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Globally, temperate forests cover 6.9 million km2 and   
 provide multiple resources and environmental services 

(De Gouvenain and Silander 2017). Conifers represent one of 
the most common types of trees in temperate regions, with 
Pinus –  consisting of approximately 111 species worldwide –  
dominating many forests (Price et al. 1998). Temperate for-
ests support a high diversity of bark beetles, primarily of the 
genera Dendroctonus and Ips (Coleoptera: Scolytidae). The 
conifer– bark beetle relationship in the northern hemisphere 
can be traced back to at least 190 million years ago, following 
the diversification of conifers in the Cretaceous (Wood 
1982). Bark beetles are key elements of the forest ecosystem 

dynamic because they modulate the availability of resources 
for other species due to the changes caused by the elimina-
tion of their host trees (Jones et al. 1997). In recent years, 
however, bark beetles have become pests in many areas 
(WebTable 1), and are responsible for the deaths of millions 
of conifers in Europe, North and Central America, and Asia 
(Seidl et al. 2014; Hlásny et al. 2019). The mass mortality of 
conifers due to bark beetle outbreaks is the result of interac-
tions among various factors at global, national, and local 
scales, including climate change, geographic location, pres-
ence of species hosts, management history, forest policies, 
regulations, lack of information on infestation prevention, 
culture of the forest landowners, and social conflicts, among 
others (Raffa et al. 2008; Biedermann et al. 2019). Particular 
emphasis has been given to climate change (Marini et al. 
2017), as disruptions attributable to increased temperature 
result in hydric stress in trees that diminishes their physio-
logical defense systems, facilitating bark beetle outbreaks 
(WebTable 1; Allen et al. 2010; WMO 2013). In addition, for-
est fires and silvicultural practices reduce canopy complexity 
to monodominance of bark beetle host species, while inade-
quate tree density increases competition that can weaken 
trees and increase their vulnerability (Fettig et al. 2007). 
Moreover, when sanitation logging (also known as salvage 
logging, a practice in which trees negatively affected by dis-
turbances, including but not limited to bark beetles, are selec-
tively removed; for definitions of additional specialist terms, 
see Panel 1) is performed incorrectly or not performed in a 
timely manner, bark beetle outbreaks can persist and scale- up 
to the landscape level.

At present, there are no economically or practically feasible 
solutions for dealing with bark beetles, and thus it is important 
that interdisciplinary and realistic diagnoses be made, ones 
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In a nutshell:
• Bark beetle infestations are one of many contemporary 

global environmental challenges likely to expand in the 
future and simultaneously impact forests and social 
welfare

• Instead of considering them as a technical problem and 
focusing solely on their impacts on the ecological sub-
system, bark beetle outbreaks should be viewed in the 
context of a social– ecological system

• As such, actions for addressing infestations should be 
geared toward increasing resistance, resilience, and adaptive 
capacity in the social and ecological dimensions

• Community forest management of bark beetle outbreaks 
in Mexico illustrates the potential of participatory and 
adaptive strategies in maintaining long- term forest health
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that consider not only forests in their own right but also the 
human communities that rely on the benefits provided by for-
est ecosystems. Depending on the country, the rights of owner-
ship of forests and forest products vary greatly, from 
smallholders, to family forests, to common property (White 
and Martin 2002; Bray 2013; Butler et al. 2016), underscoring 
the need to recognize that these forests constitute social– 
ecological systems (SES), along with awareness of the interac-
tions between the social and ecological components or 
subsystems (forest SES; Panel 1; Figure 1; Berkes et al. 2000; 
Janssen and Ostrom 2006a; Fischer 2018). Although the 
strength of the relationship between forests and the human 
communities that depend on them may vary, participatory 
practices can nevertheless encourage practices for preserving 
forest health (Flint et al. 2009; Durán and Poloni 2014). 
Attention to forest health must be made a priority of govern-
ment forest agendas, as bark beetle infestation will become 
even more of a problem in the future (Millar and Stephenson 
2015; Morris et al. 2017; Hlásny et al. 2019). We emphasize the 
importance of assuming that bark beetles will continue to have 
negative impacts on forest systems, and that stakeholders must 
learn to coexist with this threat and attempt mitigation using 
an SES approach in acknowledgement of the crucial impor-
tance of the social dimension. Mexico, and examples from the 
state of Oaxaca in particular, illustrate the opportunities and 
challenges of an SES approach as well as the involvement of 
local communities in promoting forest health. The framework 
proposed here emphasizes actions that focus on improving the 
resistance, resilience, and adaptive capacity of forest SES in 
areas affected by bark beetles.

