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Abstract: Forest structure and composition have changed rapidly worldwide, presenting tendencies
towards an increasing proportion of younger trees. From chronologies of tree-ring indices (TRI) and
the reconstruction of the basal area increment (BAI), a dendroecological study was conducted from
the perspective of the radial growth of twelve contemporary conifer species in a highly diverse region
of the planet. From an elevational perspective, the TRI were associated with climate and the NDVI,
while the BAI was also modeled as a potential proxy for forest productivity. Climate affects the species
differently according to elevation: at 1900 m asl, Pinus caribaea, P. oocarpa and P. jeffreyi presented the
lowest sensitivities to climate and drought. For their part, species occupying the intermediate part of
the gradient (1901-3000 m asl), such as P. engelmannii, P. patula, P. johannis and P. maximartinezii, were
very sensitive to maximum temperature (TMax), precipitation (PP) and drought during the winter—
spring period. Finally, of the species distributed on the upper part of the gradient (>3000 m asl), only
Abies religiosa was associated with TMax and drought; Juniperus deppeana, A. hickelii and P. hartwegii
did not seem to be vulnerable to drought. Complementarily, we found significant differences in the
BAI as a function of elevation, with the sites at 1001-1500 m asl presenting higher BAI. The results
suggest that the growth in these forests is impacted by droughts and follows a distinct spatial pattern,
with greater restriction found in mid-elevation forests. Consistent implications are also observed
in BAI trends. For its part, the NDVI demonstrated a decreasing tendency in greenness from south
to north, although no elevation pattern was evident. The combined proxies utilized here produced
parameters that improve our understanding of forest growth and should be considered in vegetation
dynamics models in order to reduce their uncertainty in the face of climate vulnerability. These forests
must be sustainably managed, and it is therefore crucial to determine the influence of ecological
variables on their growth.

Keywords: dendroecology; BAL; NDVT; forest growth; bioclimatic gradients

1. Introduction

Forest ecosystems of the world are considered the main sinks of terrestrial carbon, and
their goods and services supply human development at local to international scales [1].
However, these biomes present a constant dynamic of change because of their physical
configuration and regimes of disturbance [2].

Intensive forest harvesting, selective logging and deforestation, among other anthro-
pogenic factors [3,4], have rapidly produced a configuration that differs in structure and
composition from that of mature to young forests [5]. In parallel, the increased severity

Remote Sens. 2022, 14, 4506. https:/ /doi.org/10.3390/1s14184506

https://www.mdpi.com/journal /remotesensing


https://doi.org/10.3390/rs14184506
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0001-7156-432X
https://orcid.org/0000-0002-2052-0404
https://orcid.org/0000-0003-4292-8707
https://orcid.org/0000-0003-3511-2478
https://doi.org/10.3390/rs14184506
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs14184506?type=check_update&version=1

Remote Sens. 2022, 14, 4506

2 of 21

and intensity of droughts caused by climate change have translated into increased rates of
decline and mortality in various forest species worldwide [6].

Consequently, these forests experience transformations in their ecological conditions
that have been the focus of research by the scientific community in the face of predicted
climatic change [7-9]. In particular, tree growth is a component associated with forest
productivity that in turn represents a key component in the terrestrial carbon cycle. Interac-
tions with the climate have thus gained the increasing attention of ecologists [10-12]. It has
been documented that contemporary forest ecosystems present higher growth rates over
short temporal and spatial ranges that differ substantially from those of mature forests [13].
Although various studies have reported the responses of these forests to tree growth prox-
ies [14-16], our knowledge of these response variables remains to be refined. Although
tree growth rates depend on an extensive list of environmental variables, the scientific
community agrees that tree growth rings represent a reliable source of proxies [17-19].

In the first instance, through chronologies of tree-ring widths, climate—tree relation-
ships have evidenced differing responses as a function of the age and structure of the
forest [20,21], showing that young forests present different adaptations to climatic vulner-
ability [16]. Another proxy is basal area increment, which some authors document as an
indicator of productivity that can vary among species and along spatial gradients [22]. Like-
wise, when remote sensing is associated with dendrochronology, the ecological mechanisms
that underlie forest growth can be elucidated [23-25]. One of the most utilized indices is the
normalized difference vegetation index (NDVI) [26,27], yet this requires further research,
particularly considering the availability of automated monitoring platforms that operate
in near real-time (see Google Earth Engine) [28]. In this way, the convergence of discrete
variables from tree rings [10] and continuous variables from NDVI [29] exponentially
increase the capacity of the results in terms of the assessment of the timing and rates of
forest growth. Under the premise that wood production is related to foliage activity, tree
rings linked with time series of vegetation indices, such as the NDVI, have been useful for
investigating changes in tree growth and forest productivity [30]. Thus, NDVI is a proxy of
canopy cover that could be associated with tree rings in young forests, where it has been
scarcely addressed [31].

