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ABSTRACT

Tropical dry forests are the world’s second most relevant forest type, home to unique vegetation and
highly threatened by human activity. This study aimed to determine changes in plant biomass within
a tree-hectare permanent plot of tropical dry forest (TDF) at the Universidad del Magdalena over 12
months. The composition, structure, and plant dynamics were characterized using drone imagery and
allometric equations for dry climates. Biomass was calculated for 848 trees and shrubs with a diameter
at breast height (DBH) over 10 cm, and a Normalized Difference Vegetation Index (NDVI) time series was
established. It was possible to identify the change in NDVI with a positive trend in areas with higher soil
moisture, higher coverage, vegetation network, and limited access. Likewise, the findings show that areas
with lower coverage have greater accessibility and lower diversity. The vegetation cover dynamics within
the Universidad del Magdalena’s TDF plot revealed low variability in NDVI over the study period, with
values exceeding 0.7 in 58% of observations, reflecting a linear trend with the rainy seasons. Estimating
the vegetal cover biomass is feasible using differentiated indices and techniques that reduce costs and
time and do not have destructive implications for the vegetation.

Keywords: allometric equations; Colombian Caribbean; drought; plant cover; rain; vegetation.
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RESUMEN

Los bosques secos tropicales (BsT) son el segundo tipo de bosque mas importante del mundo,
albergan una vegetacion inica y estdn amenazados por la actividad humana. Este estudio tuvo como
objetivo determinar los cambios en la biomasa vegetal en una parcela permanente de tres ha de
BsT en la Universidad del Magdalena durante 12 meses. Se caracteriz6 la composicidn, estructura
y dindmica vegetal utilizando imagenes de drones y ecuaciones alométricas para climas secos. Se
calcul6 la biomasa de 848 arboles y arbustos con didmetro a la altura del pecho (DAP) mayor a 10 cm
y se establecié una serie temporal del Indice de Vegetacién de Diferencia Normalizada (NDVI). Fue
posible identificar el cambio en el NDVI con una tendencia positiva en areas con mayor humedad
del suelo, mayor cobertura, red de vegetacion y acceso limitado. Asimismo, los hallazgos muestran
que las dreas con menor cobertura tienen mayor accesibilidad y menor diversidad. La dindmica
de la cobertura vegetal en la parcela de BsT de la Universidad del Magdalena revel6 baja variaciéon
en NDVI en el periodo de estudio, con valores superiores a 0,7 en el 58% de las observaciones,
reflejando tendencia lineal con las épocas lluviosas. La estimacién de la biomasa de la cobertura
vegetal es factible utilizando indices diferenciados, lo que reduce costos y tiempo sin implicaciones
destructivas para la vegetacion.

Palabras clave: ecuaciones alométricas; Caribe colombiano; cobertura vegetal; lluvia; sequia; vegetacion.

INTRODUCTION

Forests cover 1/3 of the earth’s surface. Of these, Tropical Dry Forests (TDF) are the
second most crucial forest type, covering about 42% of the tropical and subtropical forest
area (Hasnat & Hossain, 2020). Almost 50% of the TDF are found in the Americas and
are the most threatened of all forest types due to climate change and anthropogenic
intervention, manifested in logging, agricultural frontier expansion, forest fires, and
change of use. Despite this, there are few studies on the potential of TDF to produce
biomass and serve as a carbon sink (Gwal et al., 2020; Thakur et al., 2019) in the
conditions of northern Colombia, so it is necessary to deepen and link research on
the subject. In the Caribbean region, the largest and best-conserved areas of TDF
are located in the coastal zone, specifically in areas adjacent to Santa Marta city, the
foothills of the northern flank of the Sierra Nevada de Santa Marta, and the south
of La Guajira, in the vicinity of the Tayrona National Natural Park. On the grounds
of the University of Magdalena, there is a permanent plot (relic) of TDEF, a strategic
ecosystem for long-term research development, to broaden knowledge and appreciate
fundamental contributions to mitigating climate change and reducing the pressure of
human activities (Mngadi et al., 2022).

Indeed, in ecosystems, producing organic materials (biomass) and their decomposition
stabilizes biogeochemical cycles (Thakur et al, 2019), including carbon, which is
essential for soil conservation. The biomass’s quantity and quality reflect the system’s
state. They are parameters for estimating CO2 sinks, quantifying plant nutrients,
determining primary photosynthetic productivity (PPN), and comparing species and
vegetation types at different sites (Anaya-Acevedo et al., 2008).
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Biomass in tropical dry forests retains the majority of global terrestrial carbon. It
undertakes a vital role in effecting the preservation of biodiversity, with high species
diversity driven by local conditions, including low humidity and nutrient-poor soils.
Biomass, which includes live and dead plant material, provides essential habitats and
vital nutrients for a wide range of species, resulting in the protection of biodiversity
resources necessary to restore disturbance equilibria across both natural and caused
ecological damages (Stan & Sanchez-Azofeifa, 2019; Siyum, 2020).

