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Abstract

:

Contemporary forest planning has tasked managers with developing goals associated with resistance and resilience. In practice, silviculturists use forest structure and tree species composition to characterize goals and desired future conditions, write prescriptions, and monitor outcomes associated with resistance and resilience. Although rarely discussed in the exploding literature relating to forest resistance and resilience, silvicultural regeneration methods are important and underutilized tools to meet these goals. We propose alternative silvicultural systems for building resistance and resilience to two common large-scale bark beetle disturbance agents in the Intermountain West, United States: mountain pine beetle (Dendroctonus ponderosae Hopkins) and spruce beetle (Dendroctonus rufipennis Kirby). Shelterwood, and shelterwood-with-reserves, silvicultural systems provide the desirable facilitative characteristics of a mature overstory on maintaining advance reproduction and the establishment of new cohorts of desirable tree species. These also allow the timely regeneration of large treatment areas necessary to rapidly promote desired future conditions in the face of inevitable disturbance. When implemented proactively, regeneration treatments allow silviculturists to take advantage of currently existing vegetation for the creation of age class and tree species diversity. In general, these examples illustrate the need for proactive planning for regeneration in response to any disturbance where desired future conditions include particular species. Furthermore, we argue that timely silvicultural interventions that focus on regenerating trees may be a key factor in achieving goals relating to resilience to specific disturbance types. Waiting until after the disturbance has occurred could result in the lost opportunity to establish desired species composition or stand structure—and may well result in a considerable restoration challenge.
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1. Introduction


An emerging theme across ecological, policy, and management boundaries is the goal to build resistance and/or resilience to current and future disturbances [1]. Indeed, the number of papers referencing resistance and resilience in forest systems has increased more than 10-fold over the last two decades (Figure 1, Table 1). In forest management, this increased attention has been motivated, in part, by changes in historical disturbance regimes, but also in part by the desire to be proactive and take advantage of conditions before disturbance events. For example, in dry forests in the Western United States that have long been subject to fire exclusion, frequent low-severity fire regimes are being replaced by infrequent high-severity fires [2]. Similarly, there are widespread changes in the frequency, extent, and severity of bark beetle outbreaks [3,4]. Changes in disturbance regimes across Western North America have been attributed to combinations of interactions in land management and climate [5], and this is having cascading effects on the societal perception of forest disturbances, especially fire [6], on forest policy, and on forestland management. As a result, multiple descriptions of resistance and resilience abound in the literature (Table 1). The development of multiple “definitions” or sub-definitions of resistance and resilience increases confusion surrounding the terms, especially when authors do not explicitly identify the definitions they are using. In addition, many of the definitions suffer from translation difficulties when attempting to incorporate them into management action, such as silvicultural treatments/systems focused on regeneration. While forest thinning is a common prescription for building resistance [2,5], building resilience to some specific disturbances requires implementation of appropriate regeneration methods. In the short-term, thinning may also increase risk of windthrow [7].



The process of regeneration, whether focused on promoting or maintaining advance reproduction (trees currently existing in the understory), or the establishment of a new cohort of seedlings (regenerated trees), is a key but sometimes overlooked component of a silvicultural system. It is at this time that the silviculturist can fundamentally shape a stand’s future. A desired future condition (DFC) allows broad stand and landscape level goals and objectives to be translated into quantifiable metrics of structure and composition. These DFCs can then be used to measure the success of silvicultural treatments against the goals.



