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Abstract

The Cape Region (CR) of Baja California Sur is located in the southernmost tip of the Baja California peninsula,
Mexico. The vegetation of this region is dominated by scrubland (SRB) and tropical dry forest (TDF), but oak (OW)
and oak-pine woodland (OWP) are also found in Sierra La Laguna Biosphere Reserve. These vegetation types, in
this relatively small area, make the CR a contrasting and highly biodiverse region. This research used the Normalised
Difference Vegetation Index (NDVI) to describe spatiotemporal variability of the vegetation cover in the CR. The
analysed NDVI data derived from Landsat 7 during the growing season (September-November) from 2001-2015. Its
spatial distribution showed the highest values in the TDF, OW and OPW. Higher variability was observed in SRB.
Temporal variations of the annual NDVI mean of the growing season fluctuated in a range from 0.292 to 0.522, and
with the highest values in 2014 while the lowest were observed in 2011. A general increasing trend was observed for
the growing season over the period 2001-2015 for all analysed vegetation types. Remote sensing change detection
methods combined with Geographic Information Systems, suggested that the vegetation of the area was well conserved
during the period of study.
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Resumen

La region del cabo (CR) de Baja California Sur se encuentra en el extremo sur de la peninsula de Baja California,
Meéxico. La vegetacion de esta region estd dominada por matorrales (SRB) y bosques secos tropicales (TDF), pero los
bosques de encino (OW) y encino-pino (OWP) también se encuentran en la Reserva de la Biosfera Sierra La Laguna.
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Estos tipos de vegetacion, en esta area relativamente pequefia, hacen de la CR una region contrastante y altamente
biodiversa. Esta investigacion utilizé el indice de vegetacion de diferencia normalizada (NDVI) para describir la
variabilidad espacio-temporal de la cubierta vegetal en la CR. Los datos analizados del NDVI se derivaron del Landsat
7 durante la temporada de crecimiento (septiembre-noviembre) de 2001 a 2015. Su distribucién espacial mostréd los
valores mas altos en TDF, OW y OPW. Se observo una mayor variabilidad en SRB. Las variaciones temporales de la
media anual de NDVI de la temporada de crecimiento fluctuaron de 0.292 a 0.522, con los valores mas altos en 2014,
mientras que los mas bajos se observaron en 2011. Se observo una tendencia general creciente para la temporada de
crecimiento durante el periodo 2001-2015 para todos los tipos de vegetacion analizados. Los métodos de deteccion de
cambios por deteccion remota combinados con los sistemas de informacion geografica, sugirieron que la vegetacion
del area estaba bien conservada durante el periodo de estudio.

Palabras clave: Landsat 7; Variabilidad de la cobertura vegetal; Tendencia de la cobertura vegetal; Coeficiente de

variacion

Introduction

Monitoring ecological processes is essential to
understand their functions, changes and drivers; this
knowledge is necessary to protect the natural environment
and preserve biodiversity (Willis, 2015). Natural as well as
anthropogenic mechanisms can cause fragmentation and
degradation of natural forest in natural protected areas
(NPAs) as well as outside NPAs either shrinks wildlife
habitat or break the continuity of genetic exchanges amongst
spatially isolated populations, and thus causes significant
biodiversity loss (Franklin et al., 2002; Mallegowda et
al., 2015). Vegetation is the main component of terrestrial
ecosystems on earth and plays an important role in the water
energy exchange, and biogeochemical cycles on terrestrial
surfaces (Peng et al., 2012). The status of the vegetation is
commonly used in assessments of productivity of natural
and agricultural lands and declining, or browning, trend
is considered to indicate land degradation (De Jong et al.,
2011).

Vegetation is characterised by inter-annual and seasonal
variations; variations in the surface vegetation coverage
affect the balance of the regional ecosystems, studies on
the variation in vegetation coverage basis of the protection
of the ecological environment (Jiang et al., 2015). Over
the past 3 decades, researchers developed methods for
analysing time series and detecting trends with a view
to detecting changes and even separate different type of
changes (Eckert et al., 2015).

