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ABSTRACT
Pinus hartwegii Lindl. is a low-temperature-adapted species that forms the highest elevation 
tree lines in the world, reflecting its tolerance to extreme high mountain conditions. Studying 
the mechanisms that determine the variation of tree lines in different regions helps to more 
accurately assess the impact of climate change on forest ecosystems. Thus, assessing its impact 
on the ecological features that affect P. hartwegii is critical, as is identifying and defining 
information gaps that may lead to new, important, and significant research lines. In this work, 
an intensive literature search on the impact of climate change on P. hartwegii was carried 
out in Scopus and other specialized databases. The information was grouped and analyzed 
in VOSviewer by year of publication, institution, research topics, and study area. Scientific 
publications on P. hartwegii have increased exponentially since its first publication, reaching 
a total of 281 scientific papers until 2024. More than 66 % of all studies were conducted in 
protected areas such as Iztaccíhuatl-Popocatépetl, Nevado de Toluca, and Cofre de Perote in 
Mexico. The most studied topics were forest management, climate change, dendrochronology, 
and population dynamics. The high heterogeneity in the number of studies suggests that there 
is an uneven distribution of interinstitutional and international resources or research interests. 
This study highlights the need to intensify research on the ecology and biology of the species, as 
well as to foster inter-institutional collaboration and coordination to increase studies in specific 
areas to deepen the understanding of the adaptive capacity of P. hartwegii populations in the 
face of the current climate crisis.
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INTRODUCTION
Mountain ecosystems are inhabited by highly specialized and endemic plants that are 
particularly sensitive to climatic changes (Cavieres et al., 2021). Recent studies show 
that rising mountain temperatures encourage species distributions to move upward 
along altitudinal gradients (Aitken et al., 2008; Cavieres et al., 2021; Petrov et al., 2024). 
This would eventually put them at risk of extinction, given the difficulty of adapting 
their life and migration cycles at a slower rate than temperature changes (Aitken et 
al., 2008). Because of the tangible and intangible benefits that mountain ecosystems 
have on human societies, it is imperative to understand the ecological processes that 
regulate abiotic and biotic pressures on these ecosystems.
Pinus hartwegii Lindl., also known as the pine of the heights or white ocote, is a species 
of great ecological value that has captured international attention in recent years 
(Pérez-Suárez et al., 2022), being the subject of national and international studies. This 
species is reported to be the most widely distributed pine at the highest elevations 
in the world (Alfaro-Ramírez et al., 2020; Pérez-Suárez et al., 2022). It is characterized 
by the formation of tree lines due to its high tolerance to low temperature extremes 
and ability to withstand adverse environmental conditions such as high diurnal 
temperature variation, high precipitation, high winds, low soil quality, high UV 
intensity, and short growing season length (Richardson and Friedland, 2009).
According to Körner and Paulsen (2004) and Berdanier (2010), tree lines are associated 
with altitude or climatic conditions that limit the growth of arboreal life forms. Those 
individuals that exceed these lines grow stunted or structurally deformed, with a 
twisted trunk being the most common feature (krummholz). In the case of P. hartwegii, 
a diffuse line of trees is formed in krummholz (Alfaro-Ramírez et al., 2017), with a 
gradual decrease in the diameter, height, and density of individuals. The physiology, 
biology, and ecology of this species are closely related to low temperatures, 
highlighting its potential sensitivity to temperature increases resulting from global 
warming (Manzanilla-Quiñonez et al., 2019; Alfaro-Ramírez et al., 2020; Pérez-Suárez 
et al., 2022).
Several studies have focused on assessing the trend of changes in spatial distribution 
under different climate change scenarios (Malek and Verburg, 2021; Crespi et al., 
2023). Most studies agree that its range will decrease by up to 69 % in the next 50 years 
(Alfaro-Ramírez et al., 2020). However, the underlying mechanisms that would lead 
to such a significant range reduction and whether these are shared locally or at the 
level of individual populations are unknown. The effects of high temperatures are not 
necessarily direct or immediate, as they are not simultaneous responses to stressors 
but the result of long processes of change in which several complex interacting factors 
come together, including the impact of human activities and topography, as well as 
their integration along elevation gradients (Gray and Brady, 2016; Balfagón et al., 2020).
Human activities play an important role in the degradation and anthropogenic 
pressure on these populations, so that a spatial distribution map does not provide 
the reason for the reduction or the dominant factor causing this process. In the case of 
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P. hartwegii, local and regional demand for the species as a raw material for furniture 
manufacture, among others, is a factor that significantly reduces its populations 
throughout its range. At the regional level, temperature regulates ecological processes 
in high mountain forests. However, other local site-specific factors must also be 
considered, as they can influence the potential impact of climate change or variability 
on forest ecosystems (Albrich et al., 2020; Thakur et al., 2021). 
In this context, the generation of knowledge on the impact of climate change on 
forest ecosystems is a challenge that must be addressed from multidisciplinary and 
interdisciplinary approaches, where the efforts of different institutions are combined 
to carry out complementary rather than duplicated work, allowing for the efficiency of 
material and human resources. This provides the necessary tools to identify the causes 
and take action to mitigate the loss of P. hartwegii in support of its conservation, in 
addition to maintaining the multiple services that its forest cover provides to society 
(Pérez-Suárez et al., 2022; Wang et al., 2024) and the recreational and cultural activities 
that are carried out throughout the species’ range (Varo-Rodríguez et al., 2019).
The biological, geological, and chemical processes that occur in the ecosystems 
inhabited by this species benefit both local communities in the mountains and those 
settling lower down, including the more populated valleys in central Mexico. This 
includes regulating water flows, local and regional temperature, carbon sequestration, 
and providing forest biomass for various economic activities such as furniture and 
fuelwood production. (Franco-Maass et al, 2006; Endara-Agramont and Herrera-Tapia, 
2016; Martínez-Luna et al., 2020).
Predicting how temperature increases will affect P. hartwegii forest cover requires 
taking into account the majority of its range. This species has not received enough 
research, and little attention has been paid to how it relates to climatic factors. This 
limits the ability to draw conclusions at different levels of organization (species, 
population, etc.) (Pérez-Suárez et al., 2022) and reduces the accuracy in predicting the 
effects of various global change factors on its biology, ecology, and adaptability. In 
this context, it is important to know the position of the climate change approach in 
studies on P. hartwegii, what the interest of institutions in studies on this species is, 
and which areas have been studied throughout its distribution in order to identify 
and delimit information gaps that can lead to new lines of research with greater 
relevance and impact. This is possible through collaborative work involving different 
institutions that will lead to the establishment of adequate and efficient strategies for 
the management and conservation of P. hartwegii. 

