from satellite imagery.
Journal of Vegetation Science, 5, pp. 703-714.

STATE FORESTRY ADMINISTRATION, 2006, Third National Survey Report on Giant Pandas in
China (in Chinese) (Beijing: Science Press).

StockLl, R. and VIDALE, P.L., 2004, European plant phenology and climate as seen in a 20-
year AVHRR land-surface parameter dataset. International Journal of Remote
Sensing, 10, pp. 3303-3330.

WANG, T., SKIDMORE, A K., Toxopeus, A.G. and Liu, X.H., in press, Understory bamboo
discrimination using a winter image. Photogrammetric Engineering & Remote Sensing.

ZHANG, J., DonG, W, Fu, C. and Wu, L., 2003, The influence of vegetation cover on summer
precipitation in China: a statistical analysis of NDVI and climate data. Advances in
Atmospheric Sciences, 20, pp. 1002-1006.



