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Abstract: Integrating information about the spatial distribution of carbon stocks and species diversity
in tropical forests over large areas is fundamental for climate change mitigation and biodiversity
conservation. In this study, spatial models showing the distribution of carbon stocks and the number
of species were produced in order to identify areas that maximize carbon storage and biodiversity
in the tropical forests of the Yucatan Peninsula, Mexico. We mapped carbon density and species
richness of trees using L-band radar backscatter data as well as radar texture metrics, climatic and
field data with the random forest regression algorithm. We reduced sources of errors in plot data
of the national forest inventory by using correction factors to account for carbon stocks of small
trees (<7.5 cm DBH) and for the temporal difference between field data collection and imagery
acquisition. We created bivariate maps to assess the spatial relationship between carbon stocks and
diversity. Model validation of the regional maps obtained herein using an independent data set
of plots resulted in a coefficient of determination (R2) of 0.28 and 0.31 and a relative mean square
error of 38.5% and 33.0% for aboveground biomass and species richness, respectively, at pixel level.
Estimates of carbon density were influenced mostly by radar backscatter and climatic data, while
those of species richness were influenced mostly by radar texture and climatic variables. Correlation
between carbon density and species richness was positive in 79.3% of the peninsula, while bivariate
maps showed that 39.6% of the area in the peninsula had high carbon stocks and species richness.
Our results highlight the importance of combining carbon and diversity maps to identify areas that
are critical—both for maintaining carbon stocks and for conserving biodiversity.

Keywords: biodiversity; aboveground biomass; tropical dry forests; L-band SAR; texture analysis;
national forest inventory

1. Introduction

Tropical forests are one of the most important reservoirs of carbon in the world,
representing approximately 25% of the above and belowground terrestrial carbon stock [1].
In turn, tropical dry forests (TDF) represent more than 18% of the carbon stocks in the
tropics [2] and are one of the most important tropical ecosystems, covering more than 40%
of tropical forest regions in the world and 54% of the tropical forest in the Neotropics [3].
At the same time, tropical forests harbor more than 96% of all tree species estimated in all
ecosystems worldwide [4]. TDF have lower levels of species diversity than humid tropical
forests but have high levels of endemic plant species [5]. Unfortunately, deforestation is one
of the greatest threats to these forests and is a significant source of greenhouse emissions
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aggravating global climate change [6]. Forest conversion also impacts plant diversity [7].
Therefore, integrating information about the spatial distribution of carbon stocks and plant
species diversity of tropical forests over large areas is fundamental for climate change
mitigation and biodiversity conservation.

Several studies have mapped the spatial distribution of carbon density, aboveground
biomass (AGB) or species richness of plants at continental or global scales [8–11]. These
maps have been elaborated with low spatial resolutions of 1 km or more. Other weaknesses
of these studies have included a suboptimal number and distribution of sampling field
plots over the area covered with remotely sensed data, as well as the use of field plots
with different sizes, which make calibration and validation of the models more challeng-
ing [12,13]. Other studies have produced maps of carbon density or AGB at national
or regional scales with finer spatial resolutions, close to 30 m [14,15]. These maps used
mainly field data obtained from national forest inventories (NFI), which provide a more
representative number of sampling plots as well as detailed information of vegetation
structure used to estimate biomass [16]. In contrast, despite the current alarming loss of
biodiversity, there is a lack of plant diversity maps with high spatial resolution at regional
scales [17]. In this work, we created one of the first regional maps of tree species diversity
with high spatial resolution (25 m) using the TDF of the Yucatan Peninsula as a model.

The Yucatan peninsula contains the second largest forest massif in the Americas (after
the Amazon) and is dominated by different types of seasonal TDF with high levels of
endemicity [18]. It is therefore important to estimate and map AGB or carbon density and
plant diversity in this region. The TDFs of the Yucatan Peninsula comprise a large number
of small-sized trees, which account for 15% to 40% of the biomass in mature TDFs and
more than 80% of the biomass in young TDFs [19], and also contribute greatly to the species
richness [20], especially in secondary forests [21]. However, the NFI in Mexico provides
measurements only for trees with a diameter at breast height (DBH) above 7.5 cm [22].
Excluding small size trees from the NFI leads to a significant underestimation of AGB and
species richness and requires the application of specific correction factors [23]. Additionally,
the last Mexican NFI was conducted between 2009 and 2014; this six-year time interval
resulted in temporal differences between field data collection and imagery acquisition,
making it necessary to take into account changes in AGB due to growth, recruitment
and mortality of trees. Using AGB as opposed to stand age functions obtained from
chronosequence data can help to build predictive models of biomass changes over time
that can be used to update field biomass estimates from NFI plots [23].

Studies estimating the spatial distribution of forest biomass and species richness
through remotely sensed data have utilized different approaches and different remotely
sensed data [24,25]. Biomass is generally influenced by vegetation structural attributes
such as height of trees, stem diameter and basal area. Synthetic Aperture Radar (SAR)
sensors are sensitive to forest structure, as backscatter signals are able to penetrate forest
canopy. In particular, the Advanced Land Observing Satellite (ALOS) Phased Array L-band
Synthetic Aperture Radar (PALSAR) from the Japanese Aerospace Exploration Agency
(JAXA), with a wavelength of 23 cm, a pixel size of 25 m and full coverage over the world,
provides data on forest structure that can be used to map carbon density or AGB at regional
to global scales.