As can be verified, aboveground biomass is mainly linked to leaves and stems; it is
directly counted in grams by destructive methods (Schlegel et al., 2001), but in large
areas and protected or vulnerable ecosystems, it is not feasible. An alternative is the use
of vegetation indices obtained by remote sensing that captures multispectral images
from satellites or unmanned aerial vehicles (drones) - MODIS, taking advantage of the
relationship between vegetation cover, a fraction of photosynthetically active radiation
absorbed, and the Normalized Green Index (NDVI) (Thakur et al., 2019; Anaya-Acevedo
et al., 2008); This has facilitated the use of NDVI as an indicator of net photosynthetic
productivity (biomass) at the landscape scale (Zaitunah et al., 2018) and its application
in remote sensing for vegetation cover based on the product of the relationship between
solar radiation and canopy, which is summarized as the contrast between the red band
of the visible spectrum (645 nm) and the near-infrared (700-1300 nm) because leaf
pigments offer low reflectivity in the red band and high reflectivity in the near-infrared
(Anaya-Acevedo et al., 2008; Guzman Q. et al., 2019).

Similarly, allometric equations can be used from direct measurements (Gémez et al.,
2021), wherein forestry, height, diameter at breast height, and wood density are the
variables to be measured to calculate biomass as the dependent variable. Height and
diameter are easily measured in the field, while density is obtained in the laboratory
from small wood samples. However, according to Anaya-Acevedo et al. (2008),
allometric equations reported in the literature show that information for many species
is scarce (Gémez et al., 2021), and the behavior of biomass is not linear as a function
of individual diameter and stand diameter frequencies. These considerations are
interesting when establishing the relationship between biomass and remotely sensed
data (Srinivas & Sundarapandian, 2019). At the same time, multispectral sensors on
drones allow direct and continuous observation of the variables that characterize the
forest surface; they provide data in real-time and in a scalable manner; they are an
efficient tool for recognizing and spatially monitoring the territory, identifying spatial
patterns and anomalies, as well as locating, delimiting, and measuring their evolution
over some time (Baseca, 2019).

In addition, the Normalized Green Index from Rouse Jr. et al. (1974), known as NDVI,
derived by the equation NDVI = (NIR - RED)/(NIR + RED), from MOD09GQ (TERRA
AM) and MYD09GQ (AQUA PM) surface reflectance data from the MODIS (Moderate
Resolution Imaging Spectroradiometer) sensor is a widely used variable, with values
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ranging from -1. 0 and 1.0 (NDVI), and its products have a daily temporal resolution
and a spatial resolution of 250m x 250m (Becker-Reshef et al., 2010). This index has
been prioritized in various research studies for vegetation cover and endorsed as an
indicator of vegetation cover by different institutes.

It is estimated that 90% of the TDF in the Colombian Caribbean has been lost, and
if we add that it is a complex ecosystem with high deterioration, fragmentation, and
vulnerability to land use change, monitoring its dynamics allows us to learn more
about its close interrelationships and the benefits it provides at an economic, social and
environmental level, such as CO, sequestration, soil protection against erosion, storage,
and regulation of rainwater, nutrient cycling, production of fruit and leaf litter for the
food chain, absorption and transformation of thermal and light energy, and also as a
genetic laboratory to tolerate extreme events, the basis for buffering and mitigating the
so-called climate change phenomenon in the future.

Therefore, it was proposed to estimate the foliar PPN of the permanent plot of relicts
of Tropical Dry Forest (TDF) located at the University of Magdalena, using unmanned
aircraft and five allometric equations developed for dry tropical climates, based on the
diameter at breast height (DBH) of 10 cm per individual and drone images obtained
between July 2020 and August 2021, to estimate and analyze the tree biomass of
the system, information that will contribute to understanding the dynamics of the
vegetation cover in conditions of the Colombian Caribbean, where unfortunately a loss
of more than 90% of the TDF is estimated (Benitez et al., 2014).

MATERIAL AND METHODS

In the first phase, an approach to the quantification of biomass was carried out through
the capture of images by drone to establish the Normalized Green Index (NDVI); the
second phase determined allometric equations based on the diameter at breast height
(DBH) of 10 cm per individual, for which a species inventory was necessary to estimate
the tree biomass of the campus.