MATERIALS AND METHODS
An intensive literature search on ecological aspects of Pinus hartwegii was conducted 
in Scopus (Elsevier; available at https://www.scopus.com/) and complemented with 
other specialized databases, such as Web of Science (Clarivate Analytics; https://
clarivate.com/), SciELO (https://www.scielo.org/es/), Publons (https://publons.com/), 
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and Redalyc (https://www.redalyc.org/). To ensure the completeness and scientific 
reliability of the literature reviewed, a list of scientific publications was created that 
included synonyms and words related to the topic, or a combination of them, in 
the title, abstract, or keywords. Key words for the search were ‘Pinus hartwegii’ OR 
‘Pinus rudis’ OR ‘Hartwegs Pine’ OR ‘mountain pine’ OR ‘white ocote’ OR ‘Pinus’ OR 
‘highland pine’ AND ‘climate change.’
A database was constructed and purified, considering only scientific articles related 
to P. hartwegii, specifically those related to climate change and its impact on ecological 
aspects such as forest management, population dynamics, dendrochronology, climate 
change, hydrological cycle, conservation, phenology, histopathology, symbiosis, 
population genetics, fire ecology, systematics, physiology, community ecology, carbon 
capture and sequestration, forest health, biogeographical patterns, environmental 
pollution, nutrient flow, taxonomy, phytosociology, human impact, ethnobotany, 
and evolution. In addition, theses, books or book chapters, technical reports, and 
presentations or full-length papers from scientific meetings were excluded, as well 
as papers that did not address any ecological or biological aspect other than the 
occurrence of the species. References in the revision process or incomplete references 
were also excluded.
The final information contained in the database was grouped by year of publication 
to subsequently carry out an orderly review that would facilitate the identification 
of those areas with a lack of scientific studies related to P. hartwegii. The VOSviewer 
software (van Eck and Waltman, 2010, 2017) was used, which represents a high-
performance solution with numerous bibliometric network visualization options. In 
this software, keyword co-occurrence networks, co-authorship relationships between 
institutions (or affiliations), and co-occurrence between main research topics and 
geographical areas (or study areas) are observed. 