The forest social– ecological system

Although most forests function as SES (Panel 1), when bark 
beetle outbreaks arise in a region, traditionally the attention 
is on the ecological subsystem, possibly in part due to visibility 
of the mass mortality of host trees. As such, researchers and 
government forest agencies commonly focus on technical aspects 
of bark beetle control. Yet this is only one aspect of the prob-
lem, and little attention is given to its social dimension in 
situations outside of government forestlands and large corporate 
forests (FAO 2009; Butler et al. 2016; Morris et al. 2017), 
despite the fact that millions of hectares of affected forests are 
held in communal or family tenure regimes. News media tend 
to focus on the broader social impacts of bark beetle infesta-
tions, such as detrimental impacts on real estate, tourism, and 
the provision of ecosystem services (Flint et al. 2009; Morris 
et al. 2018), and less so on its impacts on family forests and 
community properties. Forest pest control is the responsibility 
of the landowners, including government, the timber industry, 
individual families, and communities, but in a few instances, 
particularly in Central America and Europe, the military has 
also taken charge (Amador 2015; BBC 2019). Cases of local 
collaborative and participatory bark beetle control have received 
less attention, even though landowners are involved in and 
critical for forest health protection. Participatory sanitation 
logging has been practiced for decades in community forests 
in Mexico (Durán and Poloni 2014), usually with the support 
and backing of the National Forest Commission (Comisión 
Nacional Forestal, CONAFOR). Engaging people who own 
community and family forests in control and prevention 

Panel 1. Key working concepts

Adaptive capacity is the ability of a system to adjust to changes like 
those imposed by bark beetle infestations. Cottrell et al. (2019) recog-
nized the importance of “the preconditions of a social– ecological system 
to adapt to that disturbance in a proactive and/or reactive manner” that 
depend on the scale and intensity of the bark beetle outbreak; the level 
of risk perception; and the form and degree of local and multilevel gov-
ernance.

Forest culture refers to the forest- related customs and beliefs held 
by a particular group of people that are linked to their collective history, 
traditions, knowledge, and activities associated with the forest (Soulbury 
Commission 2012).

Forest health refers to the forest conditions that help preserve struc-
tural and functional integrity for maintaining productivity and other eco-
logical processes (DellaSala et al. 1995).

Resilience is the capacity of a forest system to recover following a 
disturbance (Holling 1973).

Resistance is defined as the aptitude of a system for absorbing the 
effects of disturbances and the ability to remain essentially unchanged 
(DeRose and Long 2014).

Sanitation logging is a type of forestry intervention in which trees 
affected by bark beetles (and other biotic threats) are selectively 
removed to preserve forest health (Hlásny et al. 2019).

Social– ecological systems (SES) are complex and adaptive systems 
composed of social and ecological subsystems with inherent interactions, 
feedbacks, and time lags among the components, all of which occur 
at different temporal and spatial scales (Berkes et al. 2000; Janssen 
and Ostrom 2006a; Ostrom 2009). In forest SES, the social subsystem 
is typically composed of forest governance institutions, property rights 
over forest areas, access to timber and non- timber resources, and local 
knowledge of and cultural aspects relating to the regional environment 
and forest resource use. The ecological subsystem commonly refers to 
self- regulating communities of organisms interacting with one another 
and with their environment. However, in forests subjected to human 
interventions, it can also correspond to the communities of organisms 
generated by combined natural and anthropogenic forces. In a timber 
extraction zone, the ecological subsystem is usually focused on the tree 
component in the canopy and understory. Interactions, feedbacks, and 
time lags are typically linked to forest resource harvest and management, 
which bring the ecological system to conform with expected character-
istics according to the purpose for which it is managed (Fischer 2018).
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measures is critical, because such landowners 
generally implement the most effective small- 
scale control through the felling, debarking, 
and burning of bark debris of infested trunks 
and branches (Figure 2; Dobor et al. 2020). 
These practices are complex, dangerous, expen-
sive, and labor intensive, and have remained 
largely unchanged for nearly a century (Ringle 
1940).

Participatory sanitation logging is based on 
local forest knowledge and forest governance 
institutions, as well as organizational capacity 
and individual abilities. Local stakeholders 
may already own or have access to the neces-
sary equipment, and forest owners may be able 
to count on help from neighboring communi-
ties and members of their local and regional 
forest organizations. These organizations can 
provide leverage for (1) increasing political 
power to negotiate funds for sanitation, pro-
tective equipment, and infrastructure; (2) 
ensuring greater involvement of forest agen-
cies; and (3) accelerating authorization for 
sanitation logging (WebTable 2; Cheng et al. 
2015; Abrams et al. 2017).

However, participatory sanitation logging is 
unrealistic for extensive bark beetle outbreaks 
(for instance, over thousands of hectares), for 
reasons of logistics, cost, and labor. Such cases necessitate 
large- scale regional planning and government- led action, with 
involvement from local stakeholder organizations, although 
the nature of the government– local stakeholder collaboration 
will vary depending on the circumstances of each forest SES 
(Figure 1; Raffa et al. 2008). Moreover, with respect to both 
local and regional outbreaks, the forest SES may also provide 
substantial opportunities not only for sanitation logging, 
including preventative measures to inhibit the spread of bark 
beetles, but also for subsequent forest recovery (Hlásny et al. 
2019).

