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Abstract: In this work, we propose that small wood core samples (≤10 cm length), taken from
0.3 m above the soil, represent an accurate means of correlating forest growth with remote sensing
data. Short-term correlations between the Normalized Difference Vegetation Index (NDVI) and
tree-ring components of the last three to four decades were tested, using 210 Pinus hartwegii wood
cores collected at two locations, Tláloc (TLA) and Jocotitlán (JOCO) in central Mexico. The NDVI
time series were generated with the Google Earth Engine (GEE) using Landsat 8 images. Also,
seasonal trends in NDVI (e.g., spring, summer, autumn, winter) were analyzed through longitudinal
analysis. The results showed more statistically significant dendrochronological indices in TLA than
in JOCO, but both locations consistently showed an NDVI decrease in 2018 and 2020, indicating a
reduction in vegetation vigor. At the two locations, the minimum and maximum NDVI occurred in
April and October, respectively. Seasonal NDVI changes for spring were mainly seen at TLA with
a decreasing trend, which may be related to a less defined dry season. The significant correlations
(p < 0.05) between tree-ring components and the NDVI occurred in the dry season, indicating that the
productivity of a given year is defined by the tree vigor shown in April and May, in the case of TLA,
and between January and March, for JOCO. Although the NDVI values of JOCO were higher than
those of TLA, tree growth, expressed by tree-ring indices, was lower. Our proposed field method to
correlate tree-ring information and the NDVI is reliable and can be used in other coniferous forests.

Keywords: highland forest; radial growth; dendrochronology; vegetation index; Pinus hartwegii;
NDVI; tree-ring correlation methods; remote sensing

1. Introduction

Pinus hartwegii Lindl. inhabits elevated areas of Mexico and Guatemala [1]. In Mexico,
it is found mainly from elevations of 3500 m along the Trans-Mexican Volcanic Belt, defining
the tree-zone limit in the study area [2]. It is a species adapted to the hostile climate and soil
conditions that prevail at high elevations, such as high temperature oscillations of more than
30 ◦C in a single day and sandy shallow soils of low fertility [3]. According to vegetation
prediction models, the natural distribution area of Pinus hartwegii will decrease because
of climate change impacts [4]. The conditions preventing the migration of this species
to higher elevations include shallow and low-fertility soils with slow rates of formation.
Specifically, phosphorus is an element of low availability in Pinus hartwegii forests [3]. In
addition to the reduction in habitable area, changes in the chemical composition of plant
components and nutrient dynamics are likely to occur in these forests as climate change
progresses [5].
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One strategy to investigate how tree growth is influenced by recent climate variation
is to correlate tree-ring width measurements with remotely sensed data. Recently, den-
drochronological methods have been used to explain the response of forests to climate
change and whether their resistance and resilience are changing [6–8]. The historical in-
formation recorded in tree rings helps us to understand other changes occurring in the
ecosystem, such as droughts [9].

The advantage of using information from remote sensing is that the vegetation vigor
can be inferred from red and near-infrared bands, allowing for spatial evaluation. Re-
mote sensing captures forest canopy reflectance and stores the information of different
bands (wavelengths), allowing for the calculation of vegetation indices, which can provide
information about vegetation vigor and tree growth [10].

The series of annual tree rings provide information on radial growth rates, and their
correlation with vegetation indices is possible because, if the vegetation shows good vigor,
it is likely that there are favorable conditions for tree growth and therefore tree rings
are wider [11,12]. However, topographic variation in sites and their climatic conditions
also influence the degree of correlation between rings and vegetation indices [13]. The
Normalized Difference Vegetation Index (NDVI) is a well-known vegetation index that was
developed by Rouse et al. (1973) and that has been shown to be reliable in representing
vegetation vigor variation [12,14,15].

The correlation analysis between vegetation indices and tree-ring series is a reliable
strategy to understand forest growth. Studies such as Beck, et al. [16] confirmed the link
between the NDVI, ring width index (RWI), and maximum latewood density (MXD) in
Alaska and western Canada. Correa-Díaz et al. [12] also confirmed significant correlations
in Pinus hartwegii forests using MODIS sensor data.

This work aimed to find a short-term correlation between standardized tree-ring
measurements and the NDVI, but, in contrast to previous studies, incorporated a high-
spatial-resolution data set (using series from LANDSAT8 from 2013 to 2021) and collected
short-term samples at 0.3 m above the ground (at stump height), where tree rings are wider.
Two levels of elevation and aspect were considered to better capture the variation in the
landscape and test our method. The NDVI variation is related to the growing season and
can be useful in detecting whether extended periods of tree growth are occurring [17].
The hypotheses proposed were: (i) there are statistically significant correlations between
standardized tree-ring measurements and the NDVI, and (ii) annual and seasonal variations
in NDVI are different at the two studied locations, TLA and JOCO.

