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GENERAL SUMMARY 

Temporal variation of the resilience of Pinus durangensis Martínez to extreme 
climate events in northern Mexico 

Understanding, predicting, and quantifying the tree growth response o to extreme 
drought events is of great interest. The main objective of this study was to 
evaluate the temporal variation of the resilience of Pinus durangensis to extreme 
climatic events. 286 cross-sections of P. durangensis were analyzed using 
conventional dendrochronological techniques. In addition, total ring width, 
earlywood, and latewood chronologies were generated, spanning 296 years. The 
association between the tree-ring series and drought was analyzed through the 
Standardized Precipitation-Evapotranspiration Index (SPEI). The residual 
earlywood chronology showed the greatest association with the six-month 
cumulative SPEI for February-May (SPEI6FM). This allowed the reconstruction of 
296 years of the SPEI6FM, where 18 % were classified as wet years, 16 % were 
dry, and 66 % presented average values. Subsequently, the radial growth of 200 
cross-sections extracted at different heights from the stem of P. durangensis trees 
was analyzed and ring-width indices (RWI) were generated. Seven extreme 
drought events were identified and the annual radial growth before, during, and 
after each drought event was determined. Based on the RWI values, resistance, 
recovery, and resilience indices were calculated. The results indicated a 
significant correlation (p ≤ 0.05) between the annual radial increase and drought 
along the stem (0.56—0.80). The climatic sensitivity was higher in the lower part 
of the stem. The values of the resistance index ranged between 0.44 and 0.76 
and were better expressed in the highest sections of the stem. Resilience indices 
changed over time. Regardless of the height of the tree trunk, recent extreme 
drought events have caused a lower resilience of the trees, indicating a decrease 
in their capacity for recovery. These results represent an advance in the 
understanding of the tree growth behavior along the stem, laying the foundations 
for future studies on this and other tree species in Mexico. 

Keywords: drought, recovery, resistance, tree-rings, SPEI, tree growth.
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RESUMEN GENERAL 

Variación temporal de la resiliencia de Pinus durangensis Martínez ante eventos 
climáticos extremos en el norte de México 

Comprender, predecir y cuantificar la respuesta del crecimiento de los árboles a 
eventos de sequía extrema es de gran interés. El objetivo principal de este 
estudio fue evaluar la variación temporal de la resiliencia de Pinus durangensis a 
eventos climáticos extremos. Se analizaron 286 cortes transversales de P. 
durangensis utilizando técnicas dendrocronológicas convencionales. Además, se 
generaron cronologías de ancho de anillo total, madera temprana y madera 
tardía, que abarcan 296 años. La asociación entre la serie de anillos de árboles 
y la sequía se analizó mediante el Índice Estandarizado de Precipitación-
Evapotranspiración (SPEI). La cronología residual de la madera temprana mostró 
la mayor asociación con el SPEI acumulado de seis meses para febrero—mayo 
(SPEI6FM). Esto permitió la reconstrucción de 296 años del SPEI6FM, donde el 
18 % se clasificó como años húmedos, el 16 % como años secos y el 66 % 
presentó valores medios. Posteriormente, se analizó el crecimiento radial de 200 
secciones transversales extraídas a diferentes alturas del fuste de árboles de P. 
durangensis y se generaron índices de ancho de anillo (RWI). Se identificaron 
siete eventos de sequía extrema y se determinó el crecimiento radial anual antes, 
durante y después de cada evento de sequía. Con base en los valores RWI, se 
calcularon índices de resistencia, recuperación y resiliencia. Los resultados 
indicaron una correlación significativa (p ≤ 0.05) entre el incremento radial anual 
y la sequía a lo largo del tallo (0.56—0.80). La sensibilidad climática fue mayor 
en la parte inferior del tallo. Los valores del índice de resistencia oscilaron entre 
0.44 y 0.76 con los mayores valores en la parte superior del fuste. Los índices de 
resiliencia cambiaron con el tiempo. Independientemente de la altura del tronco 
del árbol, los recientes eventos de sequía extrema han provocado una menor 
resiliencia de los árboles, lo que indica una disminución en su capacidad de 
recuperación. Estos resultados representan un avance en la comprensión del 
comportamiento de crecimiento de los árboles a lo largo del fuste, sentando las 
bases para futuros estudios sobre esta y otras especies arbóreas en México. 