Remote sensing change detection methods improve
conservation abilities by monitoring changes in ecological
status and can assess management effectiveness without
further disturbing the landscape, which are cost-effective
techniques for measuring landscape-level temporal
changes over a continuous area in combination with
Geographic Information Systems (GIS) (Gillespie et al.,
2018; Willis, 2015). A wide range of remote sensing data

sources (e.g., hyperspatial, hyperspectral and active),
such as Landsat is very good at mapping the dynamics of
forest ecosystems in isolated regions and activities such
as logging can be monitored in and around protected area
boundaries (Gillespie et al., 2014; Nagendra et al., 2013),
and products (e.g., vegetation indices) are available, such
as the Normalised Difference Vegetation Index (NDVI)
and Foliage Projected Cover (FPC) (Nagendra et al., 2013).
The combination of both techniques is commonly used for
ecological monitoring in a variety of research projects
and programs although their utilization by protected area
managers continues to be limited (Nagendra et al., 2013).

The NDVI has many merits, such as the simplicity of
its algorithm and ability to roughly differentiate vegetated
areas from other land cover types; it is also more effective at
identifying green vegetation than other methods that rely on
a single band; this algorithm is normalised transformation
of the near infrared (NIR) to red (RED) reflectance ratio
(pNIR/pRED), designed to standardise vegetation index
value, so they are between -1 and +1 with 0O standing for
“no vegetation” and negative values for “non-vegetated
surfaces”, such as water or snow (Pang et al., 2017).
One of the most important requirements to effectively
use the NDVI is the scale, both spatial and temporal.
Willis (2015) explained the importance of choosing the
appropriate spatial and temporal resolution. For example, a
high resolution (30 m pixel) sensor, such as Landsat, may
be used to monitor vegetation community-type changes,
but it is not appropriate to monitor species-type changes.
The next scale factor that should be considered is temporal
resolution; for how long should the process be measured
and how often? Effective change detection should be
performed over a time period of at least 10 years (Huang
et al., 2009).

This study used NDVI data for the spatial and
temporal vegetation analyses during the growing season
(September- November) for the different vegetation
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community-types in the Cape Region (CR) from 2001 to
2015, differentiating the most important natural protected
area, Sierra La Laguna Biosphere Reserve, from the rest
of the region. The results suggested that a vegetation index
with high spatial resolution (30 m) derived from Landsat
7 imagery could be used to describe spatial and temporal
variability of vegetation cover by type in the study area.
This method can be used to define specific conservation
and management programs in this natural protected area
to preserve local biodiversity in this emblematic Biosphere
Reserve.

Materials and methods

The Cape Region lies at the southern tip of the arid
peninsula of Baja California, Mexico (24° N, 110° W)
(Ledn-de la Luzet al., 2000; Fig. 1). The climate, according
to K&ppen’s classification ranges from hot and dry to very
hot and very dry and has an annual mean temperature from
22°C to 24°C, which varies from 22.7°C on the western
slopes to 23.5°C on the eastern slopes(Garcia, 1973; Leon-

de la Luz et al., 2000). The rainy season is concentrated
from July to January with an average precipitation of
200 mm (Ledén-de la Luz et al., 2000). In the lowlands,
the climate is typically hot and dry while it is typically
temperate and humid in the highlands. Annual rainfall
changes with the slope aspect from 506 mm on the western
side to 303 mm on the eastern side in the high hills.
(Arriaga & Ortega-Rubio, 1988; Conanp, 2003; Ledn-de
la Luz & Breceda, 2006). Five main cities are located in
the Cape Region: La Paz, San Juan de los Planes, Todos
Santos, San José del Cabo, and Cabo San Lucas, and
several towns surrounding the area (Fig. 1). In this region
the pristine and isolated Sierra La Laguna is located; the
biophysical characteristics of this mountain area justified
the creation of the Sierra La Laguna Biosphere Reserve
(SLLBR; Fig. 1); its delimitation is included between the
parallels 23°42” and 23°20°N and the meridians 109°46°
and 110°11°W (Conanp, 2003) in the municipalities of
La Paz and Los Cabos in the extreme southern part of
the state in the Cape Region where the highest elevation
reaches 2,100 m asl.