Variation in vegetation structure can also positively influence AGB; for example, leaf
layering can improve light capturing, allowing plant communities to increase carbon
storage [1]. Texture metrics of very high-resolution imagery have been successfully used
to capture variation in the structure of tropical forests [26]. Even though the 25 m spatial
resolution of ALOS-PALSAR imagery cannot discern individual trees or canopy openings,
it can capture broader scales of variation, such as fragments with different successional age
that differ in vegetation structure [27]. Thus, texture metrics from backscatter data can help
to improve carbon density and AGB estimations while also allowing for reductions of the
effects of saturation of radar backscatter signal [28].
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Species diversity also increases with forest structure [17], but has been found to be
strongly and positively associated with environmental or habitat heterogeneity [29], which
is in turn associated with higher availability of niches [30]. There are different ways to
measure environmental heterogeneity from remotely sensed data, from using variance
of spectral data to more complex methods such as texture metrics, which reflect spatial
variation within a moving window in an image [31]. Therefore, texture metrics derived
from radar sensors can be used to estimate species diversity.

Additionally, at regional scales, several factors affect biomass and species richness
including precipitation, soil fertility and time since disturbance. These factors are positively
related to tropical tree species richness and forest biomass [32,33]. For seasonally dry
forests, a measure of water deficit based on the difference between precipitation and evapo-
transpiration is particularly important as it affects rates of tree growth and recruitment [32].
Therefore, including water deficit may improve the accuracy of tree species richness and
biomass maps in TDF.

Some studies have suggested a positive association between carbon density or AGB
and species diversity. Forest biomass or carbon density has been used as a predictor of
species richness, as plant diversity often shows a hump-shaped or saturating relation-
ship with productivity [34]. Conversely, species diversity can foster biomass production
through niche complementarity—that is, a more thorough and efficient use of resources by
coexisting species due to a more complete occupation of available niches [35]. However,
some studies have found weak or negative relationships between carbon density and
species diversity [36]. The type of association between carbon density and diversity is
of paramount importance, as areas that have both high carbon stocks and high levels of
species diversity could provide climate change mitigation and biodiversity conservation at
the same time. However, different strategies are required for areas of high diversity but
low carbon stocks versus areas with low diversity and high carbon stocks.

Considering the importance of the relationship between carbon density and plant
species diversity, the aims of this study were two-fold. First, we sought to improve the
accuracy of regional maps of carbon density and tree species richness of the Yucatan
peninsula by using L-band radar backscatter data, radar texture metrics, climatic and
field data with the random forest regression algorithm. By accounting for carbon stocks
and species richness of small trees, and for temporal differences between NFI field data
collection and imagery acquisition, we expected to improve the accuracy of carbon density
maps compared to previous studies. We also expected that the spatial distribution of carbon
density would be more strongly related to radar backscatter (reflecting variation in forest
structure), while species richness would be more strongly associated with texture metrics
(reflecting structural heterogeneity). Second, we obtained bivariate maps of carbon density
and tree species richness in order to evaluate the spatial relationships of these variables
and to identify areas that maximize carbon storage and biodiversity in the tropical dry
forests of Yucatan peninsula.

2. Materials and Methods
2.1. Study Area

This study focused on the Yucatan peninsula, located in the southeast of Mexico
(17◦36′N–21◦36′N, 86◦43′W–92◦26′W) (Figure 1B) and covering an area of 10.1 million
hectares. The climate in the peninsula is tropical and warm, with a dry season lasting from
November to April. The mean annual temperature ranges from 24 to 26 ◦C while mean
annual precipitation ranges from 800 to 1300 mm/yr−1. The orography is basically flat
with a few hills of low elevation in the south. Most of area in the peninsula is covered
with tropical dry forests (TDF), including three main forest types distributed along an
environmental gradient (Figure 1C). The northwest portion of the peninsula is the driest
and is covered primarily by deciduous forest with a low canopy stature. Conversely, the
southeast part of the peninsula is the most humid and is dominated by semi-evergreen
forests with a taller canopy and a more complex vegetation structure. The middle portion
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of the peninsula has intermediate conditions and is dominated by semi-deciduous forest.
Different stages of forest succession, including mature vegetation and secondary vegetation
dominated by trees, shrubs or herbaceous plants, are present in all three types of TDF. The
rest of the area in the peninsula is covered with other vegetation types such as mangrove
forest or natural grasslands, with some trees and wetlands.

Figure 1. Location of the study area and field plots distribution: (A) the spatial distribution National Forest Inventory
(NFI) field plots in the study area, (B) location of the Yucatan Peninsula, (C) distribution of the main vegetation types in
the peninsula.