Location and description of the study area. Magdalena Department, Santa Marta,
Colombia, Campus of the University of Magdalena. Centro de Desarrollo Agricola y
Forestal (CDAF) coordinates 74°07’ 0” and 74°12°0” W 11°11’ 0.9” and 11°13’ 29.6" N,
and 74°11°0” W in the city of Santa Marta (Figure 1). Average temperature of 29.5°C,
average annual rainfall of 700 mm, relative humidity of 70%, altitude of ten m.a.s.l,
influenced by the trade winds from the northern hemisphere, semi-arid climate with
a marked water deficit in the dry season, with megathermal environments and plant
formations classified as Sub-Xerophytic Zonobiomes according to Rangel et al. (2009).
Annual potential evapotranspiration (ETP) or reference evapotranspiration (ETo)
fluctuates between 1300 and 1412 mm (Revueltas et al.,, 2020), and relative humidity is
between 65% and 80% (Girén-Angarita, 2021).
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Left: Permanent relict plot of Tropical Dry Forest (TDF) Universidad del Magdalena. Right: TDF
relict flight plan - Granja Experimental Universidad del Magdalena.

Figure 1. Location of the study area.

The area’s topography is flat, with soils with a texture varying from loam to clay-sandy
loam, low organic matter content, and the presence of salts. Soils have developed on
a terrace plane from quaternary alluvial deposits, constituting the parental material
classified in the order Entisols and suborder Psamments (Aguirre et al, 2022),
characterized by being poorly evolved, with a predominance of coarse textures,
subangular block-type structures in the epipedons, and without structure in the
endopedons. Chemically, soils with neutral to alkaline pH, high Na, Ca, Mg, and K
concentrations, low CO contents, and a cation exchange capacity (CEC) value between
10-20 cmol+ kg* (Girén-Angarita, 2021).

The Centre for Agricultural and Forestry Development (CDAF) has an area of 24
hectares (ha), which are distributed as follows: 3.0 ha of tropical dry forest in recovery;
12.72 ha in fallow; 0.76 ha occupied by artificial ponds for research and fish production
purposes; and 5.91 ha between transitory and perennial crops. The permanent TDF
relict plot was defined 12 years ago and complied with the specifications of this TDF
system as stipulated by the Alexander Humboldt Research Institute. The activities were
carried out in two phases: Phase I focused on NDVI estimation using drone imagery,
and Phase II involved species identification, biometric measurements, and biomass
estimation using allometric equations tailored to tropical dry climates.

Phase I. Delimitation of the study area: the university property (Arboletes and TDF’s
permanent plot) was considered for programming monthly flight plans with the free
Android application Pix4Capture, designing routes in the form of transects for the
photogrammetric survey of the area. Figure 1 right defined the polygon to be overflown
and the flight parameters (speed, camera tilt, and overlap), with an approximate flight
time of 22 minutes.
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Image processing. Using the Pix4Mapper program, images were scaled for grid
construction, calibration, and densification of point clouds to obtain orthomosaics and
digital surface models (DSM) of the study area.

In the calculation of the Normalized Difference Vegetation Index (NDVI), the presence
of vegetation in the area and its activity were assessed and related to photosynthetic
activity, so reflectance values corresponding to the different wavelengths were used
(Gautam et al.,, 2019; Singh et al,, 2020), where the values of this index are within the
interval (-1,1), equation 1.

NIR — R (1)

Phase II. The census of individuals and identification of tree species were carried out
through the photographic registration of the stem, leaves, fruits, and flowers of each
individual based on the attributes described in the Herbarium of the University of
Magdalena and the Catalogue of Plants and Lichens of Colombia’s Institute of Natural
Sciences of the National University of Colombia (Bernal et al., 2020).

The biometric measurements of individuals with DBH > 10 cm were carried out
following the methodological and operational guidelines established in the National
Forest Inventory Field Manual (IDEAM, 2018). Each individual’s stem’s perimeter was
recorded at 1.30 m from the soil to estimate the diameter at breast height (DBH) for
subsequent conversion to diameter according to D=P/m, where D is the diameter and
P is the perimeter measured. For multi-stemmed individuals, the root mean square
diameter (RMD) was calculated using equation 2:

(2)

The total height of each individual was estimated using a clinometer whose operation
is based on trigonometric principles that consider the horizontal distance and the angle
formed between the individual’s base and the apex, expressed as equation 3:

H=Xx*(tan f — tantan9 ) (3)

Where H is the total height, X is the horizontal distance from the base of the individual
to the observation point, 6 is the angle formed between the horizontal axis and the
individual’s bottom, and 8 is the angle formed between the horizontal axis and the
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apex of the individual. The allometric equations selected for biomass estimation are
presented in Table 1, which were developed for dry tropical climates by Chave et al.
(2001), Phillipsetal. (2011), and Alvarez et al. (2012) to estimate aboveground biomass
in natural forests in Colombia. They correspond to three input models, which consider
total height (H), stem diameter (D), and stem density (p).