RESULTS AND DISCUSSION

Bibliometric aspects
A total of 281 scientific publications related to P. hartwegii were found, using 844 
keywords (Figure 1). The most prominent words close to P. hartwegii were ‘Mexico,’ 
‘climate change,’ and ‘pine.’ These words appeared most frequently within the papers 
as co-occurring keywords (Figure 1A and 1B). The more intense colors show areas 
with a higher density of co-occurrence between outstanding keywords that are more 
closely related to P. hartwegii, with ‘climate change’ again being the most prominent, 
while lighter colors indicate areas where terms are less frequent or have weaker 
connections to each other (Figure 1C and 1D).
Scientific work was published from 1962 to 2024 (Figure 2), showing an exponential 
growth over time. From 2000 to 2024, more than 80 % of the registered papers were 
published, with a total of 234 articles. In addition, 154 studies (54.8 %) were published 
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in national journals and 127 (45.1 %) in international journals (Figure 1). As for the 
topic of climate change, out of the total number of publications, only 77 corresponded 
to this topic; however, the proportion of publications in national journals was lower 
(25; 32.4 %) compared to that in international journals (52; 67.5 %) (Figure 2).
One of the most important aspects of the analysis was to find 135 institutions that 
have focused on the study of P. hartwegii. These institutions have established major 
collaborative networks with other institutions, both national and international. The 
Postgraduate College (COLPOS), the National Institute of Forestry, Agricultural, and 
Livestock Research (INIFAP), Autonomous University of Chapingo, University of 
Veracruz (UV), and the National Autonomous University of Mexico (UNAM) stand 
out the most and have the strongest relationship with other institutions in studies on 
P. hartwegii. All of them together carried out more than 75 % of the published research. 

 
Figure 1. Bibliometric analysis of keywords in scientific publications on Pinus hartwegii Lindl. A: co-
occurrence of total keywords; B: co-occurrence of keywords related to climate change; C: total keyword 
density map; D: density map of keywords related to climate change publications.
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The same pattern was found for climate change, with a total of 58 institutions having 
researched this topic (Figure 3B). Stronger colors show areas with a higher frequency 
of collaboration between institutions and which are more closely related to each other, 
while lighter colors indicate areas where collaboration between institutions is less 
frequent or has a low connection (Figure 3C and 3D).
In terms of the research topics studied, a total of 24 different topics were found (Figure 
4). The more prominent and the closer they are, the greater the relationship between 
topics and the greater the number of documents with keywords that were linked 
together (Figure 4A and 4B), with forest management (103 papers), climate change 
(77 papers), population dynamics (58 papers), and dendrochronology (46 papers) 
standing out, while the rest of the topics had less than 30 publications.

 

Figure 2. Trend of scientific publications analyzed in the time period from 1962 to 2024. A: total 
number of scientific publications on Pinus hartwegii Lindl.; B: number of publications on climate 
change.
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Figure 4. Bibliometric analysis of research topics in scientific publications on Pinus hartwegii 
Lindl. from 1962 to 2024. A: network map of research topics; B: network map of research topics 
related to climate change; C: total density map of research topics; D: density map of research 
topics related to climate change.

 
Figure 3. Bibliometric analysis of institutions (or affiliations) in scientific publications on Pinus 
hartwegii Lindl. from 1962 to 2024. A: network map of institutions; B: network map of institutions 
related to climate change; C: total density map of institutions; D: density map of institutions 
related to climate change.
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Recent publications have focused on climate change, nutrient flow, dendrochronology, 
hydrological cycle, ethnobotany, and systematics (Figure 4A). In terms of climate 
change, publications were focused on dendrochronology, population dynamics, and 
biogeography (Figure 4B). Stronger colors indicate areas with a higher density of 
co-occurrence between research topics, while lighter colors show areas with a lower 
density (Figure 4C and 4D). This can be explained by either emerging trends (which 
are yet to develop) or topics that are little frequented by researchers.
In relation to the most studied areas, the publications found show a concentration 
towards studies carried out in the Trans-Mexican Volcanic Belt, including the 
Iztaccíhuatl-Popocatépetl National Park (including Monte Tláloc and the Zoquiapan 
Experimental Forest Station), followed by the Nevado de Toluca Flora and Fauna 
Protection Area, Cofre de Perote National Park, Cumbres del Ajusco National Park, 
and Pico de Orizaba National Park (Figure 5A and 5B). Of these areas, an increasing 
trend was recorded on the survey of P. hartwegii populations found in both Iztaccíhuatl-
Popocatépetl National Park and Nevado de Toluca Flora and Fauna Protection Area. 
Stronger colors show a higher frequency between study areas that are more closely 
related to each other, while softer colors indicate a lower frequency (Figure 5C).