Palabras clave: sequía, recuperación, resistencia, anillos de crecimiento, SPEI, 
crecimiento de los árboles.
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CHAPTER I: GENERAL INTRODUCTION 

1.1. Introduction 

Forest ecosystems cover approximately one third of the earth's surface (4,060 

million of hectares), providing multiple environmental services such as the 

production of raw materials, soil conservation, carbon capture and storage, 

among other benefits (FAO, 2020). These services represent key factors to 

ensure the integrity and sustainability of the future of humanity, acting as natural 

climate regulators and cushioning the impacts caused by extreme natural 

phenomena (Mori et al., 2017; PROFEPA, 2020). 

In the last decades it has been evidenced that natural disturbances (wildland fires, 

insect outbrakes, droughts) and human activities (greenhouse gas emissions, 

land-use change, deforestation) have produced negative effects on the ecological 

process characterizing the forest ecosystems (Malhi et al., 2008; Miles and 

Kapos, 2008; Thompson et al., 2016; Cai and Chang, 2020). In addition, such 

activities have contributed to accelerate global warming (Allen et al., 2010; IPCC, 

2014; Roshani et al., 2022).   

The effects of global warming have been reflected in climate variability, with an 

increase in temperature and a decrease in precipitation (Xu et al., 2020). As a 

result, extreme weather events, such as heat waves and droughts, are expected 

to occur with greater frequency and intensity, causing direct effects on forest 

dynamics (Allen et al., 2010; Clark et al., 2016; Piraino, 2020). 

Extreme drought events are direct drivers in the reduction of productivity and 

affecting the carbon balance, causing forest decline, and an increase in mortality 

of different forest species (Camarero et al., 2015; Moreno -Fernández et al., 2021; 

Piraino et al., 2022). Therefore, understanding, predicting, and quantifying the 

response of different forest species to extreme drought events is one of the main 

areas of interest in scientific research (Allen et al., 2010; Khoury and Coomes, 

2020; Schwarz et al., 2020). 
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In this sense, resilience and its components (resilience, resistance and recovery), 

have been widely used to analyze the response of tree growth before and after 

extreme drought episodes (Lloret et al., 2011; Camarero et al., 2018; Schwarz et 

al., 2020; de Andrés et al., 2022). Resilience is understood as the ability of 

ecosystems to recover their functionality before disturbance (Lloret et al., 2011; 

Allen et al., 2019) and is the result of the interaction of different biotic and abiotic 

factors, at different scales: spatial and temporal scales (Carnicer et al., 2021; 

Piraino et al., 2022). 

The response of trees to extreme drought events has been evaluated at different 

time scales (decades to millennia) thanks to the analysis of tree-rings (Salzer and 

Kipfmueller, 2005; Ma et al., 2015; Stahle et al., 2016). Therefore, based on tree 

rings, it has been possible to analyze historical patterns of resilience and its 

components from the indices proposed by Lloret et al. (2011). These indices have 

been used to quantify the resilience of different forest species present in different 

parts of the world (Gomes-Márquez et al., 2018; Camarero et al; 2018; Fang and 

Zhang, 2019; Schwarz et al., 2020). However, this type of research in Mexico is 

still scarce. 

Mexico has around 42% of the species of the genus Pinus in the world, of which 

55% are endemic. For this reason, Mexican pines are considered important 

valuable natural resource in genetic, economic and environmental terms 

(Sánchez-González, 2008). Within these species, Pinus durangensis Martínez, is 

considered one of the most important species for its ecological and economic 

value in northern Mexico, due to its dominance and valuable characteristics of its 

wood (Monárrez-González et al., 2020; Graciano- Avila et al., 2020). In addition, 

it has been proven that its annual radial growth is sensitive to climatic variations 

(Villanueva-Díaz et al., 2014; Díaz-Ramírez et al., 2016). 