Resistance, resilience, and adaptive capacity

Forest SES are dynamic by nature, and while unlikely to 
have a unique equilibrium state in the long term, a threshold 
of relative stability may be attained (Janssen and Ostrom 
2006b). This stability is conferred by three properties: resist-
ance, resilience, and adaptive capacity (Panel 1; Folke 2006; 
DeRose and Long 2014; Cottrell et al. 2019). Even if bark 
beetles modify structure and function in the ecological sub-
system, a forest SES may have the capacity to adapt in a 
relatively short period of time, thereby avoiding transition 
to a different and less desirable stable state (Figure 1; Holling 
1973). This stability permits stakeholders in forest regions 
to plan strategies for improving forest management at decadal 

scales, with a focus on timber and non- timber extraction 
products and conservation, but also to ensure a stable foun-
dation for local forest- based livelihoods, cultures, and econ-
omies (Flint et al. 2009; Fischer 2018; Morris et al. 2018). 
Forest SES that exhibit resistance and resilience to bark beetles 
should promote development of strategies to retain the SES; 
however, forest SES susceptible to bark beetle impacts require 
development of measures to improve the ecological conditions 
and the social capacity that mitigate the effects of infestation 
(Figure 3). The analysis of a forest SES should therefore take 
its current status into account, including assessment of its 
internal variables and potential drivers of change (Figure 4; 
Table 1).

Social subsystem

Internal variables in the social subsystem that can increase 
resistance and resilience to bark beetles include unambiguous 
rights with respect to property and resources, effective forest 
governance (local and multilevel), forest knowledge and 
culture, social organization, and technical capacity among 
local stakeholders for the participatory maintenance of forest 
health (Table 1; Figure 3a).

Dialogue and organization among forest landowners can 
stimulate a sense of shared responsibility for improving forest 
management (Ostrom 2009; Agrawal et al. 2014), culminating 
in the adoption of collective monitoring, sanitation logging, 

Figure 1. A reworked version of Holling’s (1973) “ball- and- cup” model illustrates different lev-
els of resistance (height of the cup) and resilience (width of the cup) in a forest social– 
ecological system (SES; ball): (a) low (undesirable status), (b) medium (acceptable status),  
(c) high (desirable status).
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and restoration actions (Hlásny et al. 2019; Thorn et al. 2019). 
For example, in an SES with a mature forest culture (Panel 1), 
landowners have an interest in preventing pest infestations 
from escalating, particularly in areas where timber is being 
harvested for commercial purposes (Table 2; WebFigure 1). It 
has also been shown that when forest owners have adequate 
economic means and infrastructure, particularly with regard to 
timber, they often will perform sanitation logging using their 
own resources, lowering dependence on external resources. 
Likewise, stakeholder collaboration can reduce the time and 
resources needed for organizing, training, and equipping a 
community sanitation logging brigade (see WebTable 2 for 
additional details and recommendations).

Ecological subsystem

Resistance and resilience to bark beetles in the ecological 
subsystem is complex and related to varying biotic and 

abiotic factors, as well as to forest management practices. 
Biotic factors include tree canopy diversity, composition, 
structure, and regeneration capability (Table 1). Because bark 
beetles prefer specific tree hosts, maintaining a diverse tree 
canopy in which hosts have a comparatively low presence 
can improve inhibition and dilution effects (Figure 3b; Guyot 
et al. 2016; Guo et al. 2019); in such cases, even if tree 
hosts are affected by bark beetles, overall forest functionality 
will persevere (Figure 4a). Silvicultural practices can also 
improve resistance to bark beetles by managing for optimal 
host tree density (Rubin- Aguirre et al. 2015; Bray 2020). 
In addition, recovery of resistance and resilience in this 
subsystem may be shortened if natural regeneration and 
reforestation are promoted through a mix of local germplasm 
(site dependent) that includes nonhost and resistant host 
species (Figure 4a; WebTable 2). In Mexico, for example, 
combining host trees that have exhibited the lowest incidence 
of bark beetle infestation (Salinas- Moreno et al. 2010), such 
as Mexican white pine (Pinus ayacahuite), pinyon pine (Pinus 
cembroides), Douglas pine (Pinus douglasiana), and Herrera 
pine (Pinus herrerae), with native nonhost trees, such as 
various species of oak (Quercus spp), would be recommended. 
This practice can reduce amplification (Figure 3b), which 
occurs when host species dominate forest stands across 
extensive areas, facilitating bark beetle spread and subse-
quently large- scale tree mortality (Raffa et al. 2008). Moreover, 
trees damaged by fires in forests dominated by host species 
will become easy targets for bark beetle infestation (Figure 4b; 
Thorn et al. 2019).

Feedbacks, time lags, and cross‐ scale interactions

Levels of resistance and resilience to bark beetle infestation 
are also dependent on feedbacks (the modification of a 
process by its effects), time lags (intervals between human– 
nature interactions), and cross- scale interactions (spatially 
nested and temporally interdependent social and ecological 
conditions and processes) (Fischer 2018). Feedbacks between 
the social and ecological subsystems are driven by different 
silvicultural practices and forest management decisions 
(Table 1). One example of positive feedbacks and time lags 
is when forest management promotes a mix of bark beetle 
host and nonhost trees in canopies, which helps to mitigate 
future large- scale mortality events (Figure 4). An example 
of a cross- scale relationship would be financial mechanisms, 
such as payments made from voluntary carbon markets to 
local forest owners who are planting forests. Although these 
payments are an effort to mitigate global climate change, 
they may also contribute to bark beetle control because 
reforestation can be implemented with nonhost trees (Bray 
2020). Additional positive feedbacks may include multi- 
stakeholder collaboration that improves technical advice, 
training for conducting sanitation logging, and funding 
mechanisms (Pratt 2013; Millar and Stephenson 2015; Fischer 
2018). The availability of these factors depends heavily on 