Figure 1. Cape Region, vegetation community-type, The Sierra La Laguna Biosphere Reserve (SLLBR), principal cities and
meteorological stations in Baja California Sur, Mexico. Own elaboration with data from National Institute of Statistic and Geography

(Mexico; 2016).
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The Cape plant communities seem to be separated in
their floristic composition and structural characteristics
by their position along environmental gradients where
elevation, rainfall levels and landform seem to be the most
critical selective factors for plant life (Leon-de la Luz
et al., 2000). The physical environmental factors favour
the development of different vegetation types along an
altitudinal gradient and are characterised by scrubland,
tropical dry forest, oak woodland and oak-pine woodland
(Arriaga & Ortega-Rubio, 1988).

The Sierra La Laguna can be considered as an
ecological vegetation island in the middle of an arid
environment where the unique tropical dry forest of the
peninsula is found, and an oak-pine woodland is located
in the highlands (Breceda et al., 2014; Padilla et al., 1988).
From a floristic point of view, the reserve has been well
studied, registering more than 900 species of vascular
plants, of which approximately 89 are endemic (Rascon-
Ayala et al., 2018).

Scrubland (SRB) is located from 0 to 500 m asl
and comprises sarcocaule, sarcocrasicaule scrub and
mezquital. The climate type, according to Koppen’s
classification is very hot and very dry (Garcia, 1973;
Leon-de la Luz et al., 2000). The representative species
of this vegetation type are Pachycereus pringlei Britton
& Rose, Stenocereus gummosus (Engelm.) A.C. Gibson
& K.E. Horak, Stenocereus thurberi (Engelm.) Buxb and
Euphorbia eriantha Benth (Conanp, 2003).

The tropical dry forest (TDF) occupies an altitudinal
zone from 500 to 1,000 m with hot and dry climate (Garcia,
1973; Leon-de la Luz et al., 2000). The species that
characterise this vegetation type are Lysiloma divaricatum
J.F. Macbr, Jatropha cinerea Miill. Arg, Hesperalbizia
occidentalis (Brandegee) Barneby & J.W. Grimes and
Lysiloma candida Brandegee (Conanp, 2003).

Oak woodland (OW) is a transitional community
between the TDF and OPW (800-1,200 m asl). Quercus
tuberculata Liebm., Q. albocincta Trel., Dodonaea viscosa
Jacq. and Heteropogon contortus Beauv. ex Roem. &
Schult. are distinguished species in this vegetation type
(Conanp, 2003).

The oak-pine woodland (OPW), located from 1,000-
2,100 m asl, is dominated by species as Q. devia Goldman,
Q. tuberculata Liebm, Pinus cembroides subsp. lagunae
(Passini) D.K. Bailey, Arbutus xalapensis Kunth and
Nolina beldingii Brandegee; its climate is classified as
temperate humid (Arriaga & Mercado, 2004).

The study area was covered by 2 Landsat 7 scenes
(path 34 and row 43; path 34 and 44). Landsat 7 satellite
has imaged the Earth every 16 days from 1999 to date and
carried the Enhance Thematic Mapper Plus (ETM+) sensor.
Data was downloaded from the US Geological Survey

server (USGS, https://www.usgs.gov) using EarthExplorer
platform (https://earthexplorer.usgs.gov); an image of
this compound sensor has 8 spectral bands that can be
combined to different colour composition or processing;
this study used images with less than 10% of cloud-cover
from 2001 to 2015 for the growing season (September-
November). This period (2001-2015) was used because
images of the year 2000 had more than 10% of cloud-cover.
Furthermore, only images for the growing season were used
to describe vegetation variability when the CR exhibited
the highest photosynthetic activity in the canopy, thus
reducing variability of vegetation caused by seasonality.

The pre-processing data consisted of: /) filling the
gaps of Landsat 7 data of Scan Line Corrector (SLC),
using raster (Hijmans, 2018) and rgdal (Bivand, 2018)
libraries of R programming software (R Core Team,
2018); 2) performing radiometric calibration, atmospheric
correction by the method of Dark Object Substract 1
(DOS1), which is based on image properties besides
being the most widely used algorithm; for the detection of
land-use changes (Prieto-Amparan et al., 2018), the Semi-
Automatic Classification Plugin (Congedo, 2016) for
QGIS 2.18 (QGIS Development Team, 2018) was used; 3)
removing clouds and shadows through on-screen digitising
was performed using the Cloud Masking Plugin (Corredor,
2018) for QGIS 2.18 (QGIS Development Team, 2018);
4) clipping and merging scenes for the study area polygon
were performed using raster and rgdal libraries of R
programming software (Bivand, 2018; Hijmans, 2018; R
Core Team, 2018).