2.2. Field Data and Calculations of Tree Species Richness and Aboveground Biomass

We used two independent data sets, one for calibrating and the other for validating
the models of aboveground biomass (AGB) and tree diversity estimations. The data sets
were obtained from the National Forest Inventory (NFI) of Mexico from surveys conducted
between 2009 and 2014 (Figure 1A). We used 2847 plots distributed in the forested areas of
the peninsula using regular grids of 5 × 5 km and 10 × 10 km depending on the vegetation
type. Each field plot consisted of 4 circular 400 m2 sub-plots distributed within an area of
1 ha. All trees with a diameter at breast height (DBH, 1.3 m) ≥ 7.5 cm were identified at
species level and their diameters and heights were measured [22].

AGB stocks per plot were calculated in standard units (Mg ha−1) using local and
regional allometric equations, which were developed by vegetation type, plant growth
form and DBH size (Table 1). The equations took wood density values for each species
into consideration; these were obtained from a previous study (Hernandez-Stefanoni et al.,
2020). To take into account the biomass of small trees (<7.5 cm DBH), NFI plots were
corrected using correction factors calculated by vegetation type and biomass category from
a previous study [23]. The NFI plots were also corrected for temporal differences between
field data collection (6 year time interval, 2009–2014) and imagery acquisition (2015) using
AGB vs. stand age functions obtained from two chronosequences from a semi-evergreen
and a semi-deciduous forest, respectively (see Hernandez-Stefanoni et al. [23]).
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In each NFI plot, the number of woody plant species was computed. As the NFI does
not sample trees with DBH < 7.5 cm, NFI plots were also corrected for species richness
of small trees using correction factors calculated from field plots by vegetation type and
richness category in a similar way to that for biomass [23].

Table 1. Allometric equations used to estimate aboveground biomass for the most important vegeta-
tion types and plant growth forms in the Yucatán Peninsula.

Author of Equation Type of Vegetation Growth Form/Class Size

Ramírez et al. [37] Deciduos and semi-deciduous
forest Tree/DBH < 10 cm

Chave et al. [38] Deciduos and semi-deciduous
forest Tree/DBH ≥ 10 cm

Guyot [39] Semi-evergreen forest Tree/DBH < 10 cm
Cairns modified [40] by
Urquiza-Haas et al. [41] Semi-evergreen forest Tree/DBH ≥ 10 cm

Chave et al. [42] Mangrove forest Tree

Chave et al. [42] Deciduos and semi-deciduos
forest Liana

Frangi and Lugo [43] Deciduos, semi-deciduos and
semi-evergreen forest Palm/DBH ≥ 10 cm

2.3. SAR Data Acquisition and Processing

Fifty-four ALOS-2 PALSAR-2 (Advanced Land Observing Satellite Phased Array L-
band Synthetic Aperture Radar) mosaic tiles—with 25 m resolution and dual polarization
(HH and HV), covering the entire Yucatan Peninsula—were acquired from the Japanese
Aerospace Exploration Agency (JAXA) in 2015. The 54 SAR mosaics were preprocessed
by JAXA using the algorithm of Shimada and Ohtaki [44], including orthorectification,
slope correction, and radiometric calibration. The radar signals of ALOS PALSAR were
converted from digital numbers (DN) to backscatter coefficients (γ◦) using Equation (1).
Then, a 3 × 3 pixel Lee filter was performed to reduce the speckle noise in backscatter data.

γ◦ = 10 log10

(
DN2

)
− 83.0 (1)

We also computed the Normalized Difference Backscatter Index (NDBI) using the HH
and HV backscatter coefficient and Equation (2) to examine if differential contributions
to volume backscattering in different polarizations could improve forest aboveground
biomass and species richness estimations [45,46].

NDBI =
HH−HV
HH + HV

(2)

We also obtained variability in backscatter values among pixels using the texture
metrics of SAR imagery [47]. Texture metrics were used to examine if variability in pixel
values, which can be used to characterize the vertical structure of canopies, could help
to improve AGB estimations [48]. We also examined if backscatter variability could be
used as a proxy for structural heterogeneity or variability of habitats for plant diversity
estimations [29]. We computed eight second-order texture metrics (mean, variance, entropy,
second angular momentum, dissimilarity, correlation, homogeneity and contrast), applying
Gray Level Co-occurrence Matrix (GLMC) for the two backscatter polarizations (HH
and HV), and for the NDBI index using the GLMC library of R software [49]. These
texture metrics were calculated in four directions (0◦, 45◦, 90◦, 135◦) and averaged. Since
the sampling plots covered an area of 1 ha, we used a window size of 3 × 3 pixels
(0.56 ha), which is the closest to the sampling plot size. This process generated 24 variables,
considering 8 texture metrics and three bands (HH, HV and NDBI) that were used for AGB
and species richness estimations.
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2.4. Climate Data

The spatial distribution of biomass and species richness are affected by variations in
temperature, precipitation and water availability—particularly in seasonally dry forests
such as those of the Yucatan Peninsula where forests face climatic water deficits (CWD)
during the dry season. Forest sites with lower water availability may have lower rates of
growth and recruitment, which are related to low levels of AGB and species diversity [32,33].
Therefore, we used CWD data as an explanatory variable to evaluate if it could improve
the accuracy of estimations of AGB and species richness.