Figure 2. A community brigade undertaking participatory sanitation logging 
in a forest infested with bark beetles in Ixtlán de Juarez, Oaxaca, Mexico. 
Both manual and mechanical labor is required for (a) cutting and debarking 
trees, and (b) burning bark debris of infested trunks and branches.
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national forest policies and regional or national markets 
(Fischer 2018; Thorn et al. 2019). In contrast, negative feed-
backs occur when bark beetles affect forest stands in the 
absence of social involvement, reducing the possibility of 
participatory sanitation logging. This may result in greater 
accumulation of dead wood and consequently elevated risk 
of forest fire, along with subsequent forest degradation 
(Figure 4). Given that recovery from a degraded state may 
require 50– 100 years, a thorough understanding of the social– 
ecological processes involved is therefore critical, taking into 
account timber harvesting (Hernández- Díaz et al. 2008) and 

additional time for functional integrity to rebound (Do et al. 
2010).

Case study: Mexico

In Mexico, temperate forests make up about 51% of the 
country’s >64.9 million ha of overall forest cover (Torres- 
Rojo et al. 2016) and are largely composed of Pinus, with 
61 species (Gernandt and Pérez- de la Rosa 2014). Many 
Pinus species are bark beetle hosts and overlap geograph-
ically with at least 12 species of Dendroctonus, six of which 

Figure 3. Hypothetical mechanisms that can influence the areal extent of impacts by bark beetles: (a) mechanisms related to governance differences and 
(b) mechanisms related to tree diversity in forests with different bark beetle hosts.

Figure 4. Potential routes in two hypothetical bark- beetle– affected forests (a and b) that differ in tree diversity and community involvement (with and 
without). Initially (at time t1), trees are healthy but in the next phase (t2) bark beetles kill the pines. Afterward, in the short term (t3) the composition of the 
forest stand changes while in the long term (t4) the forest stand may either return to initial conditions or transition to novel conditions.
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may be associated with outbreaks. Nationally, Durango pine 
(Pinus durangensis), Apache pine (Pinus engelmannii), 
Hartweg’s pine (Pinus hartwegii), Chihuahua pine (Pinus 
leiophylla), and Mexican yellow pine (Pinus oocarpa) expe-
rience the highest incidence of bark beetle infestation (Salinas- 
Moreno et al. 2010). The dominant host species may change 
in different geographic regions; for example, patula pine 
(Pinus patula), the dominant commercial pine species in 
Oaxaca, is the most susceptible pine species to infestations. 
For more than a decade, CONAFOR has been developing 
a national strategy to deal with bark beetle outbreaks, which 
includes annual aerial surveys, early mapping alerts, subsidies 
for sanitation logging (~US$70 per hectare), establishment 
of Forest Health State Councils, and more recently, organ-
ization of community sanitation logging brigades. In addition, 
government agencies and academics have organized forums 
at local to national levels to present and discuss the bark 
beetle pest problem. However, a technical focus continues 
to prevail, and action is most often taken only after a bark 
beetle outbreak occurs.

Mexican law has established that landowners are responsi-
ble for the care of their forests, with support from CONAFOR. 
Approximately 60% of forests in Mexico are owned by local 

communities (Bray 2020), with an additional 17% consisting of 
family or small private forest enterprises (Morett- Sánchez and 
Cosío- Ruiz 2017). About 29,000 forest communities in Mexico 
manage at least 5 ha of forest and oversee forest health; of 
these, ~2,000 operate as community forest enterprises (CFEs), 
in which logging is practiced under management plans 
approved by the Mexican government (Bray 2020). These com-
munities are best positioned to implement participatory sani-
tation logging programs (Figure 2), which have been shown to 
be effective in preventing rapid escalation of bark beetle out-
breaks; moreover, the forest sector delivers economic benefits 
to the communities as well. For example, in 2016, 1,511 official 
authorizations were granted for timber extraction (mainly 
pine), along with several hundred for harvesting non- timber 
products (Torres- Rojo et al. 2016). Due to the well- established 
demand for pine in regional and national markets, government 
reforestation programs and CFEs have expanded the areal 
extent of Pinus woodlands, although these are primarily com-
posed of species with high commercial value. Oaxaca is one 
state that boasts of successful CFE operations (Bray 2010); 
however, Oaxacan forests are also particularly vulnerable to 
bark beetle infestation (Salinas- Moreno et al. 2010). In contrast 
to successful CFEs, there are numerous community forests and 

Table 1. Conditions in the internal variables for subsystems and interactions that impose contrasts in resistance and resilience levels in forest 
social– ecological systems affected by bark beetles