When the DFCs include resistance and/or resilience, managers can use a conceptual framework (Table 1 in [19]) developed to specifically characterize these goals in terms of structure and composition. Instead of unnecessarily redefining the terms resistance and resilience (Table 1), the conceptual model provides a practical framework for the evaluation and manipulation intended to accomplish objectives that may relate to resistance and resilience at both the stand- and landscape-level. In the DeRose and Long [19] framework, stand resistance is characterized as the influence of structure and composition on the nature or behavior of a particular disturbance (e.g., severity of a bark beetle outbreak). Stand resilience, on the other hand, is characterized as the influence of a specific disturbance on subsequent, post-disturbance, vegetation structure and composition. In this framework, landscape resistance and resilience are similarly characterized in terms of the influence of structure and composition on disturbance (resistance) and the influence of a disturbance of subsequent structure and composition (resilience). These characterizations provide a way to frame resistance/resilience goals and objectives in practical silvicultural terms. For example, resilience must be characterized in terms of desired post-disturbance structure and composition. This will often put specific focus on regeneration and the regeneration environment of the future stand or landscape.



In order to explore the development of silviculturally meaningful objectives relating to resistance and resilience, we examine how traditional and alternative silvicultural systems influence overstory and regeneration dynamics in the context of two different bark beetle species in the Intermountain West, United States. The first example involves spruce beetle (Dendroctonus rufipennis Kirby) in spruce-fir (Picea engelmannii Perry ex Engelm. and Abies lasiocarpa (Hook.) Nutt.) stands and landscapes. The second focuses on mountain pine beetle (Dendroctonus ponderosae Hopkins) in lodgepole pine (Pinus contorta var. latifolia Engelm.) stands and landscapes. For both of these bark beetle-forest systems, we examine the influence of structure and composition on the likelihood of successful bark beetle attacks; i.e., resistance (sensu DeRose and Long [19]). We also examine likely post-outbreak structure and composition in light of alternative DFCs; i.e., resilience (sensu DeRose and Long [19]). If the DFCs are to maintain either Engelmann spruce or lodgepole pine, timely silvicultural treatments focused on regenerating the desired species will be key to building resilience to spruce beetle and mountain pine beetle outbreaks.




2. Methods


Using existing models, we assess resistance of Engelmann spruce and lodgepole pine stands to spruce beetle and mountain pine beetle, respectively. Previous work has identified important elements of stand tree species composition and structure associated with susceptibility to bark beetle attack [22,23]. In both systems (Engelmann spruce and lodgepole pine), susceptibility to bark beetle attack increases with increasing tree size, density, and percentage of the host species.



In the context of a conceptual framework [19], we examine alternative ways to build resilience to bark beetle attack. Stand-specific objectives of resilience are characterized in terms of composition and structure. We than examine how conventional and alternative silvicultural systems might accomplish resilience-based objectives.




3. Results and Discussion


3.1. Resistance to the Bark Beetles


Spruce beetle and mountain pine beetle are native bark beetles (Dendroctonus spp.) that under endemic conditions play an important role in the stand dynamics of spruce-fir and lodgepole pine stands, respectively. However, as populations of both bark beetle species have recently and dramatically transitioned from endemic to epidemic levels there has been increased interest in the impacts of epidemic beetle populations [3,5]. There have been numerous recent studies that have explored the variable impacts of epidemic beetle populations on subsequent forest conditions in both spruce-fir [24] and lodgepole pine stands [25,26,27] (among others). An observation following beetle outbreaks is that maintenance of the pre-disturbance forest type is not guaranteed.



Active management to build resistance or resilience to anticipated bark beetle disturbances requires practical assessment of hazard or susceptibility. At the stand-level, metrics of structure and composition that characterize stand hazard are fairly well-established for spruce beetle (Table 2). In this context, stand hazard represents susceptibility to spruce beetles and is, essentially the inverse of resistance. In contrast, ‘risk’ is relative hazard in the face of beetle pressure. A stand with high hazard (limited resistance) may have limited risk when beetle population numbers are low; however, it is in these high hazard stands that beetle populations are likely to build. Historically, downed trees (e.g., windthrow, logging debris) have been implicated as catalysts for building spruce beetle populations in susceptible stands [22], and recent literature suggests warming temperatures may facilitate building beetle populations [28].