We used a CWD map obtained from a previous study for the entire Yucatan Penin-
sula [23]. This map was generated using 425 climatic stations and the differences between
raster data of precipitation and evapotranspiration during the dry months. This index
measured the deficit of water in dry months and had negative values. In other words,
forest sites that had an index value of zero did not suffer from water deficit. In contrast,
forest sites with high water stress presented with negative values of the CWD index. The
resolution of the CWD map was 125 m, and it was further resampled to 25 m.

2.5. Model Development and Validation

A random forest regression model was used to estimate the spatial distribution of
AGB and tree species richness from several explanatory variables obtained from backscatter
and texture metrics derived from ALOS PALSAR and climatic data. One random forest
regression model was constructed for each response variable (AGB and species richness).
The model was obtained for all three tropical dry forests (deciduous, semi-deciduous and
semi-evergreen) and for other vegetation types comprising mangrove forests and natural
grasslands with some trees and wetlands. The models were fitted using the ModelMap
library in R [50] using 70% of the plots for model calibration (1993 sampling units). The rest
of the plots (30%) were used for model validation (854 sampling units). The plots used for
validation were selected in the same proportion as calibration plots, considering the four
vegetation classes (the tree types of tropical dry forest and a class for all other vegetation
types). The validation plots were considered an independent dataset used for evaluating
the accuracy of the estimated AGB and species richness.

To evaluate the performance of each model, we used an independent dataset to which
the fitted models were applied. This procedure yielded a set of estimated values for each
response variable that were compared to those obtained from independent field sampling
plots. The accuracy of the models was assessed in terms of the coefficient of determination
(R2), the Root-Mean-Square Error (RMSE), the Percentage of Root-Mean-Square Error
(%RMSE) and the bias. The %RMSE represents the percentage of error relative to the mean
of the predicted values in the validation dataset. Additionally, a spatial autocorrelation test
was applied on residuals of calibrated models using Moran’s I test.

2.6. Generation of Carbon Density, Species Richness and Bivariate Maps

Maps of the spatial distribution of the response variables (carbon density and species
richness), as well as their respective uncertainty maps, were generated. The species richness
and carbon density maps were constructed using the random forest regression models
obtained with the calibration dataset for all vegetation types (tropical dry forests and
other vegetation types) and datasets of spatial predictors (HH, HV and NDBI, their texture
metrics and the CWD). The maps were obtained with the “model.mapmake” function
of the ModelMap library [50]. The uncertainty maps of species richness and AGB were
built using the coefficient of variation (dividing the standard deviation by the mean). The
random forest regression models computed the mean of all trees in the model for predicting
each response variable, thereby allowing the calculation of standard deviations. Finally,
the AGB map was converted to carbon density using a conversion factor of 0.516 [14].

A bivariate map that combined species richness and carbon density into a single map
was created. The bivariate map of carbon density-species richness showed the number of
species and the amount of carbon stock for each pixel in the study area. All three maps
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(carbon density, species richness and bivariate carbon density-species richness) used the
Land Use Map from the Mexican National Institute of Statistics Geography and Information
as a forest mask [51].

The mapped carbon density values for the entire Yucatan peninsula in this study were
compared to previous studies that mapped carbon density or AGB in the same area [14,15].
The carbon density map of Cartus [14] was generated using canopy density estimates
from Landsat, backscatter from ALOS-PALSAR and elevation derived from shuttle radar
topography mission (STRM) as explanatory variables. Meanwhile, the AGB map obtained
by Rodriguez–Veiga et al. [15] used vegetation indices derived from MODIS, backscatter
from ALOS-PALSAR and elevation obtained from SRTM. Both studies used the NFI plots.
However, they did not correct AGB values for small trees, or for temporal differences
between field data collection and imagery acquisition. The comparison of the three AGB
maps used the validation dataset described in Section 2.5 (854 plots) and the values of R2,
RMSE, %RMSE and bias. In addition, we calculated the mean values and 95% confidence
intervals of the differences between validation field plots and predicted AGB values of each
map (Cartus et al. [14], Rodriguez–Veiga et al.) [15] and those obtained in this study) for
different strata. The validation field data was stratified with AGB ranges every 50 Mg ha−1.
We could not compare the tree species richness map since we could not find tree diversity
maps of the Yucatan peninsula.

2.7. Statistical Analyses

A variance partitioning analysis was performed to analyze how each group of ex-
planatory variables (backscatter, texture metrics from radar and climate) contributed to
explaining the variability of the response variables (AGB and species richness). This anal-
ysis allowed us to identify the unique contribution of each group of variables, as well as
their combined contribution. The first group of variables (backscatter) included HH, HV
and the NDBI index. The second group (texture) comprised all texture metrics calculated
for HH, HV and the DNBI index. The third group was the CWD index.

The total explained variance (using the three sets of explanatory variables) was di-
vided into three non-overlapping fractions—the percentage of variance explained exclu-
sively by the backscatter, texture or CDW groups, respectively, as well as the variance
explained jointly by all three groups of explanatory variables—using the method proposed
by Borcard et al. [52].