The NDVI values were derived by Landsat 7 images
using spectral bands 3 (red) and 4 (near infrared, NIR),
defined (Rouse et al., 1974) by:

NDVI = NIR-R / NIR+R (1)

where NIR is the near infrared band and R is the red
band.

Next, the NDVI data was pre-processed using
maximum-value composites (MVCs) to generate annual
values of the NDVI, which is formulated by:

NDVI, = max (NDVI,,, NDVI,,, NDVI,,..., NDVL,) (2)

where NDVI, is the NDVI value of the ith year, and
NDVI,, and NDVI,, are the NDVI values of the first and
second halve date, respectively.

The NDVI mean, standard deviation, minimum and
maximum values for each vegetation community-type,
study area, biosphere reserve polygon, buffer zone
polygon and study period (2001-2015) for the growing
season (September-November) were computed.
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Coefficient of variation (CV) is commonly used in
vegetation research mainly to reflect the discrete degree
of the NDVI data and the inter-annual/annual vegetation
volatility (Jiang et al., 2015; Milich & Weiss, 2010; Tucker
et al., 2001), which is calculated by:

CVpir= Onpyy ! NDVI  (3)

where, CV,,,, refers to the NDVI coefficient of variation
of each pixel for the period 2001-2015; o,,,,, represents
the standard variation of the NDVI value; NDVI is the
mean NDVI value. Because the CV values vary depending
on the region, CV was categorised in 5 classes (lower, low,
moderate, high, and higher) using percentiles 0-20, 20-40,
40-60, 60-80, and 80-100%, which allowed comparing
local vegetation variability more adequately.

This study described NDVI trends using the slope
obtained from simple linear regression, using NDVI as a
response variable and time (years) as predictor variable;
two-tailed p-values were used to test the significance of
these trends.

The spatial distribution of vegetation by type was
obtained from the digitised map theme Land use and
Vegetation at a scale of 1:250,000 Series VI, version 3
(INEGI, 2016). This map was clipped to the study area and
merged similar land cover types into one category (Fig.1).

Four main vegetation community-types were obtained:
scrubland (SRB) representing 50.69% of the study area
and 3.32% for SLLBR area; tropical dry forest (TDF)
36.47% of the study area and 60.48% of SLLBR area;
oak woodland (OW) 5.3% of the study area and 31.93%

of SLLBR area; and oak-pine woodland (OPW) 0.45%
of the study area and 3.96% for SLLBR area. Other
areas were obtained as anthropogenic use (4.49%), urban
area (2.11%), and another one catalogued as “other”
representing mangroves and dunes, which is located out
of the SLLBR area.

Results

The spatial distribution of average NDVI for the
growing season from 2001 to 2015 is shown in Fig. 2a
where it gradually increased from the coast to highlands.
The transition zone between TDF and woodlands had the
highest NDVI values while the SRB had the lowest ones.
This figure also highlighted that cities and surrounding areas
had the lowest NDVI value. Table 1 shows the descriptive
statistics of NDVI values by vegetation type for the study
area and the SLLBR where SRB had the highest variability
and the minimum values (-0.452); the highest NDVI values
were observed in OW with a maximum of 0.742. The
NDVI values in the SLLBR exhibited a similar pattern;
however, the observed values in this area were higher.

Figure 2b shows the spatial distribution of coefficient
of variation (CV) of NDVI for the study period (2001-
2015). As shown in this figure, CV values in the reserve
were lower than in the remainder of the study area; this
low variability extended to areas where TDF expands.
Higher CV values were recorded along rivers (usually dry
along the year), close to the main cities in the northern
and western most regions of the study area. The CV was
categorised into 5 types (Table 2) according to quintiles and
coded as follows: lower variation (<= 0.14), low variation

Figure 2. a) Normalised Difference Vegetation Index average and b), NDVI coefficient of variation.
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(0.14 < CVypy; < = 0.20), moderate variation (0.20 <
CVypy1 <= 0.25), high variation (0.25 < CV,,;<=0.32)
and higher variation (CVp,;> 0.32). As shown in Table
2, in the study area most of the SRB have high and higher
variability, 34.1 and 32.5%, respectively. For the TDF,
the classification suggested that this vegetation type had
low and lower variability, 35.6 and 34.9%, respectively.
Both OW and OPW had the lowest variability compared
with the other vegetation types in the study area. Within
the SLLBR polygon, values showed a similar pattern but
with higher percentages for lower, low and moderate CV
categories.