Furthermore, in the last 20 years, Mexico has been prominent as a country with great
dendroecological potential [32]. However, use has mainly been made of tree rings of wide
temporal scale, selectively sampling long-lived trees growing in marginal conditions [33,34].
These forests are distinguished by wide altitudinal, climatic, topographical, and latitudinal
gradients that host a great concentration of species. For their part, conifers grow from sea
level to over 4000 m asl in elevation. Of the six families of conifers recognized worldwide,
four are represented in Mexico. Of the 670 species of conifers in the world, 94 (14%) have
a natural distribution in Mexico, and 43 are endemic, with abundant species of Pinus,
Juniperus, and Abies [35]. Many of these conifers provide high volume and value to the
Mexican timber industry, strengthening the economic system of the country. However,
these forests are also very valuable in ecological terms because they provide ecosystem
services for communities. For instance, they are significant sinks for atmospheric CO; and
constitute a source of hydric resources for human and agricultural uses [33,36].

Elevational gradients have been reported as strategic sites to assess climate-tree growth
relationships, including vegetation activity, since temperature and precipitation vary along
topographic gradients, as make the tree responses [37]. The prediction of forest dynamics
under climate change is facilitated by understanding tree growth changes related to spatial
gradients, including the spectral reflectance of tree canopies. Foliar activity depends on
nutrients and photosynthetic capacities, which in turn regulate net primary productivity in
forests [37].

The conjunction of a high diversity of species along Mexican ecological gradients,
where the solar radiation, soil moisture, water availability, and microclimatic conditions
are highly variable, offers a natural laboratory to explore the relationships between tree
rings and the proxies of forest growth. Spatial parameters influence the ecology of forest
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ecosystems, but they remain relatively unaddressed. Taking advantage of these character-
istics, and with a perspective of elevational gradients, the research questions addressed
here were: (i) Is there an elevational trend in the climate response of a network of TRI
chronologies of young Mexican conifers? (ii) Does BAI, as an indicator of forest growth
follow an elevational pattern? and (iii) Is there a spatial relationship between chronologies
and NDVI? For this purpose, we built chronologies of TRI and BAI for different young
species and related them to climate and NDVI. We hypothesized that the studied species
would have a spatial tendency of accentuated climatic modulation according to their eleva-
tion range. This analysis serves to improve our knowledge of the dynamic of forest growth
of young trees.

2. Materials and Methods
2.1. Study Site, Study Species and Sample Collection

A total of 12 study sites were selected along an elevational gradient from 138 to 3504 m
asl (Figure 1). These sites were representative of six of the ecoregions of Mexico (Figure Al).
The sites were divided into three elevation classes, and samples were taken from four
species per class (Table 1):
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Figure 1. Location of sampling sites of: Pinus caribaea var. hondurensis Barret & Golfari (Pca); Pinus
oocarpa Schiede ex Schltdl. (Poo); Pinus jeffreyi Grev. & Balf. (Pje); Pinus cembroides subsp. lagunae
(Rob. Pass.) D.K. Bailey (Pce); Pinus engelmannii Carr. (Pen); Pinus maximartinezii Rzedowski (Pmx);
Pinus patula Schltdl. et Cham. (Ppa). Pinus johannis M.-F. Robert-Passini (Pjo); Abies hickelii Flous &
Gaussen (Ahi); Juniperus deppeana Steud. (Jde); Abies religiosa Kunth Schltdl. et Cham. (Are); and
Pinus hartwegii Lindl. (Pha). Ramp color depicts elevation range in m asl.



Remote Sens. 2022, 14, 4506

40f21

Table 1. Dendrochronological statistics per species and characteristics of the sites.

Tree Species  Elevation Well- Average Mean Annual  Total Annual
P Ecoregion Replicated TRW (mm) EW (mm) Series AC MS Rbt Temperature Precipitation
(Code) (m asl) . o
Period Length Q) (mm)
Pca 138 Troé’;f:itzvet 1982-2020 057 +005 0314003 54+5 0314003 0434+ 0.01 0.4 259 1168.50
Poo 713 ng’;g t‘s’vet 1986-2020 316+020 2934 0.33 28 + 0.5 047 +£0.04 040+ 0.01 0.26 23.7 2100.00
Pje 1540 Mediterranean 975 5019 2734016 2494025 56 + 3 0514002 049+ 0.01 0.56 17.3 274.2
California
Pce 1897 Trog’;f;‘slt?ry 1970-2019 128+ 007  1.16 + 0.08 66 +5 036 +003 0434+ 0.01 0.32 2 420.9
Pen 2041 Teéﬁ‘zzte 1951-2019 2134008 1764 0.13 60 + 2 0394003 045+ 0.01 0.66 242 743.7
Pmx 2296 Te;gf;ite 1976-2020 2414014  228+0.19 53 + 4 0344004 048+ 0.02 0.5 20.6 721.6
Ppa 2602 Teé“igf;zte 1952-2020 246 +0.09  2.11+0.16 67 +£2 0.68+£0.02 036001 0.49 16.6 875.1
North
Pjo 2847 American 19762020 097 +0.06  0.87 +0.08 59 + 3 070 +0.03  0.33 + 0.01 0.38 16.8 4347
Deserts
Ahi 3044 Tesniﬂgi;zte 1956-2020 2844014  2.6740.19 67 +2 0.66+004  0.34=+0.01 0.39 172 988.1
Southern
Jde 3078 Semi-arid 1986-2020 216+019 2054026 35+ 2 039 +004 0594 0.02 0.54 15.1 459.1
Highlands
Southern
Are 3358 Semi-arid 1960-2019 1.63 +0.13 1.44 + 014 57+5 0354004 046+ 0.01 0.46 15.4 616.5
Highlands
Pha 3504 Tesnigfgzte 1975-2019 164+ 011  1.39 =+ 0.09 65+ 5 053 +004 035 0.02 0.26 16.1 648.7