1.2. General objective 

To evaluate the temporal variation of the resilience of Pinus durangensis Martínez 

to extreme climatic events in northern Mexico. 
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1.2.1. Specific objectives 

a) To reconstruct droughts based on SPEI from tree rings of Pinus durangensis 

collected at a site in northern Mexico. 

b) To estimate the resilience indices at different stem heights of Pinus 

durangensis trees at a site in northern Mexico. 

1.3. Hypothesis 

a) Pinus durangensis is sufficiently sensitive to drought in such a way that the 

evolution of its radial growth is statistically correlated with the SPEI. 

b) Resilience indices estimated for extreme drought events differ along the stem 

height. 

c) The increase in the frequency and intensity of droughts recorded in recent 

decades has reduced the resilience of Pinus durangensis to drought. 

1.4. Thesis structure 

This thesis document is divided into several chapters. In Chapter I, a general 

introduction is presented; Chapter II deals with the theoretical framework related 

to the effects of climate on forest species. Chapter III shows the first scientific 

paper in which the first specific objective is addressed describing the 

reconstruction of the Standardized Precipitation-Evapotranspiration Index (SPEI), 

through the analysis of the tree-rings of P. durangensis for the western region of 

the state of Durango, Mexico. Chapter IV presents the second scientific paper 

addressing the second specific objective. In this article, seven extreme drought 

events were identified and used to evaluate the response of the Pinus 

durangensis annual radial growth at different heights of the stem, through the 

estimation of resilience indices. Finally, Chapter V includes the general 

conclusions of this thesis.  
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CHAPTER II: THEORETICAL FRAMEWORK 

2.1. Impact of climate change on ecosystems 

The World Meteorological Organization (WMO) has reported the last decade 

(2011-2020) as the warmest since pre-industrial times (1850-1900), with an 

approximate increase of 1.2 °C in global temperature and it is expected that by 

2024 the increase will exceed 1.5 °C (IPCC, 2014; WMO, 2021). These changes 

have altered climate variability, with more frequent extreme weather events such 

as heat waves and severe droughts (Anderegg et al., 2015). 

The increase in the frequency and intensity of extreme weather events will cause 

ecosystems to exceed critical thresholds, causing changes in their dynamics, with 

consequences that will compromise the survival of living beings (Scheffer et al., 

2001; IPCC, 2018; Piraino et al., 2022). Especially, forest ecosystems have been 

seriously affected by climatic extremes, with changes in their functioning and 

biodiversity, which compromises the provision of basic goods and services (Ding 

et al., 2016). 

Forests cover approximately one-third of the earth's surface and are home to 

more than 80% of the planet's terrestrial biodiversity (FAO, 2020; FAO, 2022). In 

addition, their interaction with the atmosphere through the exchange of energy, 

water, and chemical components, represents a high potential to face the effects 

of climate change (Bonan, 2009). 

Forests are recognized as natural carbon capture and storage systems, which 

identifies them as natural regulators of global temperature (CONAFOR, 2017). 

Currently, they store more than half of the world's carbon reserves (662,000 

million tons) (FAO, 2022). Therefore, evaluating the response of forests to current 

climate extremes has positioned itself as one of the main areas of scientific 

interest (Nimmo et al., 2015; Camarero et al., 2015; Falk et al., 2022). 

2.2. Droughts: major drivers of forest dynamics 

The increase in the severity of meteorological disturbances has caused changes 

in the dynamics of ecosystems. However, extreme drought events are recognized 
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as one of the main drivers of forest dynamics, mainly affecting tree growth (Allen 

et al., 2010; Camarero et al., 2015; Piraino et al., 2022). 

Drought is a phenomenon caused by the intense and prolonged scarcity of rainfall, 

with negative implications in the different sectors, ecological, economic, and 

social (Vicente-Serrano et al., 2010; Zargar et al., 2011). The reduction in forest 

production, increase in fire severity, dieback and increased mortality (from 

individual tree level to stand level) are among the main responses of trees to 

extreme drought events (Camarero et al., 2018; Value et al., 2020). 