Subsystem and 
interactions Internal variables

Resistance/resilience level

Low Medium High

Social Property rights Unclear Partially clear Clear

Rules for forest use No rules Flexible rules Clear, strict rules

Forest knowledge and culture Weak Moderate Strong

Participatory pest monitoring Absent Occasional Frequent

Own budgets and infrastructure to control pests Limited Insufficient Adequate

Multilevel governance Weak Occasional Always

Ecological Tree canopy diversity Low Medium High

Tree density management Null Irregular Constant

Regeneration capability Incipient Medium Good

Bark beetle biological controls promoted Weak Regular High

Complexity in the organism community Low Medium High

Feedbacks, time lags, and 
cross- scale interactions

Forest management Single purpose Emphasis on timber Multipurpose, integral

Adaptive management Never Sometimes Always

Technical advice and training Without or limited Occasionally Constant

Financial mechanisms for participatory pest control None In process Established and accessible

Bark beetle information campaigns None Only during periods of risk Constant, updated

Forest health departments1 Pathological1, 
insufficient staff and 
budget

Bureaucratic1, inadequate 
staff and budget

Adaptive1, adequate staff and 
budget

Normativity for sanitation logging2 Not clear Not updated Updated

Bureaucratic processes for sanitation logging Complex, slow Difficult Simple, fast

Notes: 1based on the “stereotypical organizational types” presented in Meffe et al. (2002); 2based on forest health dynamics in each country, but with revisions and continual 
adjustments.
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small private forests that have low resistance and resilience to 
bark beetles due to poor management, weak governance, and 
low technical capacity for sanitation logging (Table 1). To illus-
trate the varying levels of resistance, resilience, and adaptive 
capacity to bark beetles, in the following sections we discuss 
three forest SES –  Ixtlán de Juárez, Pueblos Mancomunados, 
and Santo Domingo Ozolotepec –  characterized by different 
forest management, governance, and social conflicts (Table 2; 
WebFigure 1).

Ixtlán de Juárez

This community in the Sierra Norte region is internally well 
organized and has diversified forest uses. Although it has 
experienced small outbreaks of bark beetles over the past 
decade, these have been brought under control quickly and 
efficiently through participatory sanitation logging (Figure 2), 
which has prevented escalation. The community has a rel-
atively high technical capacity for forest management and 
a willingness to improve social learning. As such, desirable 
interactions and feedbacks are in operation, and in recent 
years the community has undertaken routine monitoring and 
early response measures to bark beetle outbreaks.

Pueblos Mancomunados

Pueblos Mancomunados, also located in the Sierra Norte 
region, has well- managed forests and diversified forest uses, 
but internal conflicts have interfered with initiation of san-
itation logging. Various factors, along with these conflicts, 
have delayed obtaining authorization and implementation of 
participatory sanitation logging, resulting in considerable 
damage to its forests. The community has high technical 

capacity for forest management and, after participation in a 
social learning experience, landowners now have a better 
grasp of the bark beetle problem. In response, they have 
improved their capacity to react to bark beetle outbreaks by 
increasing forest monitoring and treating infestations while 
still in early stages, despite lingering social conflicts that 
hinder obtaining authorization to engage in sanitation logging. 
Although the water supply– bark beetle relationship is complex 
(Beudert et al. 2015), research has shown that forest cover 
damage due to bark beetles can impact water quality for 
several years after the outbreak, giving the community addi-
tional motivation for preserving the health of their forest.

Santo Domingo Ozolotepec

Santo Domingo Ozolotepec is a community in the Sierra 
Sur region with some degree of technical capacity for forest 
management. Due to boundary conflicts with a neighboring 
forest community, however, along with poor knowledge of 
and interest in bark beetles, this community has not yet 
implemented a sanitation logging program. The boundary 
dispute first began in 2015, and escalated quickly from there 
(SEMARNAT 2018); at present, the conflict between the 
communities remains unresolved, and due to a lack of atten-
tion, much of the community forest –  as well as forests of 
surrounding communities and small private forests –  has been 
damaged by bark beetles. Moreover, in 2018, the community 
decided to break off negotiations promoted by government 
agencies and abandoned efforts to come to an agreement 
with neighboring communities over sanitation logging 
(WebTable 2). The Ozolotepec example demonstrates that 
local technical capacity for commercial logging is insufficient 
when social conflict causes a community to make impractical 

Table 2. Three cases of community forests in Oaxaca, southern Mexico, showing contrasts in their social subsystems that modify the resist-
ance and resilience of their forests to bark beetles

Cases1 Social subsystem Forest management Forest impacts2

Ixtlán de Juárez (high) • strong forest governance
• no social conflicts
• multilevel forest governance
• high forest culture
• high organizational capacity for sanitation 

logging

• adaptive and multipurpose (including 
conservation)

• forest monitoring by community brigades
• timely sanitation logging

• 1,313 m3

• only small bark beetle outbreaks
• infestations never escalate

Pueblos 
Mancomunados 
(medium)

• strong forest governance
• internal social conflicts
• multilevel forest governance
• high forest culture
• moderate organizational capacity for sanitation 

logging

• adaptive and multipurpose (including 
conservation)

• forest monitoring is delayed due to conflicts
• timely sanitation logging only in areas where 

conflicts are absent

• 3,333 m3

• bark beetle infestation initially escalated but 
was brought under control several years later

Santo Domingo 
Ozolotepec (low)

• weak forest governance
• intercommunity social conflicts
• no multilevel forest governance
• low forest culture
• low local organizational capacity for sanitation 

logging

• mainly restricted to timber extraction
• no internal forest monitoring
• no sanitation logging

• 18,408 m3

• bark beetle infestation escalated and is 
currently widespread throughout the region

Notes: 1“high”, “medium”, and “low” indicate level of resilience and resistance to bark beetles; see images in WebFigure 1. 2Data for timber volume impacted by bark beetles 
for 2017 taken from SEMARNAT (2018).
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collective decisions (Bray 2020). Consequently, bark beetle 
infestations continue to impact forests in the region and dead 
wood continues to accumulate, greatly increasing the risk of 
catastrophic forest fires (Xie et al. 2020).