Tree-ring width (TRW), earlywood (EW), first-order autocorrelation (AC), mean sensitivity (MS), mean correlation of ring-width indices between trees (Rbt), Pinus caribaea var. hondurensis
(Pca), Pinus oocarpa (Poo), Pinus jeffreyi (Pje), Pinus cembroides subsp. lagunae (Pce), Pinus engelmannii (Pen), Pinus maximartinezii (Pmx), Pinus patula (Ppa), Pinus johannis (Pjo), Abies hickelii
(Ahi), Juniperus deppeana (Jde), Abies religiosa (Are), and Pinus hartwegii (Pha).
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Low elevation sites (<1900 m asl): Pinus jeffreyi Grev. & Balf. (Pje). Ecoregion:
Mediterranean California. Trees of this species can reach up to 50 m in height and 1.5 m in
diameter at breast height (DBH) and can establish in a wide elevational range from 50 to
3050 m asl. The species is tolerant of low temperatures in winter and can grow in shallow
soils or even crevices in bare granite rock. Pinus cembroides subsp. lagunae (Rob. Pass.) D.K.
Bailey (Pce). Ecoregion II: Sierra and Plains of El Cabo. This species is endemic to the Sierra
de la Laguna, in Baja California Sur, and presents trees with height between 20 and 25 m.
The species is subject to special protection, but it has been exploited for local use. Pinus
caribaea var. hondurensis Barret & Golfari (Pca). Ecoregion II: Plain and Hills of the Yucatan
Peninsula. Trees of this species can be 20-35 m in height, with trunks reaching a maximum
diameter of 100 cm. The species inhabits acidic, well drained, sandy or gravel soils, at
elevations below 500 m asl. Pinus oocarpa Schiede ex Schltdl. (Poo). Ecoregion II: Sierra Los
Tuxtlas. Trees of this species can reach 30-35 m in height and up to 1.3 m in diameter. The
species develops within an elevational range of 200-2700 m asl on eroded, shallow, sandy,
well-drained soils of low fertility, derived from volcanic parent material.

Intermediate elevation sites (1901-3000 m asl): Pinus engelmannii Carr. (Pen). Ecoregion
II: Western Sierra Madre. Trees of this species reach 20-27 m in height and 0.7-0.9 m in
diameter at breast height. The species establishes at elevations of 1200-3000 m asl on
poor, rocky (volcanic) soils as well as on alluvial coarse sand/gravel or loamy sand. Pinus
patula Schltdl. et Cham. (Ppa). Ecoregion II: Eastern Sierra Madre. Trees of this species
reach 35-40 m in height and 1 m in diameter, growing at elevations of 1500-3000 m asl in
zones of abundant precipitation of 1000-2200 mm per year. Pinus maximartinezii Rzedowski
(Pmx). Ecoregion II: Western Sierra Madre. Trees of this species reach 5-15 m in height
and 40-50 cm in diameter, growing in rocky soils of igneous origin, in the elevation range
of 1750-2400 m asl. Pinus johannis M.-F. Robert-Passini (Pjo). Ecoregion II: Warm Deserts.
This species presents shrubs of 2-12 m in height and 10-80 cm in DBH. It is found at
elevations of 2400-2800 m asl in very shallow soils, limited by rock or lithosols, and is
endemic to Mexico.

High elevation sites (>3000 m asl): Pinus hartwegii Lindl. (Pha). Ecoregion: Transversal
Neovolcanic System. Trees of this species reach 25-30 m in height. Its populations are
located at elevations of 2400—4282 m asl. The soils are from both volcanic and granitic
rock, of various depths but are often poor in nutrients. Abies hickelii Flous & Gaussen (Ahi).
Ecoregion II: Southern Sierra Madre. Trees of this species reach 20-30 m in height and
1-1.3 m in diameter. It is found in the high mountains of the subtropical south of Mexico,
at elevations of 2500-3400 m asl in soils of volcanic origin. Abies religiosa Kunth Schltdl
et Cham. (Are). Ecoregion II: Western Sierra Madre. Trees of this species reach 35-40 m
in height and up to 1.80 m in diameter. It is distributed along an elevational gradient
of 2400-3500 m, on slightly acidic soils of volcanic origin with a high content of organic
material. Juniperus deppeana Steud. (Jde). Ecoregion II: Western Sierra Madre Piedmont.
Trees of this species reach 3-10 m (or up to 20 m) in height and 20-50 cm in diameter. It
develops in subhumid temperate zones, at elevations of 750-2750 m asl in sandy soils, on
limestone or volcanic deposits or on other types of rock.

These are important timber species in Mexico, apart from P. maximartinezii, which
is considered threatened [38]. To the best of our knowledge, seven of the twelve species
have never been sampled for dendrochronological studies in Mexico: P. caribaea, P. oocarpa,
P. patula, P. maximartinezii, P. johannis, A. hickelii and |. deppeana.