2. Materials and Methods
2.1. Study Area

The study sites were two mountains in central Mexico: Tláloc (TLA), located at co-
ordinates 19◦24′44.86′′ N and 98◦42′45.34′′ W, with 4125 m of maximum elevation, and
Jocotitlán (JOCO), with coordinates 19◦42′26′′ N 99◦47′12′′ W and 3910 m of maximum
elevation. The vegetation at the two locations is represented by natural monospecific stands
of Pinus hartwegii that grow from 3500 and 3700 m of elevation for TLA and JOCO, respec-
tively (Figure 1). The predominant climate for both elevations is C(E)(W2) (W)b(i), which is
described as a semi-cold, sub-humid climate with summer rainfall [18]. A reconstruction of
the climatic variables from 1980 to 2021 for the two study areas is shown in Figure S1 in
the Supplementary Information. The database procedure used for this reconstruction is
as indicated by Thornton et al. (2022) [19]. Daily temperatures recorded with HOBO (®)
dataloggers, every four hours, from 2017 to 2023, for the two study locations, are shown in
Figure S2 of the Supplementary Information.

Mean tree density for the sites is 156 and 180 tree ha−1, with tree volume of 220 and
183 m3 ha−1, and mean tree age ranging from 40 to 80 years and from 52 to 89 years for
TLA and JOCO, respectively [20,21].
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Figure 1. Location of the two study areas. (A) From left to right, the Jocotitlán and Tláloc mountains, 
highlighted with green polygons, respectively. Black triangles and circles represent sampling sites 
within each mountain area. (B) Macro location of the study areas. General views of the forests stud-
ied (a,b). 
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m, with NW and SW aspects. 
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at this height, the tree rings are wider, ensuring more accurate measurements. Neverthe-
less, a preliminary sampling indicated high linear correlation (R2 = 0.96, p < 0.001) between 
measurements at 1.3 m and 0.3 m. Diameter at stump height (0.3) is not an unknown var-
iable in forestry; its use can improve volume estimations, and it is useful in estimating 
volume removals after disturbances [22]. The diameter at stump height of the sampled 
trees ranged from 45 to 50 cm (9.7 sd) in TLA, and from 32 to 36 cm (6.5 sd) in JOCO. 

We used a 10 cm wood core sampler (Haglöf) because it is faster to obtain tree-ring 
samples with wider rings that also perfectly correspond to the historical period of LAND-
SAT 8 images. Sampled trees were dominant and/or codominant, healthy, and without 
apparent mechanical damage. 

2.3. Tree-Ring Sample Dating and Measurement 
Wood core samples were air-dried then mounted and glued onto pieces of wood to 
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mountains, only 210 were collected due to a recent forest fire (JOCO, one site) that allowed 
for dense undergrowth, creating risks to sampling due to the rocky soil surface and slop-
ing terrain. However, historical NDVI was calculated for all the sites at the two locations. 

Figure 1. Location of the two study areas. (A) From left to right, the Jocotitlán and Tláloc mountains,
highlighted with green polygons, respectively. Black triangles and circles represent sampling sites
within each mountain area. (B) Macro location of the study areas. General views of the forests
studied (a,b).

The soils at both sites are Andosols, developed from volcanic material, and are charac-
terized by their dark color, high water-retention capacity and richness in organic matter [3].
To capture the higher variability of the landscape, sites were distributed along two eleva-
tions and two aspects. For TLA, the elevations were 3500 and 3900 m and the aspects were
northwest (NW) and southwest (SW). For JOCO, the elevations were 3700 and 3800 m, with
NW and SW aspects.

2.2. Dendrochronological Sampling

At each site, 30 wood cores of P. hartwegii were extracted at 0.30 m above ground level,
ensuring that information was obtained from at least the last three or four decades (30 or
40 tree rings). The tree-ring segments were sampled in 2022, because we had to wait for
the complete formation of the 2021 tree ring. It is important to note that tree-ring samples
are usually taken at 1.3 m from the ground, to correlate the information with regular forest
inventories, but in this study, we took samples at 0.3 m above ground level because at
this height, the tree rings are wider, ensuring more accurate measurements. Nevertheless,
a preliminary sampling indicated high linear correlation (R2 = 0.96, p < 0.001) between
measurements at 1.3 m and 0.3 m. Diameter at stump height (0.3) is not an unknown
variable in forestry; its use can improve volume estimations, and it is useful in estimating
volume removals after disturbances [22]. The diameter at stump height of the sampled
trees ranged from 45 to 50 cm (9.7 sd) in TLA, and from 32 to 36 cm (6.5 sd) in JOCO.