Ixtlán and Pueblos Mancomunados exemplify the practice 
of hundreds of Mexican forest SES, where community assem-
blies discuss how to implement the best collective action for 
sanitation logging in such a way that timber production in 
their CFEs is protected from bark beetle pests, as are ecological 
functionality and human well- being. The example of 
Ozolotepec, however, illustrates the critical need to: (1) 
strengthen local forest culture, (2) improve risk perception, 
and (3) encourage multilevel forest governance. The three key 
factors mentioned above may influence success for communi-
ties and other forest smallholders in Mexico and beyond, and 
should be incorporated in forest health protocols.

Holistic strategies for coexisting with bark beetles

Because climate disruptions will continue to increase globally 
in the future, there is an urgent need for forest communities 
to learn how to cope with bark beetle outbreaks (Biedermann 
et al. 2019; Hlásny et al. 2019; Thorn et al. 2019). Current 
responses concentrate largely on technical forest management 
issues, but it is crucial that more holistic strategies in which 
forests are regarded as SES be adopted (Table 3). In Mexico, 
along with many other locations worldwide where small-
holders, family or community forests, or other kinds of 
rights over land and forest resources are common (White 
and Martin 2002), forest SES are an everyday reality. In 
these areas, the human dimension is therefore a key con-
dition for mitigating and adapting to bark beetle outbreaks 
(Figure 4). We propose that future mitigation approaches 
must (1) promote multilevel governance, (2) implement 
management at the landscape level, (3) detail transitions 
from reactive bark beetle policies to more preventive actions, 
(4) adopt adaptive management, (5) conceive of bark beetle 

pests as an environmental emergency, (6) enhance social 
learning, (7) improve education and communication, (8) 
reduce social conflicts, (9) strengthen means for sanitation 
logging, (10) encourage reforestation and restoration for 
bark beetle resistance and resilience, and finally (11) finance 
and incentivize maintenance of forest health. Proposals for 
the practical implementation of these proposals, for Mexico 
and elsewhere, are presented in WebTable 2.

Conclusions

Bark beetle infestations represent the most important biotic 
threat to the health of Mexican temperate forests, as well as 
other forestlands around the world. Although silvicultural 
practices may improve forest resistance and resilience, strength-
ening local and multilevel governance is fundamental, and 
the human dimension must be taken into consideration for 
interventions before, during, and after bark beetle outbreaks. 
The devastating impact of bark beetles on forests in the west-
ern US and Canada has shown the potential for outbreaks 
to scale- up rapidly. Forest policies must therefore be revised 
to incorporate novel strategies for maintaining forest health 
that are more holistic, participative, and adaptive.

Acknowledgements

GP was granted a scholarship from CONACYT and BEIFI- 
IPN. Funding for manuscript writing was provided by The 
Rufford Foundation (grant 24129- 1) and the IPN- SIP pro-
gram (2019- 5856). We thank the Oaxaca State Forest 
Sanitation Council for providing access to official bark beetle 
information and internal discussions on bark beetle control, 
and DB Bray for help editing the manuscript.

References

Abrams JB, Huber- Stearns HR, Bone C, et al. 2017. Adaptation to a 
landscape- scale mountain pine beetle epidemic in the era of net-
worked governance. Ecol Soc 22: 13.

Agrawal A, Wollenberg E, and Persha L. 2014. Governing agriculture– 
forest landscapes to achieve climate change mitigation. Global 
Environ Chang 29: 270– 80.

Allen CD, Macalady AK, Chenchouni H, et al. 2010. A global over-
view of drought and heat- induced tree mortality reveals emerging 
climate change risks for forests. Forest Ecol Manag 259: 660– 84.

Amador G. 2015. Honduras enfrenta una “catástrofe forestal” a causa 
del gorgojo. Madrid, Spain: Agencia EFE.

BBC (British Broadcasting Corporation). 2019. Army versus the bark 
beetle (Germany). https://www.youtu be.com/watch ?v=B4dun 
BMt1Xc. Viewed 16 Jun 2020.

Berkes F, Folke C, and Colding J. 2000. Linking social and ecological 
systems: management practices and social mechanisms for build-
ing resilience. Cambridge, UK: Cambridge University Press.

Beudert B, Bässler C, Thorn S, et al. 2015. Bark beetles increase biodi-
versity while maintaining drinking water quality. Conserv Lett 8: 
272– 81.