All of the sites corresponded to young stands in which the predominant species in each
site comprised at least 70% of its basal area. From a randomly chosen central tree within
the stand (DBH > 15 cm), we selected the 19 trees closest to the central tree. Using a 5-mm
Pressler increment borer at breast height, we obtained at least two cores of 5 mm in diameter
for each of these 20 trees. This strategy was adopted to achieve greater representativeness
of the population [31].
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2.2. Dendrochronological Processing

Tree-ring cores were mounted on wooden frames with polyvinyl acetate glue. The sam-
ples were polished using progressively coarse to fine sandpaper to facilitate the subsequent
observation and measurement of the tree rings. Tree-ring cores of different individuals of
the same species and zone were synchronized through the identification of characteristic
sequences of radial growth. Tree-ring width (TRW) was measured using the VELMEX ultra-
precision (0.001 microns) system (VELMEX Inc. 2016, Bloomfield, NY, USA, Figure 2). Once
these measurements were completed, dating was reviewed using the program COFECHA,
which compares the series taken from each tree against a master chronology for each
species [39]. We constructed tree-ring residual chronologies for each species using TRW
with the dplIR library [40] in the software R [41]. Using a negative exponential model
as a standardization process, we corrected the biological and geometric growth trends.
An autoregressive model was then fitted to each of these detrended series to remove the
temporal autocorrelation associated with the growth from the previous year. We also
calculated the expressed population signal (EPS) for the period 1985-2019 to determine the
suitability of the species chronologies in terms of capturing the hypothetical population
signal (EPS > 0.85) [42].

Figure 2. Gathering and processing dendroecological data.

2.3. Climate-Drought-Growth Relationships

Pearson correlation analysis was conducted in order to evaluate the responses of
wood growth to the climatic variables, relating the residual chronologies to the monthly
variables of precipitation (PP) and maximum (TMax) and minimum (Tmin) temperature.
The climatological data of these sites were obtained from the Climate Explorer website
https:/ /climexp.knmi.nl/start.cgi accessed on 13 December 2021 [43] and extracted at a
resolution of 0.5° from the database CRU TS v. 4.04 [44].

To compare the growth responses to drought among the twelve species across the study
sites, the Standardized Precipitation-Evapotranspiration Index (SPEI) was used [45]. The
data were extracted from the SPEI webpage (https://spei.csic.es/, accessed on
13 December 2021) at a resolution of 0.5° from the database CRU TS v. 4.03 with a scale of 1
to 48 months from January to December of the years of growth for all species.
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2.4. Effect of Elevation on Basal Area Increment

Given that the increase in the basal area is an indicator of potential productivity
in a site [46], the BAI of the twelve species was calculated complementarily from raw
measurements of ring width using the following formula (Equation (1)):

BAI(cm?) = (R? — R?_;) 1

where R is the radius of the tree excluding bark at the diameter at breast height and  is the
year of formation of the ring. First, the BAI at sampling (core) level was obtained, and then
the annual mean BAI for each species was calculated. The library dplR (Dendrochronology
Program Library in R) was used to calculate both the BAI and the mean [40].

We assessed the effect of elevation ranks on basal area increment using a Kruskal—
Wallis rank-sum test, a nonparametric test equivalent to analysis of variance that determines
whether or not a statistically significant difference exists between the medians of three or
more independent groups. Finally, where the result of the Kruskal-Wallis test was statisti-
cally significant, a Dunn test was conducted to determine which groups were different [47].
These tests were conducted using the PMCMRplus package [48] in R.

2.5. Effect of Latitude on NDVI

The NDVI for each site was extracted from satellite images of MODIS, which measures
the reflected solar spectral radiances. We calculated Pearson correlations between NDVI
values and TRI with respect to elevation but found no significant results. An analysis
was therefore conducted including the interaction between latitude and the elevational
ranges. For the NDVI (Equation (2)), we used the global dataset taken from Google
Earth Engine [28] through MODIS (Moderate-Resolution Imaging Spectroradiometer) (see
https:/ /lpdaac.usgs.gov/products/mod13alv006/, accessed on 12 December 2021). For
each site, we obtained monthly values from the calculation for the period between 2000
and 2020.

NDVI = (NIR —RED)/(NIR+ RED) )

where NIR and RED are the near infrared and red values, respectively.

This approach assumed that the NDVI values at the pixel level represented the trees
sampled [49]. However, our spatial data considered coexisting tree and shrub species
and the understory, which present wider seasonal dynamics. The variation of NDVI
throughout the latitudinal range was investigated via a linear model using the function
Im in the ‘stats’” package of R [41]. In this model, we included elevation (categorical)
and latitude (continuous), as well as the interaction between these factors, as predictor
variables (Equation (3)). Residual plots were used to assess the homogeneity of variance
and normality of residuals:

where Yj; = the mean annual NDVI value at tree i location, LAT;; = latitude of tree i at j
elevation class, ELE = effect of the j elevation class, LATI-]- x E LE]- = interaction term and
gij error term. By, B1, P2 and Bj are the regression coefficients.