Table 1

Figure 3 shows the general trend pattern of NDVI
in the study area and the SLLBR polygon. As shown in
this figure, from 2001 to 2015, an increasing pattern was
observed in the NDVI values; the linear models suggested
an increment of 0.005 per year in both the study area
and the polygon. During the study period both areas had
the lowest values in 2011 and the highest ones in 2014
and 2015. Spatial distribution of NDVI trend patterns are
shown in figure 4a, which suggested that most of the study
area had a positive and significant increase in the NDVI;
however, areas close and within cities had a negative and
significant decrease.

Descriptive statistics (quartiles) of Normalised Difference Vegetation Index in the Cape Region, Baja California Sur, Mexico during
the growing season (September - November) for the study period (2001-2015). In bold, the minimum and maximum NDVI values

for each polygon.

Polygon Veg. Type QO (min) Q1 (25%) Q2 (50%) Q3 (75%) Q4 (max) Mean Std Dev

Study area SRB -0.452 0.283 0.359 0.442 0.687 0.361 0.112
TDF -0.165 0.464 0.543 0.603 0.739 0.542 0.098
ow -0.039 0.556 0.594 0.627 0.742 0.586 0.060
OPW 0.289 0.570 0.591 0.611 0.706 0.589 0.035
Urban area  -0.098 0.167 0.288 0.307 0.667 0.243 0.101
Anthro. use  -0.177 0.292 0.359 0.434 0.693 0.364 0.118

SLLBR SRB 0.074 0.460 0.536 0.569 0.680 0.505 0.101
TDF 0.068 0.572 0.610 0.638 0.740 0.598 0.058
ow 0.130 0.548 0.585 0.617 0.742 0.579 0.059
OPW 0.289 0.570 0.591 0.611 0.706 0.589 0.035

Table 2

Classification of the coefficient of variation (CV) of Normalised Difference Vegetation Index (NDVI) and its percentage of surface
area, in the Cape region, Baja California Sur, Mexico during the growing season (September - November) for the study period

(2001-2015).

Polygon Veg Classification of variation
Lower Low Moderate High Higher

Study area SRB 1.72 11.09 20.46 34.16 32.56
TDF 35.62 34.97 20.19 7.86 1.36
ow 92.87 5.75 0.72 0.32 0.34
OPW 99.74 0.22 0.03 0.01 0.00
Urban areas 4.29 13.67 17.14 26.08 38.82
Anthro. use 7.26 9.62 11.86 21.18 50.08

SLLBR SRB 1.69 10.24 26.60 55.22 6.26
TDF 67.14 23.50 6.91 1.88 0.57
ow 92.93 5.98 0.62 0.25 0.23
OPW 99.74 0.22 0.03 0.01 0.00
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Trend values of NDVI by vegetation type are shown
in Table 3. OW and OPW are the vegetation types that
have increased in at least 40% of the study area. Although
increasing patterns of SRB and TDF were lower than in
other vegetation types, significant and positive values were
greater than the significant and negative values.

Discussion

The Cape Region is characterised by the composition
of its vegetation; it is located in an arid region with the
tropical dry forest on the foothill of mountains and pine
forest and oak-pine forest on the highlands (Fig.1). The
results of this study showed that the highest NDVI values
were located on highlands where radiation is intercepted
by the canopy of evergreen oaks and pines of the woodland
(Ledon-de la Luz & Breceda, 2006); this result was
consistent with that of the Moderate Resolution Imaging
Spectrometer (MODIS) based-study carried out in Baja
California Sur (Salinas-Zavala et al., 2017); the results of
CV were also consistent where the variation on the Cape
Region was less than 20% and within the reserve less than
10% in both studies (Salinas-Zavala et al., 2017).