At the stand-level, metrics for structure and composition are not as well-established for mountain pine beetle (e.g., [29]). This may be due, in part, to the fact that mountain pine beetle has a number of host pine species in addition to lodgepole pine (e.g., ponderosa pine (P. ponderosa Lawson & C. Lawson), limber pine (P. flexilis James), whitebark pine (P. albicaulis Engelm.), sugar pine (P. lambertiana Douglas), and western white pine (P. monticola Douglas ex D. Don). However, for lodgepole pine stands, there is general consensus that resistance is inversely related to the abundance of the host, host tree diameter, and total stand relative density (Table 3; [30,31]).



Resistance, however, has its limits. There is ample evidence for successfully building stand and landscape resistance to different types of disturbances, for example wind and fire (e.g., [32,33]). While manipulating stand structure and composition so as to build resistance to bark beetle attack is certainly feasible [31], there is considerable evidence that it will ultimately fail in the face of overwhelming beetle numbers [19,31,34,35,36]. Indeed, building stand resistance to bark beetle attacks may not be a good use of management effort and limited resources unless explicitly used to further a resilience goal. Short-term resistance can, however, buy time in which desirable regeneration can be established, and this may be critical to building post-outbreak resilience [19,34].




3.2. Resilience of Spruce-Fir to Spruce Beetle Outbreaks


If it is to be a practical, achievable forest management goal, resilience must be characterized, and evaluated, in terms of the desired (or at least acceptable) post-outbreak composition and structure. The mature Engelmann spruce stand illustrated in Figure 2 clearly lacks resistance to spruce beetle attacks—it has high relative density and consists almost entirely of large diameter host trees. Even more importantly, this stand also lacks resilience to spruce beetle attack—there are no mature non-host tree species and advance reproduction of any tree species is extremely limited. If the desired future condition includes anything besides non-forest, then this stand ought to be a candidate for treatment. Any plan to build resilience requires explicit identification of the priorities for post-outbreak composition and structure. If mature living trees are a priority, then a pre-outbreak stand must have overstory species diversity, including, one or more of the several non-host tree species commonly associated with Engelmann spruce [37]. Absent of such overstory species diversity (e.g., Figure 2), an objective of resilience represented by mature trees is unrealistic in the short-term. Indeed, building overstory species diversity would take many decades and can be an important long-term goal, but will be unachievable in the short-term.



In many cases, building resilience to spruce beetle attack will depend on pre-disturbance regeneration. In some stands, this might be represented by advance reproduction established well ahead of the anticipated spruce beetle outbreak. For stands where advance reproduction is absent (e.g., Figure 2) or does not include the desired species (e.g., Engelmann spruce), building resilience requires timely management. It is at this stage where the silviculturist can effectively plan for the future by promoting advance reproduction of spruce or other, non-host, tree species. If increased tree species diversity is a future goal, selecting a diverse planting mix could also aid in reaching that future goal.



In the absence of structure and composition indicative of resilience (i.e., overstory species diversity or advance reproduction), passively waiting for what may be an inevitable spruce beetle outbreak represents an important lost opportunity. There are extensive examples of the cost and uncertainty of restoration in diverse systems including oak-savannas across the Great Plains [38], and floodplain forests along the Mississippi River [39]. Having to start “from scratch”, post-outbreak, (i.e., reacting to the outbreak) presents a restoration challenge that squanders the considerable opportunity that extant forests represent for the management of desired future structure and composition.



Ideally, resilience will be a legacy of a long history of management. In the Intermountain West, the conventional silvicultural system for Engelmann spruce is small group selection with a 20–30 year cutting cycle (Table 4 [40]). This system has been favored because it is thought to mimic gap-phase dynamics and typically results in successful natural regeneration of spruce. After several cutting cycles, the resulting structural and compositional diversity offers considerable resilience to a spruce beetle outbreak, represented by multiple age-classes and tree species diversity [34]. However, for stands in which it is currently lacking, the timely building of resilience with the small group selection system is constrained by the length of the cutting cycle and the small percentage of total area regenerated per entry.