Finally, we computed Pearson correlation coefficients between carbon density and
species richness maps, as well as field data (with 2847 sampling plots), at two extensions:
one for the entire peninsula and the other for areas inside of different ecosystems. First,
we calculated the correlations over the entire Yucatan Peninsula using all pixels of the
carbon density and species richness maps and field data. Then, we calculated separate
correlations for the three main types of tropical dry forest and for the other vegetation types,
as shown in Figure 1C. Next, we calculated correlation within different areas, including
mature vegetation, secondary vegetation with trees, shrubs or herbaceous-dominated cover
for the TDF, mangrove forest, natural grasslands with some trees and wetlands areas for
other vegetation types. Finally, we calculated the mean correlation and a 95% confidence
interval for deciduous forests, semi-deciduous forests, semi-evergreen forests and other
vegetation types.

3. Results
3.1. AGB and Species Richness Models Performance

The performances of the model predictions for AGB and species richness, using three
sets of explanatory variables (backscatter, texture metrics from ALOS PALSAR and CWD)
and using models that included all vegetation types (dry forest and other vegetation types),
are shown in Table 2. The percentage of variance in AGB and species richness explained
using the calibration data was moderate (R2 = 0.12 and 0.16). There was no significant
spatial autocorrelation (p > 0.05) of residuals for any of the four models. The validation of
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the models indicated a better performance species richness than AGB. We obtained relative
RMSE values of 38.5 and 33.0 for AGB and species richness, respectively (Table 2, Figure 2).
Figure 2 shows that tropical dry forest and other vegetation types had two separated cluster
of plots, where other vegetation types had higher errors for estimating AGB and species
richness of trees.

Table 2. Random forest statistics for calibration and validation models of aboveground biomass
(AGB) and species richness.

Variable Type of Data Number of Plots R2 RMSE %RMSE

AGB
Calibration 1993 0.16 47.6 38.1
Validation 854 0.28 45.4 38.5

Species
Richness

Calibration 1993 0.12 12.0 31.9
Validation 854 0.31 11.72 33.0

Figure 2. Comparison of observed versus predicted values for aboveground biomass (AGB) (a) and species richness of
trees (b). Red lines are reference lines 1:1, while dashed lines are regression lines. The coefficient of determination (R2), the
Root-Mean-Square Error (RMSE), the Percentage of Root-Mean-Square Error (%RMSE) and the bias were calculated using
both vegetation classes (tropical dry forests and other vegetation types). Open blue circles represent forest plots, while filled
black circles correspond to other vegetation-type plots.

3.2. Regional Carbon Density, Species Richness and Bivariate Maps over the Yucatan Peninsula

The carbon density and species richness maps, as well as the bivariate carbon density-
species richness map, were generated for the year 2015 with a pixel size of 25 m. These
maps covered the entire Yucatan Peninsula. The carbon density map is shown in Figure 3A.
The total carbon stored in the aboveground live biomass of the peninsula was estimated at
0.58 GT C. The highest carbon density values were located in the southwestern and southern
portion, covered with semi-evergreen tropical dry forest, while the lowest carbon density
values were located in the northeast and east of the peninsula, dominated by deciduous
forest. However, there were still lower values of carbon density in other vegetation types.
The highest uncertainty values corresponded to the other vegetation types (mangrove
forest, natural grasslands with some trees, and wetlands). In contrast, in most of the
tropical dry forests of the Yucatan Peninsula, the CV was below 40% (Figure 3B).
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Figure 3. Estimated map of the aboveground carbon density for the entire Yucatan Peninsula (A) and
the uncertainty map, measured with coefficient of variation (B).

The species richness map showed similar patterns to the carbon density map (Figure 4A).
In the tropical dry forest area, the semi-evergreen forest located in the southwest and
south of the peninsula had the highest species richness compared to the deciduous and
semi-deciduous forests. On the other hand, the class denoted as other vegetation types
had the lowest number of tree species. The highest uncertainty values corresponded to the
other vegetation types, whereas most of the area of TDF of the Yucatan Peninsula had CV
values below 40% (Figure 4B).

Figure 4. Estimated map of the species richness for the entire Yucatan Peninsula (A) and the
uncertainty map measured with coefficient of variation (B).

The bivariate carbon density-species richness map exemplified the spatial relationships
between carbon density and number of tree species, showing that 39.6% of the area in the
peninsula had both high carbon stocks and high species richness. These areas (blue and
gray colors in Figure 5) are located in the east of the peninsula. Conversely, 39.0% of the
area in the peninsula showed low levels of carbon density and species richness (red, orange
and brown in Figure 5). This means that there was a high congruence of carbon stocks and
species richness in about 79.3% of area covered by the peninsula. The remaining 20.7% of
peninsula is made up of areas with either high carbon density but low species richness
(yellowish colors in Figure 5), or high species richness but low carbon density (green colors
in Figure 5).



Remote Sens. 2021, 13, 3179 10 of 18

Figure 5. Map of the Yucatan Peninsula showing congruence between carbon density and species
richness of trees. The hotspot areas that have high values for both carbon density and species richness
are shown in blue.