3. Results
3.1. Climate—Drought-Growth Relationships

In general, the populations of species established on the intermediate elevational
gradient presented greater sensitivity to climatic conditions and drought. In particular, they
showed negative and significant associations with TMax, and the PP positively influenced
the radial growth of these species.

The climate—tree growth correlations showed differing relationships among species,
allowing them to be grouped into three elevation bands. In the first instance, the lower
elevation sites (<1900 m asl) presented low but significant sporadic correlations with the
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climatic variables (p < 0.05). TMax was positively related to the growth of P. caribaea in Nov
(lowercase months represent the previous growth year), but P. oocarpa presented a negative
relationship in Oct (Figures 3a and A2a). Concerning the Tmin, P. caribaea had a positive
correlation in MAY (uppercase months represent the current growth year), while P. jeffreyi
had a negative correlation in Jul. The correlations between precipitation and growth were
positive in FEB at the locality of P. oocarpa (Figures 3b and A2b).
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Figure 3. Radial growth—climate associations. Coefficients of correlation (Pearson) between TMax
(a) and PP (b) and the ring width index (RWI) of twelve conifer species as a function of elevation.
Significant positive and negative correlations among monthly values from the previous Jun to
SEPTEMBER of the year of growth and the chronologies of ring width are shown. Dashed horizontal
line shows the 0.05 significance level.
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At the intermediate elevational gradient (1901-3000 m asl), uniform temporal pat-
terns of association were distinguished for almost all of the species with respect to cli-
mate. TMax from Sep to JUL negatively affected growth in the four species P. engelmannii,
P. maximartinezii, P. patula, and P. johannis (Figures 3a and A2a). The Tmin in Dec benefitted
the growth of P. engelmannii and P. maximartinezii, while there were negative associations
with P. engelmannii in JUN and P. johannis in JAN, APR and MAY. PP had a corresponding
temporal effect for all of the species from Aug to JUN (Figures 3b and A2b).

On the highest part of the gradient (>3000 m asl), TMax showed a negative effect on
Abies hickelii in JUN and Abies religiosa in Dec, JAN, FEB, APR and MAY but was positively
correlated with J. deppeana in Oct and Pinus hartwegii in JUN and AUG (Figures 3a and AZa).
Tmin had a negative relationship with J. deppeana in Jun, Jul and Sep but was positively
correlated to P. hartwegii in MAY. Finally, and in a shorter temporal distribution, PP pre-
sented positive correlations with all the species in Nov and JUN for A. hickelii; JUN, AUG,
and SEP for J. deppeana; JAN, APR and MAY for A. religiosa and during Dec and APR for
P. hartwegii (Figures 3b and A2b).

Pinus caribaea presented very low sensitivity to drought (r = 0.15) during the period
JAN to JUL, an accumulated drought period of 8-12 months. Similarly, P. oocarpa presented
low correlation coefficients (r = 0.25) from JAN to JUL but for a cumulative drought period
of 28-32 months. P. jeffreyi is associated during AUG to DEC (r = 0.3) for a cumulative
drought period of 4-8 months. Finally, P. oocarpa from Chiapas seems to present the greatest
sensitivity within this gradient since it is correlated with the drought (r = 0.4) during APR
and MAY in a cumulative drought period of 4 to 8 months (Figure 4).
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Figure 4. Drought—growth associations calculated for four Mexican conifer species (at <1900 m asl)
by relating the SPEI drought index to the residual growth-ring width chronologies. The SPEI was
calculated in scales of 1 to 48 months (x axes) from JAN to DEC in the current year of growth (y axes).
(a) Pinus caribaea var. hondurensis; (b) P. oocarpa; (c) P. jeffreyi; (d) P. cembroides. The Pearson correlation
coefficients (r) are indicated using color scales.
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On the intermediate gradient, the associations with drought were more significant
than those presented with the species of lower elevation. Pinus engelmannii showed a
positive association during the period JAN to DEC (r = 0.5) (i.e., practically the entire
year) for a cumulative drought period of 4-16 months. Pinus johannis is also positively
associated from JAN to DEC (r = 0.6) for a cumulative drought period of 4-12 months. In a
subgroup of temporal tendency, P. maximartinezii presented a high association (r = 0.6) with
the months of FEB to MAY, for cumulative drought values of 4-8 months, and P. patula was
associated in the period MAR to JUN (r = 0.6) for 4-8 months (Figure 5).
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Figure 5. Drought-growth associations calculated for four Mexican conifer species (1901-3000 m
asl) by relating the SPEI drought index to the residual growth-ring width chronologies. The SPEI
was calculated in scales of 1 to 48 months (x axes) from JAN to DEC in the current year of growth (y
axes). (a) Pinus engelmannii; (b) Pinus maximartinezii; (c) Pinus patula; (d) Pinus johannis. The Pearson
correlation coefficients (r) are indicated using color scales.