Table 3. Current strategy to combat bark beetle infestations in 
community forests of Mexico, and a holistic alternative proposal

Current strategy Holistic strategy

Focus primarily on the tree– forest 
component (ie the ecological subsystem)

Focus on forests as SES

Problem managed as a technical issue Problem managed as an integral issue, with 
the social dimension playing a key role

Traditional forest management Adaptive and participatory forest 
management

Interventions when bark beetles are 
observed, to control or combat outbreaks

Interventions before, during, and after bark 
beetle outbreaks appear

Sanitation logging subject to bureaucratic 
delays and outdated regulations

Control of bark beetles conceived as 
emergency and based on updated 
regulations

Insufficient economic resources for 
sanitation logging

Mechanisms for financing and incentives

https://www.youtube.com/watch?v=B4dunBMt1Xc
https://www.youtube.com/watch?v=B4dunBMt1Xc


© The Ecological Society of America Front Ecol Environ doi:10.1002/fee.2378

Forest SES and bark beetles REVIEWS  9

Biedermann PHW, Müller J, Grégoire JC, et al. 2019. Bark beetle pop-
ulation dynamics in the Anthropocene: challenges and solutions. 
Trends Ecol Evol 34: 914– 24.

Bray DB. 2010. Toward “post- REDD+ landscapes”: Mexico’s commu-
nity forest enterprises provide a proven pathway to reduce emis-
sions from deforestation and forest degradation. Bogor, Indonesia: 
Center for International Forestry Research.

Bray DB. 2013. When the state supplies the commons: origins, 
changes, and design of Mexico’s common property regime. J Latin 
Am Geogr 12: 33– 55.

Bray DB. 2020. Mexico’s community forest enterprises: success on the 
commons and the seeds of a good Anthropocene. Tucson, AZ: 
University of Arizona Press.

Butler BJ, Hewes JH, Dickinson BJ, et al. 2016. Family forest owner-
ships of the United States, 2013: findings from the USDA Forest 
Service’s national woodland owner survey. J Forest 114: 638– 47.

Cheng AS, Gerlak AK, Dale L, and Mattor K. 2015. Examining the 
adaptability of collaborative governance associated with publicly 
managed ecosystems over time: insights from the Front Range 
Roundtable, Colorado, USA. Ecol Soc 20: 35.

Cottrell S, Mattor KM, Morris JL, et al. 2019. Adaptive capacity in social– 
ecological systems: a framework for addressing bark beetle distur-
bances in natural resource management. Sustain Sci 15: 555– 67.

De Gouvenain RC and Silander JA. 2017. Temperate forests. Ref Mod 
Life Sci; Elsevier: Amsterdam, the Netherlands.

DellaSala DA, Olson DM, Barth SE, et al. 1995. Forest health: moving 
beyond rhetoric to restore healthy landscapes in the inland 
Northwest. Wildlife Soc B 23: 346– 56.

DeRose RJ and Long JN. 2014. Resistance and resilience: a conceptual 
framework for silviculture. Forest Sci 60: 1205– 12.

Do TV, Osawa A, and Thang NT. 2010. Recovery process of a moun-
tain forest after shifting cultivation in northwestern Vietnam. 
Forest Ecol Manag 259: 1650–59.

Dobor L, Hlásny T, Rammer W, et al. 2020. Is salvage logging effec-
tively dampening bark beetle outbreaks and preserving forest car-
bon stocks? J Appl Ecol 57: 67– 76.

Durán E and Poloni A. 2014. Escarabajos descortezadores: diversidad y 
saneamiento en bosques de Oaxaca. Mexico City, Mexico: Comisión 
Nacional para el Conocimiento y Uso de la Biodiversidad.

FAO (Food and Agriculture Organization of the UN). 2009. Global 
review of forest pests and diseases. Rome, Italy: FAO.

Fettig CJ, Klepzig KD, Billings RF, et al. 2007. The effectiveness of 
vegetation management practices for prevention and control of 
bark beetle infestations in coniferous forests of the western and 
southern United States. Forest Ecol Manag 238: 24– 53.

Fischer AP. 2018. Forest landscapes as social– ecological systems and 
implications for management. Landscape Urban Plan 177: 138– 47.

Flint CG, McFarlane B, and Müller M. 2009. Human dimensions of 
forest disturbance by insects: an international synthesis. Environ 
Manage 43: 1174– 86.

Folke C. 2006. Resilience: the emergence of a perspective for social– 
ecological systems analyses. Global Environ Chang 16: 253– 67.

Gernandt DS and Pérez- de la Rosa JA. 2014. Biodiversidad de 
Pinophyta (coníferas) en México. Rev Mex Biodivers 85: 126– 33.

Guo Q, Fei S, Potter KM, et al. 2019. Tree diversity regulates forest pest 
invasion. P Natl Acad Sci USA 116: 7382– 86.

Guyot V, Castagneyrol B, Vialatte A, et al. 2016. Tree diversity reduces pest 
damage in mature forests across Europe. Biol Lett- UK 12: 20151037.

Hernández- Díaz JC, Corral- Rivas JJ, Quiñones- Chávez A, et al. 2008. 
Evaluación del manejo forestal regular e irregular en bosques de la 
Sierra Madre Occidental. Madera Bosques 14: 25– 41.

Hlásny T, Krokene P, Liebhold A, et al. 2019. Living with bark beetles: 
impacts, outlook and management options. Joensuu, Finland: 
European Forest Institute.