The results indicated that the vegetation on the Cape
Region has been increasing in recent years for all the
different vegetation types; however, this result differs
from a previously described trend in the same area, which
showed negative NDVI trends, especially in the area
of the pine-oak woodland within the SLLBR (Salinas-
Zavala et al., 2017). This difference might be due to the
spatial resolution, period of study and seasonal natural
phenomena in relation to climate and plants. Salinas-Zavala
et al. (2017) used data from MODIS with a 250 m spatial
resolution, and they measured annual NDVI average for
all months from 2001 to 2015. This result highlights the
advantages of using Landsat products since they may have
ideal sampling characteristics for monitoring diverse land
cover types at a regional and historic level (Willis, 2015).
The 30 m (900 m?) spatial resolution of Landsat sensor
allows capturing spatial detail at a scale appropriate for
monitoring vegetation structure and composition (Willis,
2015). MODIS has been widely used at regional scales; its
pixel size of 250-500 m (62,500 m?-250,000 m?) makes it
unsuitable for local scale studies but useful for long term
and strategic regional planning (Nagendra et al., 2013).

The lowest NDVI and highest CV values were recorded
close to and within the main cities in the study area where
the populations and city sizes have increased considerably
in the last 20 years, which suggested that the negative and
significant trend of NDVI values were directly related with
this growing population (INEGI, 2010, 2015). Most of the
pixels with significant increases are primarily composed
of tropical dry forest located in the easternmost area of

Table 3

Trends and its percentage of surface area in the Cape Region,
Baja California Sur, Mexico with significant pixel of Normalised
Difference Vegetation Index by vegetation type during the
growing season for the period 2001-2015.

Polygon Veg trend % Area significance
Decrease  Increase
Study area SRB 0.005 0.19 6.16
TDF 0.005 0.02 23.70
ow 0.005* 0.01 52.88
OPW  0.003 0.00 42.99
UA -0.001 10.53 6.64
AU 0.004 1.29 16.85
SLLBR SRB 0.004 0.27 88.73
TDF 0.005 0.00 29.05
ow 0.005* 0.00 53.82
OPW  0.003 0.00 42.99

* corresponds to p < 0.05 (statistical significance of linear
regression).

study, which can be related with sea surface temperature,
on both coasts, showing a range of differences from 5-10
°C (Alvarez-Borrego, 2002). This situation affects, to a
certain scale, regional environmental variables, such as
the levels of air temperature, solar radiation and rainfall,
aspects that determine predominance and even exclusion
of some species on the eastern and western mountain
slopes (Leon-de la Luz et al., 2012).

In the CR the dry season extends from November to
late June (Diaz et al., 2001); thus, large number of plants
experience challenging conditions and result in large
variability of leaf health. Therefore, and to avoid this large
variability, the growing season was selected to describe
changes in the NDVI since this vegetation index has
been used as a proxy for vegetation biomass productivity
throughout the growing season (Gu & Wylie, 2015).

Interannual variations showed the maximum NDVI
value (0.522) in 2014 and the minimum ND VI value (0.292)
in 2011(Fig. 3). Near-shore tropical storm activity is a very
important component of the annual rainfall in this region;
for example, during Hurricane Juliet (27 September to 3
October 2001), San Bartolo station (~23.75° N, 109.18°
W) recorded 815 mm rainfall in 3 days when the annual
mode was 400 mm and the mean was 319 mm (Diaz et al.,
2008). The historical information about the cyclone season
was analysed from 2001 to 2015 where 2001, 2003, 2006
and 2014 were the years most affected by hurricanes in the
Cape Region, which coincides with some of the maximum
peak NDVI values (SMN, 2018; Fig. 3).
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Figure 3. Interannual Normalised Difference Vegetation Index for the Cape Region, Baja California Sur, Mexico from 2001 to 2015.

Figure 4. Spatial distribution of trend in the Normalised Difference Vegetation Index in the Cape Region, Baja California Sur, Mexico
over the period from 2001-2015 in the growing season. a), NDVI trend; b), significance of the NDVI trend for each pixel.
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However, more detailed research is necessary to
analyse the effectiveness of the reserve, and driving forces
associated with vegetation variation should be explored,
such as climate and topography. Whilst the area that
is protected is an indicator of conservation inputs, this
measure does not provide an assessment of conservation
effectiveness in terms of habitat protection, preservation
of biodiversity and/or prevention of habitat fragmentation
(Nagendra, 2008; Nagendra et al., 2013; Nelson &
Chomitz, 2011).
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