Table 1. Allometric equations for estimating tree biomass in dry tropical climates.

Equations Source
L a BA = 0.112(pD?H)"916 (Chave et al,, 2001)
2. b In (BA) = —2.29 + 0.932 In(D?*Hp) (Phillips et al, 2011)
3. ¢ In (BA) = —2.825 + In(D*Hp)
4 d In (BA) = —2.328 + 0.937 In(D*Hp) (Alvarez et al, 2012)
5 e

In (BA) = —2.27 + 2.081 In(D) + 0.587 In(H) + 1.092 In(p)

p=wood density, D=D =D= diameter at breast height, H=H =H= tree height

Statistical analysis. With exploratory analysis of the NDVI time series, we searched
for outliers (with the criterion of 3 standard deviations) to consecutively estimate
the time trend using Spearman’s correlation test as a function of time with a degree
of significance, which was verified using the p-value associated with Spearman’s
statistic, allowing to analyze the vegetation dynamics in terms of increase (positive
correlation) and decrease (negative correlation). Spearman’s test allowed for the
detection of the temporal trend in the NDVI series but did not identify the factors
involved. To determine the control exerted by climate on plant activity and to isolate
it from other factors, a multivariate regression of mean NDVI values against climatic
variables was performed for each cover. As an intermediate step, a correlation
analysis was carried out to select the most appropriate climatic time series.

For the March and August images, it was found that the climatic time series with
the highest correlation with NDVI was the three months before each image’s
acquisition date, which was used as covariates in the regression analysis. Two other
covariates, Julian day and year of image acquisition, were also introduced, as these
could affect NDVI. To determine the variables that significantly explain the temporal
evolution of NDVI over each cover, a stepwise regression procedure based on AIC
(Akaike’s information criterion statistic), implemented in R statistical software
(R Core Team, 2022), was used. For spatial analysis, the multivariate regression
was repeated pixel by pixel only in areas at risk of erosion (without vegetation);
this allowed us to obtain a spatially distributed map of NDVI trends that were not
explained by climatic variables and thus to identify areas experiencing vegetation
degradation or recovery processes. A correlation analysis between NDVI evolution
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and topographic factors (altitude, slope, and potential incoming solar radiation),
a bootstrap procedure to determine the correlation’s statistical significance, and
finally,an NDVIimage series principal component analysis was performed to explain
the spatiotemporal data variability.

RESULTS AND DISCUSSION

Phase I. Negative values represent bare and artificial soils, 0-0.33 for water-stressed
or diseased plants, 0.33-0.66 for moderate water stress, and 0.66-1 for healthy
plants (Figure 2).

Figure 2A shows NDVI from August 2020 calculated from ortho mosaics of
multispectral images captured with 42 flight campaigns. Previously, at the beginning,
it was confirmed that artificial cover (non-vegetation) and water bodies had values
close to 0. In contrast, low or pruned grasses had values between 0.3 and 0.5, and
secondary vegetation (shrubs and ornamentals) values were between 0.5 and 0.6.
On the other hand, tall and vigorous vegetation (trees and shrubs) presented higher
values, close to 0.7.

The estimated indices between September 2020 and July 2021 show NDVI values 2
0.7 in more than 15% of the total study area (35240.33 m?). However, from January
to May 2021, the areas of NDVI > 0.7 were less than 15%. Between June and July,
the area was observed to decrease to 10%, which coincided with a period of high
solar intensity and low precipitation. Between November and December 2020, NDVI
values ranged between 0.8 and 1, reaching maximum values and an area of 37.34%
and 35.3%, respectively (Figure 2B). Meanwhile, NDVI values < 0.3 are maintained
in the other months of 2021 below 10%, accentuated in northern and south-western
areas where there is road access and some stubble. NDVI values between 0.3 and
0.69 correspond to grassland and low vegetation (Figure 2C).
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Permanent Tropical Dvy Foredt Fiot

Figure 2. NDVI spatial distribution in the years 2020 and 2021, calculated
from orthomosaics of multispectral images. A) NDVI in August 2020. B)
NDVI spatial distribution in a) September, b) October, c) November, and
December of 2020. C) NDVI spatial distribution of a) January, b) February, c)
March, d) April, e) May, f) June, and g) July in 2021.