During the last decades, extreme drought events have increased in frequency and 

intensity (Díaz-Ramírez et al., 2016; Tirivarombo et al., 2018; Martínez-Sifuentes 

et al., 2020), which is why it is of great importance to improve the understanding 

of natural climate variability over time. Droughts are difficult to characterize in 

terms of intensity, duration, and spatial extent (Vicente-Serrano et al., 2010). 

However, in recent years techniques have been developed to study and monitor 

these variables (Zargar et al., 2011). 

2.2.1. Drought indices 

Drought indices arise as a response to the need for an adequate definition of the 

phenomenon and have been in constant evolution in recent decades (Heim, 2002; 

Zargar et al., 2011). These indices have been used to characterize droughts, with 

the main objective to determine the beginning, end, and intensity of each event 

(Kchouk et al., 2022). 

A drought index integrates different meteorological and hydrological parameters 

(precipitation, temperature, evapotranspiration, runoff, among others) into a single 

numerical value. The value obtained from the estimation of an index is easier to 

interpret than the raw data, which represents a basic tool in planning and decision-

making regarding the prevention and mitigation of the effects of drought events 

(Eslamian et al., 2017). 

There are a large number of indices for the representation of a drought. However, 

the subjectivity surrounding the concept of drought makes it difficult to establish a 
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unique and universal drought index (Vicente-Serrano et al., 2010; Zargar et al., 

2011). 

The Palmer Drought Severity Index 

The Palmer Drought Severity Index (PDSI) was developed by Palmer (1965) and 

is based on the supply and demand concepts of the water balance equation. The 

variables incorporated for its estimation are previous and current humidity 

(precipitation), humidity supply, runoff and potential evapotranspiration (Alley, 

1985; Vicente-Serrano et al., 2011; Dai, 2011). However, the PDSI is based on a 

fixed time scale and an autoregressive characteristic, whereby the index values 

are affected by conditions up to four years in the past (Guttman et al., 1992). 

The Standardized Precipitation Index  

The Standardized Precipitation Index (SPI) was developed by McKee et al. 

(1993), with the main objective of establishing an indicator that would serve as a 

versatile tool for monitoring and analyzing droughts. Unlike the PDSI, the SPI 

incorporates cumulative precipitation deficits on various spatio-temporal scales, 

which identifies it as a multiscalar index (Hou et al., 2007). The SPI allows an 

adequate understanding of droughts, regarding their duration, magnitude and 

spatial extension, which makes it possible to identify the beginning and end of 

drought episodes (Karavitis et al., 2011). However, it is a simplified index that 

incorporates precipitation as the only input variable (Vicente-Serrano et al., 2010). 

The Standardized Precipitation-Evapotranspiration Index  

Although droughts are controlled to a greater extent by precipitation variability, 

temperature variation is of vital importance in determining the severity of drought 

events. For this reason, the use of drought indices that include temperature data 

in their formulation is more appropriate to identify the impacts of drought-related 

to warming in different ecological, hydrological, and agricultural systems. 

(Vicente-Serrano et al., 2012). 
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The Standardized Precipitation-Evapotranspiration Index (SPEI) was developed 

by Vicente-Serrano et al. (2010), and offers an advantage over the rest, because 

it integrates the multiscalar nature of the SPI and the sensitivity of the PDSI to 

changes in potential evapotranspiration based on the water balance equation 

(Vicente-Serrano et al., 2012). 

2.3. Forest resilience to drought 

The response of forests to drought events depends on various factors such as the 

characteristics of the trees (species, age), the site (topography, climate, structure, 

and competition), and the drought (intensity, duration, and frequency) (Gazol et 

al., 2017; Gomes-Marques et al., 2018; Zhang et al., 2022). This response is 

reflected in the resilience of tree growth (Piraino et al., 2022). For this reason, 

quantifying and understanding the effects of drought on the growth of different 

species and as many biomes as possible has been considered a primary topic of 

current research (Camarero et al., 2018; Schwarz et al., 2020; Falk et al., 2022). 