We used a 10 cm wood core sampler (Haglöf) because it is faster to obtain tree-
ring samples with wider rings that also perfectly correspond to the historical period of
LANDSAT 8 images. Sampled trees were dominant and/or codominant, healthy, and
without apparent mechanical damage.

2.3. Tree-Ring Sample Dating and Measurement

Wood core samples were air-dried then mounted and glued onto pieces of wood to
prevent twisting. Although we planned to collect 240 tree-ring samples from the two moun-
tains, only 210 were collected due to a recent forest fire (JOCO, one site) that allowed for
dense undergrowth, creating risks to sampling due to the rocky soil surface and sloping
terrain. However, historical NDVI was calculated for all the sites at the two locations.
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Wood core samples were sanded with sandpaper of different grain size (80, 120,
240, 240, 280, 360, 600, and 1200) to clarify the earlywood and latewood bands. After
that, samples were scanned in an EPSON scanner (HP MODEL J131B) at a resolution
of 4200 dpi. Tree-ring measurements were performed with the WinDENDRO® software
2008a (Regent Instruments, Quebec, QC, Canada), following standard dendrochronological
procedures [23,24].

2.4. Tree-Ring Standardization and Short-Term Chronologies

Tree-ring measurements were analyzed with the dendrochronology library dplR in R
version 4.1.1 [25,26]. For detrending purposes, we used a spline function with the criteria of
50% response frequency and 67% of the length of the series [27,28]. Standardized series for
ring width (TRW), earlywood (EW) and latewood (LW) were generated for both locations.
As we measured the diameter of the trunk at 0.3 m and the bark width of every tree, we
used the bai.out instruction of the dplR library to calculate the basal area increment (BAI),
assuming concentric tree rings.

2.5. NDVI Data Processing through Google Earth Engine (GEE)

To construct the NDVI time series in GEE, we used a JavaScript code to access the
Landsat 8 OLI images from 2013 to 2021 and to identify pixels contaminated with clouds,
snow, or shadows. The OLI sensor contains 10 multispectral bands, with pixel sizes of 15
or 30 m, depending on the band. The NDVI is the ratio between red and near-infrared
light reflected by the canopy and is an indirect measurement of photosynthesis and forest
productivity. NDVI series were calculated for the two locations, and for the four sites
within every location. The trends in NDVI series were analyzed for the 2013–2021 period,
using average monthly values, and conducting the analysis according to the season of
the year. We also found that in this study, the NDVI was statistically correlated to other
indices, such as the soil-adjusted vegetation index (SAVI) and the enhanced vegetation
index (EVI) (see Supplementary Information). However, for the purposes of this work, we
only considered the most common vegetation index, the NDVI.

2.6. Tree Ring and NDVI Correlation

To investigate the correlation of NDVI values with the standardized measurements
of TRW, EW, and LW, we used the treeclim R package [29]. Although treeclim is normally
used with temperature and precipitation data, in this study, NDVI values were used to
temporally correlate tree-ring components using a significant level of 5%.

2.7. Statistical Analysis of the NDVI Time Series

The NDVI time series were analyzed in two ways. First, a smoothed curve regression
model (spline) was fitted with the PROC TRANSREG SAS procedure, in order to maximize
correlation and to represent monthly NDVI fluctuations for the period from 2013 to 2021.
The SAS output of the spline was plotted with the R package. Second, the monthly mean
values for the twelve months of the year were analyzed and a cubic regression model
was fitted with longitudinal analysis procedures, as explained by Fitzmaurice et al. [30].
The longitudinal analysis was conducted with the SAS software (V. 9.4), using the PROC
MIXED module and an autoregressive variance–covariance matrix. The output of predicted
values was plotted with an Excel spreadsheet. To investigate the seasonal changes in NDVI
at each elevation, the effect of time and the time × season interaction were tested at 5%
statistical significance, using longitudinal analysis [30].