The range of NDVI variation in the study area was generally low. The fits obtained
between NDVI and precipitation from the spatial point of view are acceptable for the
study period, showing linear reciprocity between the months with the lowest rainfall
and the lowest NDVI values. However, the change in biomass volume is not immediate;
several variables must be evaluated as they are associated, for example, radiation,
soil water balances, and nutrient effects that depend on the physical, chemical, and
biological properties available, among others, that affect the growth of vegetation in
terrestrial ecosystems (Paz Pellat & Diaz-Solis, 2018).

Remote sensing technology-enabled vegetation monitoring, growth, and development
by applying empirical relationships calculated between vegetation biophysical variables.

NDVI's PCA image series allowed us to explain most spatiotemporal variability on a
pixel-by-pixel basis by operating on the covariance matrix of the standardized data to
construct orthogonal linear “Principal Components” (PC) combinations (Lopez et al.,
2020). The first principal component (CP1) contains most of the variance of the NDVI
images; it best explains the spatiotemporal variability of NDVI in the TDF relict. Thus,
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Figure 3 shows the first principal component (CP1) of the variability of the NDVI indices,
which comprises 63.55% of the variance, showing in terms of units of variability (nodes)
zones of red color with low variability (values close to zero), zones of high variability
of blue color that correspond to the center of the relict (variability in the NDVI range
> 0.7), and zones of intermediate variability of yellow and green colors located at the
relict boundary edges.

Figure 3. First Principal Component (CP1) of Normalized Difference
Vegetation Index (NDVI) year 2021.

Monthly rainfall averages from the central synoptic station at Simén Bolivar Airport
in Santa Marta in 2020 and 2021 show a close relationship between rainy seasons
and increased vegetation indices in magnitude and extent (Figure 4). When plotting
the chronological behavior of the vegetation indices and the climatic variables, a
relationship was found between the average monthly rainfall data (bars) and the
area percentages of the NDVIvegetation indices (lines), showing thatin rainy periods
(>1 mm/month), the NDVI indices greater than 0.79 (green) and the NDVI indices
greater than 0.79 (green) increased in area (>30%). 79 (green color) and NDVI
values lower than 0.5 reached area values close to 5%, while in the dry season (<1
mm/month), NDVI values higher than 0.79 showed a decrease with an area percentage
lower than 20% (red colors).
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Figure 4. Percentage of area covered by NDVI (lines). Monthly average
precipitation (bars).

Precisely for this short-term study (12 months), precipitation impacts the difference
in biomass productivity (Table 2). These arguments contradict the evidence provided
by Schlegel et al. (2001) when they show that climatic variables (temperature and
precipitation) do notinfluence the vegetation cover indexand thatthereis no correlation.
They also mention that one of the direct causes of changes in land cover is deforestation,
which is related to the expansion of cities and agriculture. Because of this, it is necessary
to point out the specificity of time and climatic fluctuations of each study.
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Table 2. Spatial and temporal variability of NDVI index, September 2020 - July 2021

2020 2021
NDVI
Sep. Oct Nov Dec January February March April May June July
m? % m? % m? % m? % m? % m? % m? % m % m? % m? % m? %
8780 2492 91552 2598 13157 37.34 6148 1745 6806 1931 6353 183 37365 106 3564 101 6596 1872 9732 27.62 11388 323
5935 1684 78907 2239 10511 29.83 12440 3530 6182 17.54 5666 168 4680.6 132 4432 126 5539 1572 6683 1896 7440 211
5361 1521 77665 2204 6199. 17.59 8109 2301 7707 2187 3713 105 41839 118 5614 159 5028 1427 4425 1256 3762  10.68
0.6-0.69 4141 1175 52682 1495 20541 583 2399 681 4088 11.60 6573 186 6715. 191 5876 167 4824 1369 3735 10.60 6836  19.40
05-059 2595 736 24493 695 7981 226 6823 194 1773 503 3496 992 49514 14. 4802 136 4655 1321 4504 1278 1259 357
04-049 2213, 628 6507 185 10829 307 1318 374 1637 465 1673 047 2890.1 820 3451 979 2424 688 1362 386 8636 245
1481 420 15574 442 1292 037 3415 097 1520 431 2683 762 1677.7 476 2064 586 1740 494 1409 400 1259 3.57
2262 642 1647 047 5579 158 2719 772 1458 414 2626 745 26755 759 2149 610 1878 533 1598 454 1893 537
1455 413 985 028 5561 158 7601 216 2465 700 2343 665 22363 635 2087 592 1684 478 1268 360 118 034
1009 286 2361 0.67 2352 067 3179 090 1594 452 1613 458 14871 422 1194 339 898 255 590 167 5199 148

Phase II. In the census of tree species on the university campus, 848 individuals with
DBH>10 cm were identified and distributed among 31 species located as living fences,
ornamentals, and fruit trees in the CDAF. There was a predominance for the species
shown in Table 3.