The response of the forest, through tree growth, to extreme drought events can 

be evaluated in terms of resistance (Rt) and recovery (Rc), considered 

components of resilience (Rs). Lloret et al. (2011) proposed indices of 

aforementioned components based on observed growth, before, during, and after 

the disturbance. Rs is the ability of the tree to withstand drought with minimal 

growth reduction, Rc represents the extent to which trees return to their original 

condition after a disturbance, and Rs refers to the tree's ability to sustain growth. 

after the disturbance (Lloret et al., 2011; Castagneri et al., 2021; Manrique-Alba 

et al., 2022). 

These indices have been widely reported to analyze the response of different 

forest species in different biomes (Sánchez-Salguero et al., 2018; Valor et al., 

2020; Schwarz et al., 2020). 

2.4. Tree-rings to assess the resilience of forests 

Indices to quantify resilience in forest ecosystems have been determined from 

two main approaches: tree-ring analysis (Du et al., 2022; Belokopytova et al., 



11 

2022; Manrique-Alba et al. 2022) and satellite images (Gazol et al., 2017; Urrutia-

Jalabert et al., 2021). However, ring-width chronologies provide information on 

the growth response to drought at the individual tree level (Camarero et al., 2015) 

and allow estimation of resilience indices on decadal to millennial time scales 

(Villanueva-Díaz et al. al., 2011). In addition, the analysis of the radial growth of 

individual trees and their response to climatic variables constitute a basis for 

evaluating the response of forests to future climate scenarios (Zhang et al., 2022). 

Currently, dendrochronological methods have been widely used to reconstruct the 

resilience of trees to drought events in different parts of the world (Lloret et al., 

2011; Gomes-Marques et al., 2018; Valor et al., 2020; Schwarz et al., 2020; 

Piraino et al., 2022). However, in Mexico, this type of analysis is still scarce. 

2.5. Pinus durangensis Martínez 

Pinus durangensis Martínez is an endemic species of Mexico and is considered 

one of the most important species in the north of the country due to its ecological 

and economic value (García & González, 2003; Hernández-Salas et al., 2013; 

Monarrez-Gonzalez et al. al., 2020). Due to its distribution and quality of wood, it 

is considered one of the most important timber species in the Sierra Madre 

Occidental (Perry, 1991; Pompa-García et al., 2009; Hernández-Velasco et al., 

2016). However, extensive harvesting has placed it on International Union for 

Conservation of Nature's (IUCN) “Near Threatened” status (Farjon, 2013; 

Simental-Rodriguez et al. 2021). In addition, its proven sensitivity to climatic 

variations (Díaz-Ramírez et al., 2016), justifies its use in the present investigation. 

2.5.1. Botanical characteristics 

The Pinus durangensis trees can be 12—25 m tall and 20—80 cm in diameter. 

The bark is dark gray to black when young and with reddish plates 4-5 cm thick, 

forming deep grooves when mature. The leaves are grouped in fascicles of 3-5, 

characterized by a lemon green color, they are thin and flexible, 11—18 cm long, 

with finely serrated margins, with 2—4 resin canals and 2 vascular bundles. The 
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cones are oval shaped, 6—8 cm long, and 3—6 cm wide (García & González 

2003; De la Paz-Pérez and Olvera & Dávalos Sotelo, 2016). 

2.5.2. Ecological distribution 

P. durangensis has a wide distribution in the Sierra Madre Occidental, covering 

the states of Chihuahua, Durango, and Sonora, and is located at altitudes above 

2000 m a.s.l. This species is characterized by forming pure and mixed stands on 

slopes with a slight slope and a relatively humid climate. It can be found in 

association with Pinus cooperi, Pinus teocote, Pinus leiophylla and Quercus 

sideroxyla (González-Elizondo et al., 2012). 
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CHAPTER III: RECONSTRUCTION OF THE STANDARDIZED 
PRECIPITATION-EVAPOTRANSPIRATION INDEX FOR THE 

WESTERN REGION OF DURANGO STATE, MEXICO 
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Development of Chronologies 

 

 

Figure 1. (a) Location of the study area; (b) photograph of a Pinus durangensis specimen; (c) 
mean monthly weather conditions from 1973 to 2019. 
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Climate Data Gathering and SPEI Calculation 

Correlation Analysis and Response Function 

Reconstruction Model Calibration and Verification 

Comparison with Other Drought Indices 

Spatial Representativeness of the Reconstructed SPEI 
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Ocean–Atmosphere Circulation Modes  