In the highest gradient, P. hartwegii presented the lowest correlation coefficient (r = 0.2)
for drought from JAN to JUL, with a cumulative drought of 16-32 months, followed by
A. hickelii (r = 0.3) from MAY to AUG with cumulative drought values of 4-8 months.
Juniperus deppeana was associated mainly with the drought from SEP to DEC (r = 0.4) for a
cumulative drought of 4-12 months. Finally, A. religiosa had the most significant sensitivity
to drought (r = 0.6) from APR to JUN, particularly in MAY (r = 0.7) for a cumulative drought
of 4-8 months (Figure 6).
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Figure 6. Drought—growth associations calculated for four Mexican conifer species (>3000 m asl)
by relating the SPEI drought index to the residual growth-ring width chronologies. The SPEI was
calculated in scales of 1 to 48 months (x axes) from JAN to DEC in the current year of growth (i axes).
(a) Abies hickelii; (b) Juniperus deppeana; (c) Abies religiosa; (d) Pinus hartwegii. The Pearson correlation
coefficients (r) are indicated using color scales.

3.2. Effect of Elevation on Basal Area Increment

The Kruskal-Wallis rank—sum test showed a significant difference in BAl in at least one
elevation rank group (p < 0.01). Consequently, a Dunn test showed significant differences
(p £ 0.01) among all groups evaluated. Figure 7 shows the range of increment of each group
assessed, in which the elevation ranges from 1001 to 1500 m asl presented the highest values.
On the other hand, the cores extracted at an elevation of <500 m asl had the lowest values.

3.3. Effect of Latitude on NDVI

The mean NDVI values of the different studied conifers ranged from 0.27 in P. jeffreyi
in Baja California Norte (31.9° N) to 0.60 in A. hickelii found in Oaxaca (17.4° N) (Figure A3).
We found a significant relationship between conifer greenness, measured as the mean NDVI
values, and latitude across the Mexican territory (p < 0.001). In general, there is a decreasing
trend of NDVI across the latitudinal range, with higher NDVI values presented in southern
species compared with the species of more northerly distribution (Figure 8). However, the
slope of this association differed for each elevation class (significant interaction Latitude
x Elevation; p = 0.016). We found a decrease in NDVI as latitude increases at low and
intermediate elevation ranges, although this decrease was sharper at the high elevation
range. This outcome highlighted the fact that the southern conifers that developed at higher
elevations present greater potential growth than those at lower elevations. In contrast,
northern conifers at high elevations showed lower growth than those at intermediate and
low elevation ranges.
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Figure 7. Basal area increment (BAI) (m? year !, x axis) of the twelve studied conifer species grouped

according to elevation class (in meters, y axis).
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Figure 8. Linear relationship between the normalized difference vegetation index (NDVI) and latitude
using data collected from different conifer species across the Mexican territory in the following
elevation classes: low (<1900 m asl; red points and lines), intermediate (1901-3000 m asl; green points
and lines), and high (>3000 m asl; blue points and lines). Points indicate the observed annual mean
NDVI in each species for the period 2000-2020. Lines and shaded regions represent the predicted
values and the 95% confidence band from the linear fit, respectively.
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4. Discussion

This study was conducted in the “natural laboratory” of the forest ecosystems of Mex-
ico, where wide variation exists in terms of soil depth, moisture content and availability of
water, as well as microclimatic variation. Here, non-traditional sampling was successfully
implemented for dendroecological purposes. Contemporary and spatially conglomerated
stands were sampled, in contrast to traditional dendrochronological sampling focusing
on marginal trees [33]. The radial growth response to climatic conditions and drought
was explored in young Mexican conifer species using an elevational approach. The forest
growth of the 12 populations was analyzed from two perspectives: (1) the index of green-
ness (NDVI) on the altitudinal and latitudinal gradients and (2) the BAI on the altitudinal
gradient. By combining tree rings, BAI and NDVI, different facets of the ecological func-
tioning of the forest are represented, so the results broaden our knowledge of forest growth
dynamics. This also contributes to the sensitivity or complacency of the study species to
the climatic conditions. These results are important since suitable management actions can
subsequently be taken to mitigate the predicted consequences of climatic change (increased
intensity and severity of droughts) [50].

4.1. Climate—Growth Relationships

The current study examined several species that have not been analyzed before from a
dendroecological perspective. Among these, P. caribaea, P. oocarpa, A. hickelii and ]. deppeana
present themselves as complacent towards the climatic conditions and drought, showing
a null response to the climate attributed to the specific conditions of the microsite of the
establishment. In contrast, Pinus patula, P. maximartinezii and P. johannis were found to be
very sensitive to the climate and drought. In particular, the temperatures from the previous
winter to the summer of the year of growth, and the precipitation in the previous winter
and in April of the year of growth, significantly influenced the radial growth of these
species. This phenomenon has been widely documented in other conifer species in Mexico,
such as Pseudotsuga menziesii [33], Pinus arizonica, P. engelmannii, P. durangensis, P. leiophylla,
P. lumholtzii [51], P. cembroides and P. engelmannii [52].

The results show that all species respond differently to the variables studied but
that sensitivity to drought differs among species following an elevational pattern. The
radial increase seems to be mainly influenced by maximum temperature and precipitation,
the suggested explanation for which is that vapor pressure deficit (VPD) affects radial
growth [53]. There are differences in sensitivity to climate according to the species, which
are clearly grouped by elevation class. Species at low elevations show minor sensitiv-
ity to climate. At the same time, TMax and PP negatively affected those species in the
intermediate range, mainly from the previous year to the current year of growth.