Table 3. Species and their scientific names identified in the
Universidad del Magdalena’s tropical dry forest.

Specie (Scientificname) % Specie (Scientific name) %
Tabebuia rosea 17.22  Spondias mombin 0.12
Azadirachta indica 13.92  Enterolobium cyclocarpum 14.39
Hura crepitans 8.96 Prosopis juliflora 9.79
Albizia niopoides 5.9 Roystonea regia 7.31
Mangifera indica 3.77 Terminalia catappa 5.19
Melicoccus bijugatus 2.12 Samanea saman 3.18
Platymiscium pinnatum 0.94 Delonix regia 1.53
Crescentia cujete 0.71 Ficus benjamina 0.83
Tamarindus indica 0.59 Bulnesia arborea 0.59
Sterculia apetala 0.35 Livistona chinensis 0.47
Cavanillesia platanifolia 0.24 Ceiba pentandra 0.35
Bursera simaruba 0.24 Quadrella odoratissima 0.24
Caesalpinia coriaria 0.12 Guazuma ulmifolia 0.24
Acrocomia aculeata 0.12 Cecropia obtusifolia 0.12
Ficus elastica 0.12 Eriobotrya japonica 0.12
Pseudobombax ellipticum  0.12 Lonchocarpus Santae Martae  0.12

Of the 31 species, 18 represent 97.5%, and the remaining 2.5% correspond to 13.
Tabebuia rosea (17.22%), known in Colombia as Guayacan rosado, flormorado,
ocobo, roble morado, roble rosado, cafiaguate, and rosa morada, is a tree native to the
tropophilous forests of the American intertropical zone that grows up to 30 meters. The
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flower is pink and reaches up to 15 cm in length, and its fruits are narrow capsules that
can contain between 200 and 300 flattened seeds (Pluemjit et al., 2018). Because of its
size, it is used in agroforestry systems, shade, and decoration. It is used in traditional
Thai medicine; its bark has antimicrobial, anti-inflammatory, antibacterial, antifungal,
diuretic, and laxative properties (Sichaem et al., 2012).

Enterolobium cyclocarpum (14.39%), a tree native to the Americas in tropical and warm
temperate regions, is one of the two species known as “elephant’s ear”, that reports
nitrogen-fixing nodules in the roots that establish symbiosis with Rhizobium, which
facilitates its adaptation and growth under conditions of high luminosity. White flowers
with numerous stamens, tubular calyx, and corolla. Fruits with spiral-shaped pods
(circular indehiscent) are woody, lustrous, light, or dark brown when ripe. Each fruit
contains 10-15 seeds with ovoid, vino-tint-colored seeds and a pale line with the shape
of the seed outline (oval shape).

Azadirachta indica (13.92%), also known as neem in Latin America, is a tree belonging to
the Meliaceae family, native to India and Burma; it only lives in tropical and subtropical
regions; it is a species with remarkable resistance to drought that typically survives in
sub-arid conditions; and it reaches groundwater. Neem extracts act as an insecticide
(Ochoa & Patricia, 2020). Prosopis juliflora (9.79%), a thorny tree native to the Caribbean
known as Trupillo, a legume of dry, arid, and semi-arid zones in tropical and subtropical
regions, reports association with nitrogen-fixing bacteria.

Hura crepitans (8.96%), also called catahoula, jabilla, ceiba amarilla, soliman, or
salvadera, is a tree poisonous to humans from the Euphorbiaceae family. Because of
its large size, it is an economically valuable timber species native to Central America.
Roystonea regia (7.31%), known as royal palm, is an ornamental species native to
southern Florida. Albizia niopoides (5.9%), a common native species in TDF belonging
to the Fabaceae family (Bernal et al.,, 2020), is commonly used as wood for charcoal or
barnyard posts.

Finally, Terminalia catappa (5.19%), a species widely distributed in Colombia with an
origin under discussion, is a species that harbors a large fauna. Studies by Arrazola et
al. (2008) [30] report that it is a high-protein and lipid-value kernel that can be used
in animal feed due to its high capacity to adapt to diverse agroecological conditions.
[t should be noted that most of the vegetation obtained in this study is typical of the
floristic composition of the Americas, specifically of the Caribbean region (TDF) (Benitez
et al, 2014). Still, it is noteworthy that Azadirachta indica (13.92%), introduced to the
campus in 2012 as a living fence, due to its adaptation, is surpassing the population
species typical of the TDF a condition for which it may be an invasive species [31] that
breaks with the harmonious relationships with other local or native species, affecting
the succession and landscape balance over time since the community structure and
ecosystemic processes would be impacted, as stated by Mota et al. (2020).
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Height. The distribution of total size (H) in the 12 most representative species is shown
in Figure 5, where the values of Tabebuia rosea are in the extreme range between 3.1
and 17.2 m, with outliers reaching 19.6 m. Enterolobium cyclocarpum occurs between
3.2-20.8 m, with an outlier value of 23.2 m; Azadirachta indica between 4.1-10. 8 m;
Prosopis juliflora between 3.1-14.5 m, with an outlier reaching 18.1 m; Hura crepitans
between 2.1-12.3 m; Roystonea regia between 3.7-12.7 m; Albizia niopoides between
4.4-17. 9 m; Terminalia catappa between 5.3-16.2 m; Mangifera indica between 3.8-
13.2 m; Samanea saman between 3.7-23.7 m; Melicoccus bijugatus between 5.1 and 18.7