3.3. Comparison of the Aboveground Biomass Map with Previous Studies in the Yucatan Peninsula

The spatial distribution patterns of AGB in the Yucatan peninsula obtained in this
study were similar to those obtained in previous studies [14,15]. However, when comparing
the three maps with the independent validation dataset from NFI (which was previously
corrected for small trees and time elapsed between field data collection and imagery acqui-
sition), we noted some important differences. The agreement between observed and pre-
dicted values revealed a better performance for this study (%RMSE = 38.5 and bias = −2.8)
compared with previous studies (%RMSE = 50.7 and bias = −44.7; %RMSE = 49.0 and
bias = −37.4), respectively, for Cartus et al. [14] and Rodriguez-Veiga et al. [15] (Figure 6).
Thus, the relative errors of this study were 12.7% and 10.5% lower than those of Cartus
et al. [14] and Rodriguez-Veiga et al. [15], respectively. In addition, the bias in this study was
low compared with the high negative bias values of the two previous studies, indicating a
large underestimation of biomass in those studies.

Comparing the corrected validation plots with the AGB values in the three maps, we
can see an overestimation of AGB in all maps at low biomass values (<50 Mg ha−1). How-
ever, our study also presented values of overestimation of AGB in biomass levels between
50 and 150 Mg ha−1. Our analysis also showed that all studies presented underestimations
of AGB with biomass values larger than 150 g ha−1. Additionally, our study presented
lower differences between field data and estimated AGB values than the previous ones.
These differences are significant (Figure 7) and indicate that the other studies have higher
underestimation of biomass.
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Figure 6. Observed versus predicted values for aboveground biomass in the maps generated in this study compared to the
maps of Cartus el at. [14] and Rodriguez-Veiga et al. [15] for the Yucatan Peninsula. Red lines are reference lines 1:1, while
dashed lines are regression lines.

Figure 7. Mean values and 95% confidence intervals obtained as the differences between NFI field
data plots used for validation and predicted AGB values of this study, and those of Cartus et al. [14]
and Rodriguez-Veiga et al. [15] for different categorical AGB values.

3.4. Importance of Variables to Estimate Carbon Density and Species Richness

Total variance, explained by the models that combined the three sets of explanatory
variables, was higher for AGB than for species richness (16.1 and 11.9%, respectively). The
variance partitioning analysis indicated that the three groups of variables jointly explained
most of the variance of AGB (almost 5.0%). However, the backscatter and CWD variables
exclusively explained more variation in AGB (2.0 and 2.3%) than texture metrics (0.7%).
On the other hand, texture metrics and CWD (7.3 and 4.2%) exclusively explained a high
percentage of variation in species richness compared to backscatter (0.02%) and to all three
sets of variables (0.4) (Figure 8).
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Figure 8. Variance partitioning analysis of the calibrated models to predict aboveground biomass and species richness from
three groups of explanatory variables: (1) backscatter (HH, HV and NDBI index), (2) texture metrics from radar and (3)
CWD (climatic water deficit).

3.5. Relationships between Carbon Density and Species Richness

The correlation between carbon density and species richness of trees was high for
the entire Yucatan Peninsula (r = 0.9 and r = 0.77 for the obtained map and field data,
respectively). When analyzed by vegetation type, we found slightly lower correlations for
the tropical dry, semi-deciduous (r = 0.74 and r = 0.68 for the obtained map and field data,
respectively) and semi-evergreen forests (r = 0.71 and r = 0.64 for the obtained map and
field data, respectively), with no significant differences between them. The deciduous forest
had a significantly lower correlation (r = 0.68 and r = 0.57 for the obtained map and field
data, respectively) than the semi-evergreen forest. The deciduous forest also had the lowest
extension (1.16 million hectares) compared with the semi-deciduous and semi-evergreen
forest (2.77 and 6.19 million hectares, respectively). Finally, the other vegetation types had
the lowest correlation (r = 0.6 and r = 0.49 for the obtained map and field data, respectively)
and the smallest area (13.30 million hectares) (Figure 9).

Figure 9. Correlation between carbon density and species richness for the entire peninsula and for
different vegetation types: deciduous, semi-deciduous and semi-evergreen tropical dry forest forests
and other vegetation types (mangrove forest, natural grasslands with some trees and wetlands). The
diamonds represent the mean values and the lines 95% confidence intervals.
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4. Discussion
4.1. Evaluation of Carbon Density and Species Richness Maps