3. Results and Discussion
3.1. Dendrochronological Analysis

When the data were analyzed for each location, inter-correlation series equal or
greater than 0.32 were not obtained for any tree-ring component (Table 1). The best
dendrochronological indices were seen for the total tree ring (TRW), and for this reason,
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dendroecological details for the EW and LW components are not shown. The low inter-
correlation at each mountain is due to the high variability between trees and environmental
conditions at each site. However, when the series were analyzed by site, and grouped by
combinations of elevation and aspect, the results improved significantly. In the case of TLA,
all four sites, except site S-3900, reached the minimum inter-correlation of 0.32 with only
30 trees. In the case of JOCO, the correlations did not improve when separating the series
by site (Table 1).

Table 1. Dendrochronological analysis for the sample trees at the two mountain sites.

Mountain Site Trees

Expressed
Population

Signal
(EPS)

Mean
Sensitivity

Inter-Correlation
Series

Chronology
Extension Period (Year)

TLA

3900-NO 30 0.754 0.36 0.33 37 1985–2021
3900-SO 30 0.703 0.38 0.17 37 1985–2021
3500-NO 30 0.348 0.31 0.40 37 1985–2021
3500-SO 30 0.428 0.37 0.42 37 1985–2021

(four sites) 120 0.826 0.37 0.23 37 1985–2021

JOCO

3700-NO 30 0.547 0.42 0.15 37 1985–2021
3800-NO 30 0.65 0.38 0.21 37 1985–2021
3800-SO 30 0.594 0.38 0.19 37 1985–2021

(three sites) 90 0.768 0.40 0.20 37 1985–2021

The probable explanation for not finding correlations higher than 0.32 in JOCO is that
on this mountain, other abiotic factors, such as soil variability and microclimate conditions,
were more important in explaining the variation in tree-ring growth. Another possible
explanation is that we did not collect full wood core samples down to the center or pith of
the tree; we sampled the last three to four decades, when the global climate has been more
variable [31]. Despite these results, it is worth highlighting the good inter-correlation for
most TLA sites with a sample of 30 trees with values higher than 0.32.

The TRW series at the mountain level and for the period from 1985 to 2021 are shown
in Figure 2. Despite the low inter-correlations at most sites, for both mountains, a slight
increase in radial growth is observed around 2017, but this episode of good growth has
decreased considerably by the year 2021. It is noticeable that, from 1985 to date, neither
mountain has returned to growth levels close to the historical mean corresponding to the
value of 1.0 in Figure 2, which could be evidence of the recent loss of forest resilience
indicated by other authors [6].

We found an expressed population signal (EPS) lower than the threshold of 0.85
suggested by other authors [32]. This result indicates that a larger sample size is required to
find a more defined trend for the tree-ring series. However, it is evident that when pooling
all the ring series by mountain, the EPS reached values of 0.83 and 0.77 for TLA and JOCO,
respectively. Other studies for the same species, carried out at the Trans-Mexican Volcanic
Belt, have also reported EPS values of the same 0.80 to 0.88, which are close to those we
found in TLA [33,34]. The mean sensitivity values at all sites were low, ranging from 0.31
to 0.42, indicating the low influence of the previous year’s measurements on the actual year
values. A possible explanation for this result is the high yearly climate variability in recent
decades [31], which prevents the sites from reaching sensitivities that are 0.5 greater than
those reported in other studies [34].
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Pinus hartwegii on Mount Tláloc (A) and Jocotitlán (B).

3.2. Temporal Analysis of the NDVI

The monthly NDVI mean values at the two mountain sites show a seasonal change
corresponding to the expected vegetation vigor variation over the year. According to
the fitted longitudinal model, the extreme low and high NDVI values occur in April and
October, respectively (Figure 3a). This period corresponds to the observed minimum and
maximum values for Pinus hartwegii forests across the Trans-Mexican Volcanic Belt, which
defines the growing season [17]. The historical NDVI in TLA fluctuated between 0.5 and
0.7, depending on the season of the year; however, in the dry seasons of 2013, 2018, and
2021, there was a considerable decrease in NDVI that could denote periods of stress in
the vegetation (Figure 3b). The NDVI variation in JOCO is similar to that of TLA, but
two points should be highlighted. First, the NDVI values for JOCO were statistically higher
than those for TLA (p < 0.05), despite its lower tree growth, as indicated by the tree-ring
index (Figures 2 and 3c, Table 2). This is extremely important since NDVI values cannot
be assumed to be indicators of forest growth, as other studies have suggested [12]. Direct
measurements from the tree stand are required to infer the productivity of each site. The
second point is that the decrease in NDVI in JOCO is also seen in the years 2013, 2018, and
2021 (Figure 3d).