m; and Delonix regia between 4.6 and 12.5 m.

Diameter at breast height (DBH). The values for Tabebuia rosea are in a range of
extremes between 11.7 - 57.3 cm; Enterolobium cyclocarpum between 10.8 - 140.1
cm with outliers up to 198.0 cm; Azadirachta indica between 12.4 - 36.4 cm; Prosopis
juliflora between 12.4 - 98.7 cm, with an outlier of 114.6 cm; Hura crepitans between
11.1 - 60.5 cm; Roystonea regia between 19. 1-39.8 cm; Albizia niopoides between 14.6
- 85 cm; Terminalia catappa between 13.7-44.6 cm; Mangifera indica between 12.7 -
64.9 cm; Samanea saman between 11.5 - 108.9 cm, with an outlier value of 165.5 cm;
Melicoccus bijugatus between 15.9 - 68.5 cm and Delonix regia between 15.5 - 97.1 cm,
this for the 12 most representative species in the study area (Figure 5).
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Figure 5. Box-and-whisker plot of total height (H) and diameter
at breast height (DBH) in the 10 most representative species.
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DBH - H Relationship. The scatter diagrams by species DBH-H (Figure 6) allowed the
exploratory analysis of the data and served as support to interpret Pearson’s correlation
coefficient (r). The species with strong linear correlation (r 20.7) were: Enterolobium
cyclocarpum (0.83), Hura crepitans (0.73), Terminalia catappa (0.85), Mangifera indica
(0.7), and Samanea saman (0.91). Tabebuia rosea (0.56), Prosopis juliflora (0.68), Albizia
niopoides (0.42), Melicoccus bijugatus (0.45), and Delonix regia (0.67) showed moderate
linear correlation (0.4 < r< 0.7), while Azadirachta indica (0.31) and Roystonea regia
(0.26) exhibited weak linear correlation (r < 0.4).
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Figure 6. Scatter diagrams diameter at breast height (DBH)-total height (H) and
Pearson’s correlation coefficient (r). A) Tabebuia rosea; B) Enterolobium cyclocarpum;
C) Azadirachta indica; D) Prosopis juliflora; E) Hura crepitans; F) Roystonea regia; G)
Albizia niopoides; H) Terminalia catappa; 1) Mangifera indica; J) Samanea saman; K)
Melicoccus bijugatus; y L) Delonix regia.
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Aerial biomass. The total aboveground biomass per species, estimated with the
allometric equations a, b, ¢, d, and e (Table 4), from biometric measurements and stem
density (Alvarez et al., 2012), is shown below expressed in tons of carbon (t C):

Table 4. Total aboveground biomass by species estimated with
the allometric equations. a, b, ¢, d, and e.

Number of Density Total aboveground biomass (t C)

individuals (g/cm?)