Holling CS. 1973. Resilience of ecological systems. Annu Rev Ecol Syst 
4: 1– 23.

Janssen MA and Ostrom E. 2006a. Governing social– ecological sys-
tems. In: Tesfatsion L and Judd KL (Eds). Handbook of computa-
tional economics. Amsterdam, the Netherlands: Elsevier.

Janssen MA and Ostrom E. 2006b. Resilience, vulnerability, and adap-
tation: a cross- cutting theme of the International Human 
Dimensions Programme on Global Environmental Change. 
Global Environ Chang 16: 237– 39.

Jones CG, Lawton JH, and Shachak M. 1997. Positive and negative 
effects of organisms as physical ecosystem engineers. Ecology 78: 
1946– 57.

Marini L, Økland B, Jönsson AM, et al. 2017. Climate drivers of bark 
beetle outbreak dynamics in Norway spruce forests. Ecography 40: 
1426– 35.

Meffe G, Nielsen L, Knight RL, and Schenborn D. 2002. Ecosystem 
management: adaptive, community- based conservation. 
Washington, DC: Island Press.

Millar CI and Stephenson NL. 2015. Temperate forest health in an era 
of emerging megadisturbance. Science 349: 823– 26.

Morett- Sánchez JC and Cosío- Ruiz C. 2017. Panorama de los ejidos y 
comunidades agrarias en México. Agricultura Sociedad y 
Desarrollo 14: 125– 52.

Morris JL, Cottrell S, Fettig CJ, et al. 2017. Managing bark beetle 
impacts on ecosystems and society: priority questions to motivate 
future research. J Appl Ecol 54: 750– 60.

Morris JL, Cottrell S, Fettig CJ, et al. 2018. Bark beetles as agents of 
change in social– ecological systems. Front Ecol Environ 16: 
S34– 43.

Ostrom E. 2009. A general framework for analyzing sustainability of 
social– ecological systems. Science 325: 419– 22.

Pratt MJD. 2013. Designing collaborative processes for adaptive man-
agement: four structures for multistakeholder collaboration. Ecol 
Soc 18: 5.

Price RA, Liston A, and Strauss SH. 1998. Phylogeny and systematics 
of Pinus. In: Richardson MD (Ed). Ecology and biogeography of 
Pinus. Cambridge, UK: Cambridge University Press.

Raffa KF, Aukema BH, Bentz BJ, et al. 2008. Cross- scale drivers of natu-
ral disturbances prone to anthropogenic amplification: dynamics of 
biome- wide bark beetle eruptions. BioScience 58: 501– 18.

Ringle R. 1940. Ghost forest. Sci Am 162: 348– 49.
Rubin- Aguirre A, Saenz- Romero C, Lindig- Cisneros R, et al. 2015. 

Bark beetle pests in an altitudinal gradient of a Mexican managed 
forest. Forest Ecol Manag 343: 73– 79.

Salinas- Moreno Y, Ager A, Vargas CF, et al. 2010. Determining the 
vulnerability of Mexican pine forests to bark beetles of the genus 
Dendroctonus Erichson (Coleoptera: Curculionidae: Scolytinae). 
Forest Ecol Manag 260: 52– 61.



Front Ecol Environ doi:10.1002/fee.2378 © The Ecological Society of America

G Pacheco- Aquino and E Duran10  REVIEWS

Seidl R, Schelhaas M- J, Rammer W, and Verkerk PJ. 2014. Increasing 
forest disturbances in Europe and their impact on carbon storage. 
Nat Clim Change 4: 806– 10.

SEMARNAT (Secretaria de Medio Ambiente y Recursos Naturales). 
2018. Sistema nacional de gestion forestal. Mexico City, Mexico: 
SEMARNAT.

Soulbury Commission. 2012. Encyclopedia Britannica. Encyclopedia 
Britannica online.

Thorn S, Leverkus AB, Thorn CJ, and Beudert B. 2019. Education and 
knowledge determine preference for bark beetle control measures 
in El Salvador. J Environ Manage 232: 138– 44.

Torres- Rojo JM, Moreno- Sánchez R, and Mendoza- Briseño MA. 
2016. Sustainable forest management in Mexico. Current Forest 
Rep 2: 93– 105.

White A and Martin A. 2002. Who owns the world’s forests? Forest ten-
ure and public forests in transition. Washington, DC: Forest Trends.

WMO (World Meteorological Organization). 2013. Climate 2001– 
2010: a decade of climate extremes –  summary report. Geneva, 
Switzerland: WMO.

Wood SL. 1982. The bark and ambrosia beetles of North and Central 
America (Coleoptera: Scolytidae), a taxonomic monograph. Great 
Basin Nat Mem 6: 1– 1359.

Xie H, Fawcett JE, and Wang GG. 2020. Fuel dynamics and its 
implication to fire behavior in loblolly pine- dominated stands 
after southern pine beetle outbreak. Forest Ecol Manag 466: 
118130.

Supporting Information

Additional, web-only material may be found in the online 
version of this article at http://onlinelibrary.wiley.com/doi/10. 
1002/fee.2378/suppinfo

http://onlinelibrary.wiley.com/doi/10.1002/fee.2378/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/fee.2378/suppinfo