Table 2. Type III Tests of Fixed Effects for the monthly NDVI.

Effect DF Den DF a F Value Pr > F

TIME 1 178 90.93 <0.0001
TIME2 1 178 97.69 <0.0001
TIME3 1 178 83.63 <0.0001
MOUNTAIN b 1 178 4.23 0.0411
TIME ×
MOUNTAIN 1 178 1.41 0.2358

a Degrees of freedom associated to the model errors. b Mountains are Tláloc or Jocotiltán.
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(d) mountains for the period 2013 to 2021. The R2 for the spline is 0.53 (p < 0.05) and 0.52 (p < 0.05) for
Tláloc and Jocotitlán, respectively.

3.3. Tree-Ring and NDVI Correlation

We found significant and positive correlations (p < 0.01, p < 0.05) between the monthly
NDVI and ring components at the mountain level (Table 3). As we found a highly significant
correlation (p < 0.001) between the standardized tree-ring measurements and the BAI, we
assumed these two variables as proxies of tree growth (see supplementary information). In
the case of TLA, there were significant correlations from the previous year (“december”) to
spring of the actual year (APRIL–MAY). For JOCO, correlations were observed from winter
(JANUARY) of the current year to early spring (MARCH). The correlations found were
observed in all wood components (TRW, EW, LW). Our results agree with those found by
Kaufmann et al. [35], who reported a statistically significant correlation between ring width
and the NDVI in the Northern Hemisphere, but the authors pointed out that the correlation
depends on the season. Tree species located south of 40◦ exhibited the best correlations in
early spring, while for species located north of 40◦, summer was the best season to find
significant correlations. Other authors have also found significant relationships with the
NDVI from the previous year “december” to March of the actual year, but using the MODIS
sensor at Tlaloc Mountain [12]. Likewise, Bunn et al. [36] reported significant correlations
between the NDVI and ring width for species of three genera (Pinus, Picea, and Larix) in
the Siberian Taiga. This confirms the reliability of tree-ring measurements in supporting
remote sensing information to better understand forest growth and related processes, like
carbon sequestration [37].
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Table 3. Main correlations between the tree-ring components of Pinus hartwegii and the NDVI at sites
on two mountains, Tláloc and Jocotitlán.

Mountain Variable Tree-Ring Component Correlation to the NDVI

Tláloc

NDVIAPRIL TRW 0.664 *
NDVIMAY TRW 0.866 **
NDVIMAY EW 0.851 **
NDVIMAY LW 0.772 *

NDVI“december” LW 0.727 *

Jocotitlán

NDVIMARCH TRW 0.646 *
NDVIMARCH EW 0.570 *
NDVIMARCH LW 0.798 *

NDVIJANUARY LW 0.687 *
Note: Months of the previous year are in lowercase letters, while those of the current year are in capital letters.
Significance levels (p < 0.01 **, p < 0.05 *).

Some authors have reported weak and divergent correlations between the NDVI and
tree-ring measurements of coniferous and deciduous species [38–40], but they used data
from sensors of lower spatial resolution, which may explain this lack of significance. Mašek
et al. [13] reported that tree rings and the NDVI were decoupled for Pinus sylvetris and
Abies picea; however, they suggested that topography is very important in explaining NDVI
variation and tree growth. This is in agreement with our results, and explains why, when
our data were grouped by elevation and aspect, better dendrochronological parameters
could be identified. It is also known that NDVI variation is influenced by a synergistic
effect of temperature and precipitation [41]. Although, in general, the relationship be-
tween the NDVI and precipitation and temperature is positive, this result is not always
consistent, especially for temperature [42]. Our results show higher historical maximum
temperatures (Tmax) in JOCO, which is consistent with the positive effect on the NDVI
(Figure S1). However, in both locations, the variation in Tmax has increased since 2019
(Figures S1 and S2).

The correlations between the NDVI and tree-ring components indicate that the NDVI
values of the dry season (March–May) are critical in explaining the expected tree growth in
a given year. The use of a standardized index for tree rings allows us to compare the NDVI
and tree growth relationships for both locations. All correlations are positive, indicating
that the higher the NDVI of the dry season, the higher the tree growth expected, which
applies to both mountains. Kaufmann et al. [43] found a positive correlation between
tree rings and the NDVI from April to July and in October in coniferous forests in North
America and Eurasia, concluding that summer changes may have important implications
for Northern Hemisphere forests.