On the lowest gradient, the species seem not to have climatic limitations. On the
intermediate gradient, the four species are susceptible to climatic variability and drought,
which coincides with multi-species analyses at similar elevations [52,53]. Differences in the
correlations between growth and the climate and drought vary as a function of the elevation
and biome type. These differences are more accentuated in the sites of intermediate latitudes
and elevations between 1200 and 1600 m asl. Drought is the main limiting factor for the
growth of trees, particularly in forests established in zones of intermediate elevation and
those prone to drought, such as transition zones. This suggests that the drought impacts
are increasing in these biomes [54], wich eventually could lead to the movement of the
treeline of various species towards sites at higher elevations. On the highest gradient, Abies
hickelii and Pinus hartwegii presented lower sensitivity to climatic changes, benefitting from
the higher temperatures. It is widely documented that drought is one of the main factors
that influence the decline and mortality of trees at the global level in different types of
ecosystems [6]. Our results show that drought negatively affects the radial growth of forest
species, particularly those that grow on low and intermediate elevational gradients. This
coincides with recently published findings that populations of trees established at higher
elevations (>3000 m asl) seem to develop a greater tolerance to drought [54].
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Contrasting growth responses to the climate were detected among the study sites.
However, these differing responses could have been attributed to specific responses of
the species to climatic variability and drought. It is evident that elevation is a factor
that influences the responses of species. This is explained by the regional variations
in environmental variables such as temperature and precipitation, as well as in abiotic
variables such as the topography of the site, for example, temperature as a function of slope.

Other possible causes are precipitation, relative humidity, and solar radiation [54].
Slope aspect and the local drainage characteristics of the soil, as well as elevation, influence
tree growth. Soil type is another factor for consideration, and one that merits more detailed
study since the species that establish in well-drained soils are more vulnerable to drought
stress [55]. Species at the sites at intermediate elevation presented greater sensitivity to
climatic conditions. Three of these species are representative of the ecoregion Temperate
Sierras and one species of North American Deserts. Sites at low and high elevations are
not subjected to the climatic variability that predominates in the sites at an intermediate
elevation. Three high elevation sites were located in the ecoregion Temperate Sierras
and one in Southern Semi-arid highlands. These sites are colder and more humid than
those of intermediate elevation. In these sites, only the radial growth of Abies religiosa
presented a negative relationship with TMax. This agrees with that found in sites of
the western United States of America and is attributed to the allocation of carbon for
the respiration process during periods of high temperatures [56]. On the other hand,
two low elevation sites belong to the ecoregion Tropical Wet Forests, one to Tropical Dry
Forests and another to Mediterranean California, which experience higher temperatures
and more precipitation [55].

Evidence has recently been observed of an uncoupling between tree growth and
temperature trends [54,57]. Considering the expected yearly increase in mean temperature
of 1 °C globally and 0.74 °C in Mexico [50,58], these differences have potentially significant
implications. This is particularly true in sites at an intermediate elevation, where TMax
limits growth. Huang et al. [59] record differing responses of Canadian boreal species to
temperature and drought from a latitudinal perspective. Specifically, summers with high
temperatures can increase the hydric stress and limit growth in the most southerly sites. In
contrast, this same temperature increase causes a favorable effect on radial growth in the
species established in sites in the north.

In short, the heterogeneity of the landscape modulated by physical factors produces
different responses of radial growth to hydroclimatic variations. Consequently, some
species are complacent while others tend to be more sensitive. Therefore, the gradient used
here was considered appropriate for discerning these ecological mechanisms, although
more research with more site-specific data is required. We found an elevational pattern
in the modulation of the radial growth of the species in climatic terms. The results of
the correlations suggest that forest growth is being impacted by recurrent droughts and
follows a defined spatial pattern, with greater restriction found in mid-elevation forests.
These results are relevant given the importance and cover of the forest in the country, as
well as the fact that these sites at intermediate elevation represent biomes that cover 22%
(Temperate Sierras) and 30% (North American Deserts) of the national territory [60].

4.2. Effect of Elevation and Latitude on Forest Growth

BAI as a proxy of productivity is also associated with tree age. Young stands present
higher growth rates and vigor [61]. This is confirmed in studies conducted in Mexico
on P. hartwegii that report a trend of maximum BAI in the juvenile stage of the trees [62].
Similarly, Coomes and Allen [63] conclude that tree growth declines at higher elevations,
leading to the stunting of trees and the presentation of more open canopies. Nevertheless,
the increase was minimal for trees at elevations less than 500 m asl. The climatic conditions
at this elevation could therefore be unfavorable for the species evaluated. In addition, we
attribute this to the increased number of species at lower elevations [64], which increases the
competition among tree species and has a negative effect on the BAI of coniferous species.
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A descending trend in greenness was observed as a function of latitude. The species
located more to the south presented a higher NDVI than those located more to the north
(Figure 8), i.e., the index of greenness seems to be related to geographic factors at the site
level. Since biomass is an important component of radial growth and the NDVI reflects this
potential productivity [27], our results seem reasonable since the equatorial and tropical
species accumulate greater biomass and thus present a higher NDVI. However, the species
growing in the north of Mexico, for which growth is dictated by moisture availability [65],
exhibit lower radial growth. For this reason, stronger relationships between NDVI and
tree-ring widths are expected in cases where atmospheric conditions become warmer. At
the ecosystem level, Coulthard et al. [66] demonstrated that the chronologies of arid sites
are more strongly correlated with NDVI. Findings in the Siberian taiga also indicate that
the growth responses to climatic conditions diminish along the latitudinal gradient from
south to north [67,68]. However, the increase in productivity at the global level attributed to
fertilization by CO, cannot be disregarded as a cause of these NDVI values [61], particularly
in heterogeneous environments such as those studied here. For example, similar studies
indicate that this can be attributed to the density of the forest [27]. The high productivity
values represented by the NDVI and the BAI in southern sites and in those of low elevation,
respectively, can be explained by changes in the establishment and density of the stand and
the size and number of leaves [62].