Silvicultural systems incorporating larger openings, such as large group selection and clearcutting, are inappropriate for the regeneration of Engelmann spruce in the Intermountain West because of the need for facilitation during establishment [40]. An alternative silvicultural system combining the required faciliatation and the potential for timely establishment of regeneration, is a shelterwood or shelterwood-with-reserves (Table 4 [37]). In Northern Utah, natural regeneration of Engelmann spruce beneath a uniform shelterwood may still be protracted over decades because of irregular cone crops and undependable summer precipitation [40]. Underplanting beneath the shelterwood is a way to quickly establish Engelmann spruce regeneration. The establishment of an essentially even-aged cohort of Engelmann spruce will, of course, not ensure resilience to spruce beetle in the long-term; as these trees mature they will become susceptible to beetle attack [35]. In addition to Engelmann spruce, the planting prescription could also include additional non-host species such as Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), limber pine, white fir (Abies concolor (Gord. & Glend.) Lindl. ex Hildebr) and aspen (Populus tremuloides Michx.) These species are adapted to warmer, drier conditions than Engelmann spruce and their inclusion in the planting mix may provide a hedge against climate change and further enhance future resistance and resilience to spruce beetle attack by increasing species diversity.




3.3. Resilience of Lodgepole Pine to Mountain Pine Beetle Outbreaks


Given their typical stand dynamics, lodgepole pine stands have limited resilience to mountain pine beetle outbreaks. Resilience will normally be restricted to either very young or very old stands. An immature stand will have both resistance and resilience if it consists of trees so small (e.g., dbh < 15 cm) that even epidemic population levels of mountain pine beetle will not attack. In contrast, a typical old stand will have an overstory dominated by large lodgepole pine and a well-developed understory of non-host species; e.g., subalpine fir. Such a stand will have very limited resistance to mountain pine beetle but can still be considered resilient if the composition represented by the advance reproduction is acceptable; i.e., no lodgepole pine, only subalpine fir. Building resilience that will include a lodgepole pine component requires planning ahead—waiting until a mountain pine beetle epidemic is underway is too late.



A clearcutting system has conventionally been used for the management of lodgepole pine in the Rocky Mountains (Table 4 [40]). Clearfelling of the overstory would typically be followed by site preparation, either by mechanical or prescribed fire. Natural regeneration of lodgepole pine is often abundant given an adequate seed source represented by either serotinous or nonserotinous cones. Because of the over-abundance of natural regeneration, this silvicultural system will usually include precommercial thinning and sometimes a commercial thinning [40]. However due to policies regarding threatened and endangered species in some areas precommercial thinning is prohibited [42]. Clearcutting and, often intense, site preparation effectively eliminates any advance reproduction and the result is nearly pure even-aged stands of lodgepole pine. Thus, except for a limited window very early in the rotation, when the regenerating pine is still too small to be susceptible to mountain pine beetle attack, this silvicultural system offers essentially no resilience to a mountain pine beetle outbreak. Additionally, when considering landscape-level resistance and resilience, large homogenous lodgepole forests in similar structural conditions can cause mountain pine beetle populations to rapidly increase and spill over into “more resistant” stands (Figure 3).