Scientific name

a b c d e Mean

Tabebuia rosea 146 0.54 3.21 3.61 5.35 3.72 0.69 3.32+1.68
Enterolobium cyclocarpum 122 0.46 14.57 1697 29.28 17.69 3.53 16.41+9.18
Azadirachta indica 118 0.64 1.50 1.66 2.33 1.71 0.34 1.51+0.72
Prosopis juliflora 83 0.67 4.64 5.33 8.64 5.53 1.17 5.06 £ 2.67
Hura crepitans 76 0.41 0.96 1.08 1.55 1.11 0.22 0.99 +0.48
Roystonea regia 62 0.71 1.26 141 2.04 1.45 0.29 1.29£0.63
Albizia niopoides 50 0.55 2.54 2.89 4.57 3.00 0.60 2.72 £1.42
Terminalia catappa 44 0.48 0.78 0.88 1.31 0.91 0.16 0.81+0.41
Mangifera indica 32 0.55 0.89 1.01 1.53 1.04 0.21 0.93 £0.47
Samanea saman 27 0.64 3.05 3.57 6.31 3.73 0.76 3.48+1.98
Melicoccus bijugatus 18 0.87 1.00 1.14 1.81 1.18 0.24 1.07 £ 0.56
Delonix regia 13 0.58 0.70 0.81 1.31 0.84 0.19 0.77 £0.40
Platymiscium pinnatum 8 0.68 0.24 0.28 0.44 0.29 0.24 0.26 £ 0.14
Ficus benjamina 7 0.46 0.19 0.21 0.32 0.22 0.19 0.20+£0.10
Crescentia cujete 6 0.58 0.11 0.12 0.18 0.12 0.11 0.11+0.05
Bulnesia arborea 5 0.90 0.31 0.36 0.58 0.37 0.31 0.34 £0.18
Sterculia apetala 3 0.35 0.10 0.11 0.17 0.12 0.10 0.10 £ 0.05
Ceiba pentandra 3 0.29 0.02 0.02 0.04 0.03 0.02 0.02 £0.01
Cavanillesia platanifolia 2 0.32 0.09 0.10 0.15 0.10 0.09 0.09 = 0.05
Bursera simaruba 2 0.32 0.01 0.01 0.02 0.01 0.01 0.011 +0.005
Guazuma ulmifolia 2 0.51 0.13 0.14 0.23 0.15 0.13 0.13 £0.07
Eriobotrya japonica 1 0.88 0.01 0.04 0.06 0.04 0.04 0.007 £ 0.003
Spondias mombin 1 0.4 0.04 0.21 0.32 0.22 0.19 0.04 £0.02

The total aerial biomass on the campus of the University of Magdalena, according to
each allometric equation,isa=36.35tC,b=41.7t(C,c=68.23tC,d =43.35t(, and
e = 8.69 t C, whose average corresponds to 39.68 + 21.24 t C, notoriously distancing
from that reported by Srinivas & Sundarapandian (2019), who found biomass from
58 to 368 t C/ha. According to the five allometric equations, the average total aerial
biomass per species indicates that the species with the highest aerial biomass content
is Enterolobium cyclocarpum, which represents 41.35% of the total biomass on the
campus, followed by Prosopis juliflora with 12.75%, Samanea saman with 12. 75%,
Tabebuia rosea with 8.36%, Albizia niopoides with 6.86%, Azadirachta indica with
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3.8%, Roystonea regia with 3.25%, Melicoccus bijugatus with 2.71%, Hura crepitans
with 2.48%, Mangifera indica with 2.35%, Terminalia catappa with 2.04%, and Delonix
regia with 1.94%. The other species listed represent less than 1% of the average total
biomass, so the allometric equations recorded here can only be used and compared
to determine the biomass of the same species in other regions with similar ecological
conditions, as stated by Gomez et al. (2021), while differences in the magnitude of
models c and e were detected for all species, while models a, b, and d show similar
biomass magnitudes with a lag of fewer than 2 t.

Finally, the combined effects of photosynthetic efficiency, water status, and stress
indicators, among others, determine plant productivity and diversity (Siyum, 2020;
Stan & Sanchez-Azofeifa, 2019). Photosynthesis is thus a central metabolic pathway
that integrates these variables; each factor influences and is influenced by the others.
This research shows that water scarcity reduces photosynthetic capacity (NDVI < 0.3),
creating a cycle that further stresses plants. The results suggest that management
practices must prioritize the conservation and restoration of soil and its associated
biodiversity to achieve optimal productivity in tropical dry forests, favor photosynthetic
activity, and minimize stress-induced declines in productivity.

CONCLUSIONS

It is feasible to estimate the biomass of vegetation covers using differentiated indices,
remote sensing, or remote sensing techniques, which reduce costs and time without
having destructive implications on the vegetation. However, combining survey
methods to characterize biomass structure and function in ecosystems is essential.

The range of NDVI variation in the study area was low (NDVI > 0.7 in 58% of the
observations). The obtained fits between NDVI and precipitation are spatially
acceptable. From a practical point of view, the relationship between precipitation
and NDVI is linear between rainy seasons and the increase of vegetation indices in
magnitude and extent.

The exercise allowed the development of a hybrid modeling approach (remote
sensing and biophysical models) to consider different conditions associated with
vegetation biomass in the Universidad del Magdalena’s TDF and, with them, estimate
and analyze changes that show the dynamics of vegetation cover of the permanent
plot in a short period.

Enterolobium cyclocarpum represents the most significant contribution of above-
ground biomass, which, according to models a, b, and d, is between 14.5 and 17.7 tons,
followed by Prosopis juliflora with approximately five tons and Tabebuia rosea with
three tons. Azadirachta indica and Albizia niopoides presented values close to two tons,
and the other species showed values close to one ton.
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