Previous studies have found that the link between NDVI and TRI produces mixed
results [66,69]. However, we found a positive relationship in general terms, and although
there can be strong intra-site variation [27], our findings could help to calibrate global
models. Our sampling did not discriminate against individuals, thus achieving a homoge-
neous spatial unit of tree distribution and a uniform reflectance of the canopy for improved
detection by the spectral sensor. Consequently, the accuracy of our results is greater than
those using data from dispersed trees and those growing in marginal conditions [33]. As
such, we hypothesized that an analysis of forest growth through the NDVI linked to tree
rings must be focused on changing the sampling system for spatially uniform units and
of greater resolution, which would increase the accuracy and utility of the correlations
between NDVI and annual radial growth. The advent of technologies such as GEE [28] and
the use of unmanned aerial vehicles (UAVs) offer promising perspectives [70].

To the best of our knowledge, this is the first study to address a multispecies perspec-
tive in forests of high diversity such as those found in the Mexican territory. A decreasing
trend was found in forest growth along the latitudinal gradient, with marked radial growth
patterns at different elevations. Studies at the global level suggest that increased concentra-
tions of CO, and deposition of N are drivers of forest productivity [54,61]. This was beyond
the scope of the present study; however, our results improve the understanding of the
growth responses of young conifer species from elevational and latitudinal perspectives.

We recognize that the links between tree growth and NDVI may be influenced by
other factors not considered in this study, such as microsite and slope aspects (exposure)
and the productive capacity of the sites. For example, it has been reported that NDVI can
be influenced by stand density, forest management type, the presence of a rocky substrate,
herbaceous vegetation, pests, and diseases [25].

Despite the advantages of our approach in terms of suitability for extracting long-term
NDVI series, we recognize that further research is required, for instance to address the
residual effects of atmospheric correction [71,72], including cloud and aerosol noise [73],
which would enhance the quality of the long-term NDVI time series. On the other hand,
we highlight limiting factors, such as optical properties and canopy structural attributes,
which must be measured in situ [74].

The complexity of the biophysical conditions of the Mexican territory is strategic
for assessing changes among species growing in different geographical conditions. The
dendroecological analysis was able to substantially explain the forest growth dynamics,
which are traditionally explained by the time series of radial growth through correlation
coefficients [75]. The common variability of growth along bioclimatic gradients shows that
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there is spatial geographical synchrony, which is mainly attributed to climatic forces and
other abiotic variables, such as species-specific plasticity and microsite conditions. Specifi-
cally, the forcing ecological variables have the greatest repercussions on the populations of
intermediate elevation and those distributed in the north of Mexico. However, the need
to complement the analysis methods and enrich the coverage of chronologies, including
the measurement of specific-site parameters at finer scales (e.g., site index and microsite
characteristics), as well as xylogenesis connections and remote sensing, etc., are recognized
as limitations.

5. Conclusions

This comprehensive analysis allowed us to study the radial growth and potential
forest productivity of contemporary conifer species, and their responses to climatic and
drought conditions. The considerable hydroclimatic variations present along the studied
gradient confers differentiated growth responses that are presumably attributed to species,
elevation, or climate. The radial growth of young species is differently affected according
to elevation range, with sensitivity accentuated in the intermediate range of 1901 to 3000 m
asl. Species such as P. engelmannii, P. patula, P. maximartinezii and P. johannis are highly
responsive to changes in climatic variables and drought index. Cold /humid and warm/dry
conditions are the main drivers that promote and limit radial growth, respectively. Forest
growth depends on several factors in addition to stand age, establishment, and density.
This analysis shows that altitudinal and latitudinal gradients also influence tree growth.

The knowledge generated here should be incorporated into the planning of sustainable
management actions that allow for better species adaptation and thus conservation in the
face of the impacts of climatic change, particularly for the most vulnerable species. There-
fore, we encourage systematic dendroecological evaluations in a multispecies context and
over-broad biogeographic scales as a meaningful approach to improve our understanding
of young forest dynamics in the face of climate variability.
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Figure A2. Radial growth—climate associations. Correlation coefficients (Pearson) between TMax (a)
and PP (b), with the RWI of the twelve conifer species as a function of elevation. Significant (p < 0.05)

positive (blue dots) and negative (red dots) correlations among monthly values (from the previous
Sep to AUG of the growth year) of TMax and PP and ring width chronologies.
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