Alternative silvicultural systems have the potential for building long-term resilience to mountain pine beetle outbreaks. Here we describe the implementation of, and early results from, a shelterwood-with-reserves system in lodgepole pine (Table 4). The seed cutting, a combination of strip and uniform shelterwood, was conducted in 1991. The lodgepole pine overstory was about 140-years-old; there was some aspen in the overstory and the understory consisted of abundant advance reproduction of subalpine fir. Except for scarification associated with harvesting, there was no site preparation. The objectives of the treatment were to capture a new cohort of lodgepole pine and to retain advance reproduction of subalpine fir, a non-host of mountain pine beetle. An additional cohort of non-host trees was added with an enrichment planting of Engelmann spruce [42]. The enrichment planting was necessary because there was no proximate seed source for Engelmann spruce. The role of the retained overwood (approximately 170 large lodgepole pine per hectare) was to limit the abundance of natural regeneration of lodgepole pine to densities that would ideally eliminate the need for a future precommercial thinning and to protect the shade tolerant subalpine fir and Engelmann spruce. Some of the overwood was retained beyond the regeneration period for structural diversity and, therefore, the system can best be characterized as a shelterwood-with-reserves.



Approximately 25 years post-treatment, the structure and composition of the stand reflects considerable resilience to a mountain pine beetle outbreak (Figure 4). If an outbreak were to occur, high beetle numbers entering the stand from outside would almost certainly successfully attack the large lodgepole pine reserve trees. Because of pre-outbreak intervention, however, this stand has young, currently non-susceptible lodgepole pine and an abundance of non-host trees, including aspen, subalpine fir, and Engelmann spruce. The lodgepole pine saplings will eventually become susceptible to mountain pine beetle, but the considerable tree species diversity will continue to provide resilience if this structure and composition is consistent with broad management objectives. Depending on the management context, a particular characterization of resilience to a mountain pine beetle outbreak might be focused on a desired ecosystem process or function. For example, research in Colorado suggests considerable nitrate retention in mountain pine beetle-infested watersheds can result from residual vegetation components unaffected by beetles [43].



This type of silvicultural system represents a shift in thinking regarding lodgepole pine management intended to build resilience to mountain pine beetle outbreaks. It is not appropriate everywhere but can create increased heterogeneity at the stand- and landscape-levels when combined with more traditional silvicultural systems.





4. Conclusions


Resistance and resilience are increasingly important concepts in developing forest stand and landscape management goals and objectives. To have management utility, objectives related to resistance and resilience must be framed in terms of structure and composition specific to a given disturbance [19]. When defining the objectives, it is imperative to focus not only on the current stand conditions but also the DFCs and the silvicultural systems, including regeneration methods, that will be required to meet the DFCs. For example, elements of stand structure and composition associated with resistance to bark beetle (e.g., Dendroctonus spp.) attacks are fairly well understood and can be manipulated silviculturally. However, treatments developed for individual stands to build resistance (whether to spruce beetle or mountain pine beetle attacks) focused on the manipulation of overstory structure and composition—are likely to fall short of meeting this goal once beetles reach epidemic levels [35]. However, treatments for resistance can also create an appropriate regeneration environment of the desired species to provide longer-term resilience.



No forest can be resilient to all disturbances and an ambiguous goal of ‘resilience’ is of little help in developing a practical plan for actually achieving it. For some important disturbances, such as spruce beetle and mountain pine beetle epidemics, building resilience will typically require the release of already established advanced reproduction or, in its absence, the regeneration of a new cohort. For other disturbances, e.g., low-severity fire regimes, the focus on establishing new age classes, or tree species diversity via regeneration treatments may be less desirable. Regardless, if the accomplishment of a resilience objective requires establishment of a new cohort of desirable species, it is much better to be proactive. Waiting until after a high-severity disturbance may well result in a considerable restoration challenge.