However, it was not expected that the “december” NDVI of the previous year would
correlate significantly with the latewood width in the subsequent year (0.73). This memory
effect between the wood formed during the previous winter and the autumn of the follow-
ing year is not easy to explain but can be attributed in part to the marginal memory effect
of the previous and subsequent year measurements, as shown in Table 1 (mean sensitivity:
0.31 to 0.42). In addition, it is possible that the level of vigor with which forests finish the
previous year determines the overall tree growth during the following year.

3.4. Seasonal Trends in NDVI

The longitudinal analysis indicated statistically significant interaction of time × season;
therefore, seasonal NDVI trends have different patterns at each mountain (Figure 4). How-
ever, the most evident seasonal change was seen in TLA, as the NDVI of spring decreased
in the years 2019 to 2021. The NDVI trends for JOCO are more uniform, as NDVI changes
for spring and summer behave similarly, and for fall and summer, no significant changes
are seen over time. Other studies have suggested that seasonal changes in NDVI in the
Trans-Mexican Volcanic Belt are due to a shift in maximum NDVI values later in the year for
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several mountains [17]. In contrast, our data for TLA showed a trend of reduced vegetation
vigor in summer. Beck et al. [16] used MODIS and NDVI data to spatially represent early
spring and late autumn in northern Europe and found a trend of earlier autumn onset
in southernmost Sweden. The results of this study show that autumn has been the most
stable season for both mountains. The distribution of precipitation over time in TLA is
greater, even compared to JOCO (Figure S1). This fact could explain why TLA is more
sensitive to seasonal changes in NDVI that depend on precipitation. The JOCO location
shows two sharp dry seasons, before and after the growing season, and that may be related
to the higher NDVI. Additionally, TLA is a site more affected by changes in temperature
and precipitation in the most recent years (Figures S1 and S2).
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4. Conclusions

Short-term series of radial growth taken at the base of the tree (0.3 m from the ground)
with a small wood core sample (10 cm length) had acceptable dendrochronological pa-
rameters and allowed us to determine a statistical correlation to remote sensing data.
Standardized short-term tree-ring series are statistically correlated to the NDVI and reliable
for understanding tree growth. The annual and seasonal NDVI were different between
the mountains, but the NDVI of the dry season is what defines the annual tree growth
for each site. The location with more defined dry periods, before and after the growing
season, showed a higher NDVI. The previous year’s “december” NDVI correlated with
the latewood width of the actual year. Although this result was not fully explained, it may
be related to a natural memory effect that occurs in coniferous forests. Most importantly,
the NDVI cannot always be used as a proxy of forest growth without terrain-based data,
like tree-ring measurements. In this study, the Jocotitlán mountain had statistically higher
NDVI values than the Tláloc mountain, but its tree growth was lower. Therefore, for this
type of study, it is essential to calibrate the information from remote sensing with the direct
measurement of tree parameters, such as tree-ring width.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f15020324/s1, Figure S1: Temporal distribution of climatic variables
for the two study sites, from 1980 to 2021. (a) Daily precipitation, (b) Minimum temperature and
(c) Maximum temperature. Estimations were performed according to Thornton et al. (2022) [19]. Note
that daily precipitation is more even distributed at TLÁLOC site, while at JOCOTILÁN, two sharp
dry periods are defined before and after the growing season. Minimum temperatures in the growing

https://www.mdpi.com/article/10.3390/f15020324/s1
https://www.mdpi.com/article/10.3390/f15020324/s1
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season are higher at JOCOTILTÁN. Also note that at TLÁLOC maximum temperatures, before
the growing season have increased in recent years; Figure S2: Daily temperatures recorded with
HOBO (®) dataloggers every four hours for three sites in the TLÁLOC location. Note the increase
in temperatures in the year 2020 and 2021, specially in plots (a,c); Figure S3: Daily temperatures
recorded with HOBO (®) dataloggers every four hours for three sites in the JOCOTILÁN location.
Note the higher contrast in temperature variation between the 3800-SW site (a) and the 3700-NO
site (c); Figure S4: The standardized values of ring width (RWI) are highly correlated to Basal area
increments (BAI) indicating that RWI is a reasonable a proxy of tree growth. BAI area in cm2 year−1;
Table S1: Correlation Matrix for the vegetation indices, NDVI, EVI and SAVI for the two studied
mountains. Note that in all cases the correlation is highly significant (p < 0.05), implying that all
indices would generate similar results and conclusions. However, we emphasized on one of the most
common vegetation indices like the NDVI.
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