Figure 5. Bibliometric analysis of geographical areas (study areas) in scientific publications on 
Pinus hartwegii Lindl. from 1962 to 2024. A: network map of geographical areas; B: network map of 
geographical areas related to climate change; C: total density map of geographical areas; D: density 
map of geographical areas related to climate change publications.
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This trend was also reflected for climate change and its proportion among these 
areas (Figure 5D). However, studies on population genetics and fire ecology were the 
exception, as these were more concentrated in Cofre de Perote National Park and fire 
ecology in Cumbres del Ajusco National Park, respectively. This emphasizes the need 
to consider populations of P. hartwegii located in other parts of its range, as well as 
study particularly important issues in terms of its adaptation to new environmental 
conditions, not only at the local level but throughout the species’ range.
The results show a heterogeneity and frequency in the topics addressed in scientific 
publications throughout the distribution area of P. hartwegii, as well as the institutions 
that have contributed most to the generation of information. An exponential increase 
in scientific interest in P. hartwegii since 2000 was observed, with climate change 
being the main focus of most of these publications. This has also led to greater inter-
institutional collaboration in the studies carried out.

Research topics
High mountain systems are characterized by the concentration of different transition 
zones in a relatively small area (Körner and Paulsen, 2004; Holtmeier and Broll, 2005), 
with the upper forest boundary ecotone being one of the best known (Franco-Ramos 
and Vázquez-Selem, 2017). Since the plant species present in the high mountains are 
highly adapted to low temperature conditions, extreme for many biological processes 
(Körner, 1995; Holtmeier and Broll, 2005), they have become ideal sites for analyzing 
the effects of climate change (Arriaga and Gómez, 2004; Körner and Paulsen, 2004). 
Pinus hartwegii is the pine species that has been recorded at the highest altitude in the 
world, around 4200 m (Alfaro-Ramírez et al., 2017, 2020), generating great interest 
in its structure, composition, and response to environmental changes. However, the 
problem with tree species that are part of the upper limit of high mountain forests 
is that there is not much surface area available to migrate upwards, and the natural 
migration speed would be too slow (Aitken et al., 2008). Towards the lower boundary, 
climate change promotes increasingly unfavorable water stress conditions, increasing 
competition with other forest species that tend to benefit from higher temperatures. 
The elevational movement of P. hartwegii has been evaluated (Alfaro-Ramírez et al., 
2017, 2020), concluding that populations of this species at different elevations will 
respond differently and at different rates to the impacts of climate change (Franco-
Ramos and Vázquez-Selem, 2017). Under unfavorable climate scenarios (Arriaga and 
Gómez, 2004), it could migrate to higher altitudes or latitudes in search of sites with 
favorable conditions for its survival (Gómez-Mendoza and Arriaga, 2007; Alfaro-
Ramírez et al., 2020). 
Some aspects have been little explored and go beyond the reduced surface area on 
mountain peaks, among which are the limitations of support and nutrition imposed 
by the shallow and poorly developed soils characteristic of volcanic areas (Körner and 
Paulsen, 2004). Biological interactions with other species that promote the establishment 
and survival of P. hartwegii, especially in early stages, also influence its population 
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structure (Almeida-Leñero et al., 2004; Iglesias-Andeu and Tivo-Fernández, 2006), in 
addition to the potential migration of individuals of this species under the context of 
climate change (Franco-Ramos and Vázquez-Selem, 2017).
Finally, extreme scenarios such as extinction and adaptation are displayed. In the 
first case, it is predicted that this species could reach local extinction (Gutiérrez and 
Trejo, 2014), so that the remaining populations would have the same effect in the long 
term; the second case would involve the adaptation of the physiological processes 
of P. hartwegii to the new environmental conditions through phenotypic plasticity 
mechanisms (Arzate-Fernández et al., 2016). However, the scientific information to 
predict with certainty which pathway to follow is not yet available. Therefore, it is 
necessary to study several aspects, such as genetic diversity and gene flow among its 