To improve the accuracy of carbon density and tree species richness of regional
maps, we corrected the field-estimated values of carbon density and species richness
by accounting for small-sized trees and for the temporal differences between field data
collection and imagery acquisition. We also explored the relationships between carbon
density and tree species richness, estimated in the field with radar backscatter, radar texture
metrics and climatic data. We found that validation models showed a moderately accurate
relationship and low errors between observed and predicted values of carbon density
and tree species richness (R2 = 0.28 and %RMSE = 38.5 and R2 = 0.31 and %RMSE = 33.0,
respectively). We also found similar spatial patterns for carbon density and tree species
richness estimations in tropical dry forests. These results concurred with those reported
by Xu et al. [53] which generated a map of carbon density in the Democratic Republic
of Congo, one of the largest countries with tropical forests. Authors reported a RMSE of
105 Mg ha−1 and an average of 280 Mg ha−1 of AGB at pixel level, having a R2 = 0.35 and
%RMSE = 37.5. The relative error obtained for AGB in this study had similar or lower
values compared with the accuracy assessment of regional AGB maps from other studies,
which have reported relative RMSE from 37.0% to 67% at pixel level for Poland, Sweden
and regions in Indonesia (Kalimantan), Mexico (Central Mexico and Yucatan peninsula),
and South Africa (Eastern provinces) [24]. In a similar way, Su et al. [54] estimated AGB for
China and reported a relative RMSE of 50.7% at pixel level. Meanwhile, Santoro et al. [55]
estimated AGB globally at a 100 m resolution and reported a relative RMSE of 57.1% for
tropical forest areas.

The representativeness of field data—that is, the amount and quality of information
obtained from the NFI—was a key factor affecting the accuracy of our estimates of carbon
density and species richness [24]. We therefore followed the methodology of Hernandez-
Stefanoni et al. [23], who reported a reduction in relative errors of approximately 12%
for AGB estimates when correcting NFI data for not including small-sized trees and
for temporal differences between field and remotely sensed information. The regional
uncertainty maps of carbon density and species richness showed the highest uncertainty
values occurring in the other vegetation types (mangrove forests, natural grasslands with
some trees and wetlands). In the same way, Figure 2 shows higher errors for estimating
AGB and species richness for other vegetation types. The main reason for this high
uncertainty is the low number of sample plots established for the other vegetation types
class in the Mexican NFI [22], using a fixed grid of 10 × 10 km, compared to the grid of
5 × 5 km for tropical dry forest, and accounting for only 6.6% of the total number of plots
in the Yucatan Peninsula (189 of 2847).

The accuracy of carbon density and species richness estimates could be significantly
improved by increasing the number of sample field plots. Additional improvements in
the accuracy of maps would be possible through the use of LiDAR plots with a two-stage
upscaling method: first, relating field data with LiDAR metrics to map the variable of
interest in areas covered by LiDAR, and then relating AGB (or species richness) estimated
from LiDAR to satellite imagery and/or environmental information covering the entire
area of interest. This approach has been applied successfully for estimating different
vegetation attributes in several vegetation types [53,56]. Although there were some Li-
DAR data available for the Yucatan peninsula (collected by NASA’s G-LiHT airborne
imager [57]) and the accuracy assessment of models relating AGB estimated in the field
with LiDAR data revealed good performances (R2 = 0.85 and %RMSE = 19.7 and R2 = 0.85
and RMSE = 22.22 Mg ha−1, respectively, reported by Hernandez-Stefanoni et al. [23] and
Urbazaev et al. [58]), the LiDAR data do not cover all the range of variability of biomass at
field, so attempts to map AGB using the upscaling approach have been unsuccessful [23,58].

There are several maps of carbon density or AGB at the national scale in Mexico. The
carbon density map of Cartus [14] reported, at a pixel level, an R2 from 0.2 to 0.5 depending
on vegetation type and a relative RMSE of 54.0% and 63.0% on flat and steep slopes areas
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respectably. While, the AGB map obtained by Rodriguez-Veiga et al. [15] reported, at a
pixel level, an R2 of 0.31 and a relative RMSE of 79.3%. These R2 values were comparable
with the 0.28 obtained in this study, but their relative RMSE values were higher than the
38.5% reported in this study, indicating a better performance of the AGB map obtained
herein. On the other hand, we also presented the first regional map of tree species richness
over the Yucatan Peninsula.

Comparing the performance of the regional carbon density map obtained in this
study and the cropped maps at Yucatan Peninsula from previous studies against corrected
validation plots, we found similar model goodness of fit values but lower relative RMSE
(R2 = 0.28 and %RMSE = 38.5, R2 = 0.29 and %RMSE = 49.0, R2 = 0.32 and %RMSE = 50.7
respectively for this study, Rodriguez-Veiga et al. [15] and Cartus el at. [14]). Thus, the
relative errors in carbon density estimates of this study were 10.5% and 12.2% lower
compared to the Rodriguez-Veiga and Cartus studies, respectively. Since the three maps
were generated using the same field data, one of the main reasons for the differences
in the accuracy of carbon density estimations among the three studies is that in this
study, we corrected NFI-plot estimates. We also found that previous studies had higher
negative values of bias compared to this study (bias = −2.8, −37.4 and −44.7 for this
study, Rodriguez-Veiga et al. [15] and Cartus el at [14], respectively). Additionally, the
map generated in this study underestimated AGB for biomass with values larger than
150 Mg ha−1, which is the general saturation level reported in several studies [59,60],
while the other two maps underestimated AGB with values larger than 100 Mg ha−1. The
underestimation of AGB in this study was significantly lower than in previous studies
(Figure 7). This means that previous studies underestimated carbon density in the Yucatan
Peninsula. These results suggested that the saturation in the SAR imagery could be
reduced when using radar texture metrics and climatic data (water deficit) as explanatory
variables. Texture metrics capture variations in vegetation structure in forest patches
with different successional ages [27]. Water deficit is one of the most important factors
regulating forest growth in tropical dry forests [32]. Other studies have also reported that
using texture metrics from radar imagery, in addition to radar backscatter, can improve
AGB estimates [61,62].