Results 

Total Ring Width, Earlywood, and Latewood Chronologies 

Table 1. Dendrochronological statistics for total ring width, earlywood, and latewood 

chronologies. 
Table 2. Correlation between SPEI values calculated on a 6-month cumulative scale 
and standard and residual chronologies of Pinus durangensis .  
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Figure 2. (a) Earlywood residual chronology (EWres) of Pinus durangensis (gray line). The black 
horizontal line represents the average index value that shows the interannual variability for the 
period 1725–2020; the gray shaded area represents the number of radii used to produce each 
annual index value (right y-axis). (b) Earlywood residual chronology (EWres) of Pinus durangensis 
(gray line). The running EPS was calculated based on the number of sampled trees and is 
represented by a red line and the minimum EPS of 0.85 is represented by the black horizontal 
dotted line. The running Rbar is represented in a blue line. 

Relationship between Tree Growth and Climate 
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Figure 3. Correlations between the earlywood residual chronology (EWres) and the monthly 
climatic variables (a) precipitation, (b) maximum temperature, (c) minimum temperature, (d) mean 
temperature, and (e) SPEI calculated on a 6-month cumulative scale. Months in lowercase 
indicate the previous year, while months in uppercase correspond to the current growth year. 
Climate data were obtained for the period 1974–2019 (46 years). The dotted horizontal lines 
indicate the level of significance (p < 0.05). For the SPEI association with the EWres the level of 
significance was p < 0.01. 
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Figure 4. Drought–growth association calculated for Pinus durangensis by relating the SPEI 
drought index to the earlywood residual chronology. The value was assigned to the last month of 
the SPEI cumulative period. 

SPEI Reconstruction 

Figure 5. Scatterplot of the linear regression model showing the variability of the earlywood 
residual chronology (EWres) with the six-month cumulative SPEI from February to May 1974–
2019 (46 years). 
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Table 3. Statistics for the validation process of the seasonal SPEI from February to 
May of the current growth year.  

Figure 6. (a) Reconstructed SPEI for the western region of the State of Durango during 1725–
2020; (b) comparison between observed SPEI (dashed line) and reconstructed SPEI (gray line). 
Triangles denote wet years and black dots represent extreme drought events. The vertical red line 
indicates the year in which the instrumental SPEI was split for calibration and verification 
purposes. 
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Comparison of the Reconstructed SPEI with Other Drought Indices 

Figure 7. Temporal variation for different drought indices, reconstructed SPEI (a), instrumental 
SPI (b), reconstructed SPI (Stahle et al., 2020) (c), instrumental PDSI (d), and reconstructed PDSI 
(Stahle et al., 2016) (e). Pearson’s correlation coefficients (r) between drought indices and 
SPEI6FM are indicated in every panel. The blue shaded lines represent periods of common severe 
droughts in the different analyzed indices and the reconstructed SPEI. 
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Figure 8. Spatial correlation between the reconstructed SPEI6FM and the six-month cumulative 
SPEI of the Global Drought Monitor for the months used in the reconstruction: (a) February, (b) 
March, (c) April, and (d) May. 

Influence of Ocean-Atmosphere Phenomena 

Figure 9. Power spectral analysis for the six-month reconstructed SPEI (February–May). Values 
above the confidence limits are significant. 
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Figure 10. Wavelet coherence analysis for six-month reconstructed SPEI (February–May). 
Perimeters marked with a thick dark line within the cone of influence indicate significant areas (p 
< 0.05). 
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CHAPTER IV: RESILIENCE OF PINUS DURANGENSIS MARTÍNEZ IN 
EXTREME DROUGHT PERIODS: VERTICAL AND HORIZONTAL 

RESPONSE OF TREE RINGS 
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Figure  1. Characteristics of the study area: (a) geographic location of the sampling site; (b) 
potential distribution of P. durangensis along the Sierra Madre Occidental (Téllez-Valdés, 2019); 
(c) location of the sampled trees (n = 50); (d) mean annual precipitation; and (e) mean annual 
temperature. 
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Results 

Development of Chronologies 

Table  1. Dendrochronological statistics for the standard version of the ring-width chronology of 
Pinus durangensis at different tree stem heights. 