populations (Viveros-Viveros et al., 2009; Arzate-Fernández et al., 2016; Pérez-Suárez 
et al., 2022). In addition, there is insufficient information on the mechanisms that 
regulate the presence of each population and how resilient they may be to climate 
change (Arriaga and Gómez, 2004; Pérez-Suárez et al., 2022), nor on their ability to 
modify or conserve an ecological niche in the long term (Gómez-Mendoza and 
Arriaga, 2007; Gutiérrez and Trejo, 2014).Another aspect in which scientific interest 
has increased the most is the health status of forest cover, given that it depends on 
various abiotic factors such as temperature, humidity, and nutrient availability. 
Increases in global temperature have a strong impact on the susceptibility of forest 
species to pest incidence (Hawksworth and Wiens, 1996; Queijeiro-Bolaños et al., 
2011). Pinus hartwegii is no exception, as its biology and ecology are closely dependent 
on the temperature extremes that dominate along its elevational distribution gradient. 
Thus, this pine species is considered particularly susceptible to the direct and indirect 
impact of ambient temperature increases.
Currently, an increased incidence of pests has been recorded, mainly mistletoes such 
as Arceuthobium globosum and A. vaginatum (Mathiasen et al., 2008; Queijeiro-Bolaños 
et al., 2011; Queijeiro-Bolaños and Cano-Santana, 2016). Among the main recorded 
effects of these pests on P. hartwegii are the reduction in growth and survival of infested 
individuals (Mathiasen et al., 2008; Queijeiro-Bolaños and Cano-Santana, 2016). 
However, some authors point out that this interaction has an important ecological 
role, particularly in forest regeneration (Queijeiro-Bolaños and Cano-Santana, 2016), 
arguing that mistletoe reduces the number of susceptible individuals, giving way to 
more resistant individuals (Queijeiro-Bolaños et al., 2011). However, there is no precise 
information on the infestation ranges that P. hartwegii can tolerate or the physiological 
mechanisms that cause mistletoe damage and death in trees.
Another pest affecting P. hartwegii is Dendroctonus adjunctus (Billings et al., 2004). This 
bark beetle causes high mortality of pine individuals in susceptible stands (Biondi 
et al., 2005), causing severe damage to pine populations. However, as in the case of 
mistletoe, there is very little information on the infestation mechanisms, the factors 
that promote it, the population dynamics of this insect in P. hartwegii, and the impact 
that the increase or modification of climatic conditions could have on the intensity 
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and speed of infestation. All these questions have generated growing scientific interest 
in this species, both nationally and internationally. This is evidenced not only by the 
increase in publications but also by the increase in the number of study topics and the 
number of institutions involved.
Several questions remain to be addressed: (i) whether there is variability in tree 
exposure to temperature; (ii) the effect of climate variability on biogeochemical cycles 
and on the dynamics of plant communities at both the upper and lower distributional 
limits, as well as along the entire distribution gradient; (iii) the impact of densification 
on the regenerative dynamics of trees and the redistribution of resources; (iv) seed 
viability throughout the species’ distribution range; and (v) the characteristics of 
microsites that influence germination, establishment, and growth. Addressing these 
questions will be essential in the future to understand, at the population level, the 
impact of climate change on this species more clearly. Such understanding would 
support the implementation of management and conservation strategies with a higher 
likelihood of success.

CONCLUSIONS
Interest in the study of Pinus hartwegii has led to an exponential increase in scientific 
publications, particularly in recent years, with forest management, climate change, 
population dynamics, and dendrochronology being the main topics addressed in these 
publications. The locations where most of these studies have been carried out include 
the Trans-Mexican Volcanic Belt, mainly in the Iztaccíhuatl-Popocatépetl National 
Park and the Nevado de Toluca Flora and Fauna Protection Area. It is necessary to 
conduct more studies that cover its entire distribution area in order to better represent 
populations and gain knowledge of the species and its interactions with various biotic 
and abiotic factors, so that conclusions can be reached at the species level that allow 
for prediction of its behavior in the face of new environmental conditions.
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