Finally, as we expected, carbon density was mostly associated with radar backscatter,
while species richness was mostly related to radar texture metrics. The variance partitioning
analysis indicated that the backscatter variables explained a larger percentage of variation
in AGB (2.0%) compared to texture metrics (0.7%). Conversely, texture metrics had a
higher influence on species richness (7.3%) compared to backscatter (0.02%). SAR sensors—
such as ALOS PALSAR—with large wavelengths can easily penetrate the forest canopy,
allowing accurate estimates of basal area, diameter and tree height, all which are related
to biomass [63]. Meanwhile, texture metrics that measure spectral variability have been
closely related to species richness [64], as these metrics are proxies of habitat heterogeneity.
Greater heterogeneity of habitats allows the coexistence of a higher number of species [65].

4.2. Associations between Carbon Density and Species Richness in the Yucatan Peninsula

Forests managers, conservationists and decision makers are interested in mitigating
climate change and conserving biodiversity simultaneously. In order to do that, it is
of paramount importance that accurate regional information on the spatial distribution
of carbon density and species richness is obtained [66]. That was the first goal of this
study, achieved by reducing field estimate errors and combining radar backscatter, radar
texture metrics and climatic data to obtain the corresponding maps. A second objective
of this research was to generate spatial distributions of the relationship between carbon
density and tree species richness for the tropical dry forests of the Yucatan Peninsula. Our
results suggested that a large proportion of the peninsula contained high carbon density
values, constituting important carbon stocks, as well as high tree species richness and,
consequently, high relevance for biodiversity conservation. Indeed, we found that 39.6% of
the forests in the peninsula possessed both high carbon density and high species richness
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of trees, which are mainly located in areas covered by semi-deciduous and semi-evergreen
tropical dry forests (Figure 6). Other studies have also reported areas that are very rich,
both in species diversity and in carbon stocks, in the Amazon [67].

Although carbon density and species richness of trees showed great variability across
the Yucatan Peninsula, the overall correlation between both variables was high (r = 0.9,
p < 0.0001), with 79.3% of the area showing a positive relationship, and only 20.7% a
negative association. These results concurred with other studies that observed a positive
association between these two variables in tropical forests distributed around the world [68]
and in the Neotropics [32]. The results of this study also have practical implications for
planning activities that simultaneously promote carbon maintenance and diversity conser-
vation. However, this overall pattern hides some important differences among vegetation
types. When we analyzed the association between carbon density and species richness
by vegetation type, we found that those types with a lower spatial extent also showed
lower correlations. Thus, the other vegetation types showed the lowest correlation (r = 0.6)
and extent, followed by deciduous forest (r = 0.68), whereas the semi-deciduous and semi-
evergreen forests, which had the largest spatial extent, had stronger correlations (r = 0.74
and r = 0.71, respectively). These patterns are likely observed because the association
between carbon density (or species richness) and environmental variables is weaker when
there is a comparatively small variability in environmental factors, such as that found in
smaller spatial extents [69]. Finally, it is important to consider that the association between
carbon density and species richness in this study was applied to trees. Other biological
groups which are important components of biodiversity, including herbaceous plants,
arthropods and soil (micro)organisms, should also be considered, as they may present
different associations with forest carbon density.

5. Conclusions

In this study, we presented an improved carbon density map of forests across the
Yucatan Peninsula with a pixel resolution of 25 m. We corrected field-estimated carbon
density values from the Mexican national forest inventory, which allowed us to account for
carbon stored in small-sized trees and for temporal differences between field data collection
and imagery acquisition. This helped to reduce errors in estimating carbon density by
10.5% to 12.2%, compared to previous studies. In addition, the inclusion of texture metrics
of L-band radar imagery, and the use of water deficits in the models, further contributed
to reducing the estimation bias. This also reduced the saturation effects of radar imagery,
since texture metrics can capture variations in the vegetation structures of forest fragments
of different successional ages that differ in carbon density.

We also presented the first map of tree species richness over the Yucatan Peninsula with
a spatial resolution of 25 m. This map followed the same approach as the carbon density
map, relating tree species richness measured in the field with radar backscatter, texture
metrics and climatic data using random forest regression models, as well as corrections
of values from national forest inventory plots. The goodness of fit and relative RMSE of
this map were similar to those of the carbon density map. As expected, the most important
predictors of species richness were texture metrics of L-band radar backscatter, which
measure spectral variability (used in this study as a proxy of habitat heterogeneity). By
contrast, the backscatter of L-band radar, which relates closely with vegetation structure,
was more important to explain variation in carbon density.

Finally, we mapped the spatial association between carbon density and species rich-
ness across the Yucatan Peninsula. We found a positive relationship in 79.3% of the study
area, with 39.6% of the forests in the peninsula showing both high carbon densities and high
species richness of trees. These forests are thus highly relevant for conserving biodiversity
and, at the same time, averting climate change.
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