Relationship between Growth and SPEI 

Table  2. Pearson's correlation analysis between the ring width index (RWI) at different tree stem 
heights and SPEI06FM. 

Identification of Extreme Droughts 
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Figure  2. a) Standard version of the ring-width index chronologies at different stem heights in P. 
durangensis, (b) SPEI reconstructed for the western region of the state of Durango (Cabral-
Alemán et al., 2022). Vertical shaded red lines and black circles mark regional extreme drought 
events.  
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Table  3. Mean and standard deviation of resistance, recovery, and resilience indices for each 
tree stem section of P. durangensis in seven selected drought events. 
 

Figure  3. Variation in the resistance, recovery and resilience indices throughout the extreme 
droughts studied. RWI1 = sampled at 0.07-0.15 m; RWI2 = sampled at 1.3 m; RWI3 = sampled at 
1.6 m; RWI4 = sampled at 11.0–12.0 m. The red horizontal lines correspond to mean indices of 
1.0 for recovery and resilience, where values over this line imply a full recovery from previous 
drought conditions, whereas values below 1.0 are indicative that the trees had problems 
recovering in a four-year period after the dry conditions. 
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Line of Full Resilience 

Figure  4. Relationship between the mean Rt and Rc values observed at different tree stem 
heights in P. durangensis and the hypothetical function representing the line of full resilience at 
any Rt value for each extreme drought year. The dots represent the samples of RWI1, RWI2, 
RWI3, and RWI4. RWI1 = sampled at 0.07-0.15 m; RWI2 = sampled at 1.3 m; RWI3 = sampled 
at 1.6 m; RWI4 = sampled at 11-12 m. 
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Growth Response of P. durangensis to Drought 

Figure  5. Impacts of seven drought events on forest growth at different stem heights in P. 
durangensis assessed over an average of four years pre-drought, during the drought year, and 
four years post-drought. 
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Growth-Climate Relationship along the Stem 

Resilience Indices along the Stem 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



47 

Management Implications  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



48 

Conclusions 

References 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



49 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



50 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 



51 

 

 

 

 



52 

CHAPTER V: GENERAL CONCLUSIONS 

In addition of being a species with high ecological and economic value in northern 

Mexico, Pinus durangensis was found to have a high dendroclimatic potential. 

The high positive correlation between the annual radial indices of P. durangensis 

and the SPEI06 from February to May indicates that the growth of the species is 

limited by the availability of soil moisture from the end of the winter to the spring 

season. New records of the ring-width series of P. durangensis were developed, 

which allowed a reconstruction of SPEI for near the last three centuries. The SPEI 

reconstruction for the northwestern region of the state of Durango allowed us to 

identify extreme drought episodes, trends and increases in their frequency and 

intensity in the last century. Therefore, the tree-rings of P. durangensis are 

suitable as a proxy for the reconstruction of historical climatic events in this region 

of northern Mexico. 

A decreasing temporal trend in the resilience of P. durangensis to drought was 

detected, which suggests that the cumulative effect of this phenomenon 

represents a determining factor in the ability of trees to overcome the negative 

effects of drought on growth. Even though the recovery rates increased in the last 

two analyzed droughts, the potential recovery could be compromised if the 

disturbances occur with greater intensity and frequency due to global warming, 

which could cause an effect known as "dieback" and lead to the final death of 

individuals of this species. 

The results showed that the radial growth of P. durangensis along the stem 

responded differently to climatic variations and, therefore, resilience and its 

components also showed variations. 

The climatic sensitivity of P. durangensis decreased at higher stem height, so 

analyzing radial growth only at breast height (1.30 m) could underestimate the 

influence of drought on the growth and adaptation of the species to the 

disturbances caused by climate change. The results of this study are specific to 

P. durangensis in the northwest region of the state of Durango. However, these 

results constitute a baseline for similar research to be carried out for the same 
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species throughout its distribution area, as well as for other associated tree 

species present in different sites in the Sierra Madre Occidental. 

 