The focus on measurable post-disturbance metrics highlights the importance of regeneration. Regeneration methods may be overlooked in planning for resistance and resilience but can be a key component in developing desired post-disturbance conditions, especially where particular species are desired. There should be considerable thought given to regeneration in any silviculture prescription, but especially in seasonally dry regions such as the Intermountain West because regeneration survival is not guaranteed. Extended summer drought can cause high mortality in both artificially and naturally regenerating seedlings. Managers should focus on how treatments will influence the regeneration environment to ensure DFCs that may include goals relating to resistance and resilience are met. Furthermore, being proactive, instead of reactive, is of the utmost importance—this will allow silviculturists to take advantage of currently existing vegetation to facilitate the establishment of desirable regeneration in new age classes and, where appropriate, tree species diversity. Finally, the explicit inclusion of targeted species diversity into the regeneration plan could represent bet-hedging with respect to uncertainty relating to future climates. These bark beetle examples illustrate the need to plan for regeneration. There are numerous other disturbance regimes (insect, disease, wind, drought, etc.) where proactive planning for timely regeneration (particularly in previously unmanaged stands) will be central to meeting goals related to resistance and/or resilience in different forest systems.
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Figure 1. Number of publications by year since 1997 for the queries ‘forest AND resistance AND resilience’ and ‘forest AND resistance AND resilience AND regeneration’ using Scholar PlotR (https://csullender.com/scholar/) accessed on 23 February 2018. 
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Figure 2. Pure, mature Engelmann spruce at about 3000 m elevation in the Tushar Mountains, Fishlake National Forest, Central Utah. This stand has no history of management and essentially no resistance nor resilience to spruce beetle attack. 
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Figure 3. This lodgepole pine stand on the Uintah National Forest in Utah had a fairly small to average diameter and low relative density. While otherwise resistant to mountain pine beetle attack, it was nevertheless overwhelmed by a landscape-scale outbreak. 
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Figure 4. Compared to traditional regeneration treatments in lodgepole pine stands, a shelterwood-with-reserves greatly increases structural, age-class, and species diversity. Maintenance of advance reproduction combined with post-treatment regeneration enhances resistance and resilience to mountain pine beetle attacks for this stand on the Daniel Experimental Forest in Northern Utah. 
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Table 1. A small subset of the resistance and resilience literature includes multiple definitions of the terms. The theoretical papers serve as an important base of basic understanding but are often too abstract to translate in applied management. There has been an increasing effort to provide frameworks for managers in developing resistance and/or resilience forest ecosystems (see References for full citations).
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	References
	Theoretical Definitions of Resistance and/or Resilience:



	Holling (1973) [8]
	Resilience and stability of ecological systems.



	Holling (1996) [9]
	Engineering resilience versus ecological resilience.



	Peterson et al. (1998) [10]
	Ecological resilience, biodiversity, and scale.



	Gunderson (2000) [11]
	Ecological resilience—in theory and application.



	Carpenter et al. (2001) [12]
	From metaphor to measurement: resilience of what to what?



	Holling & Gunderson (2002) [13]
	Resilience and adaptive cycles



	Cummings et al. (2005) [14]
	An exploratory framework for the empirical measurement of resilience.



	Gallopín (2006) [15]
	Linkages between vulnerability, resilience, and adaptive capacity.



	Benson & Garmestani (2015) [16]
	Can we manage for resilience? The integration of resilience thinking into natural resource management in the United States



	References
	Translational Frameworks for Resistance and Resilience Applied Forest Management



	Millar et al. (2007) [1]
	Climate change and forests of the future: managing in the face of uncertainty.



	Peterson et al. (2011) [17]
	Responding to climate change in national forests: a guidebook for developing adaptation options.



	Churchill et al. (2013) [18]
	Restoring forest resilience: from reference spatial patterns to silvicultural prescriptions and monitoring.



	DeRose and Long (2014) [19]
	Resistance and resilience: A conceptual framework for silviculture.



	Messier et al. (2015) [20]
	From management to stewardship: viewing forests as complex adaptive systems in an uncertain world.



	Nagel et al. (2017) [21]
	Adaptive silviculture for climate change: A national experiment in manager-scientist partnerships to apply an adaptation framework.
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Table 2. Important elements of stand composition and structure associated with susceptibility to spruce beetle attack (after [22]). In general, susceptibility increases with increasing size, density, and percentage of spruce.
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	Level of Susceptibility
	Physiographic Location/Site Index
	Spruce QMD 1 > 25.4 cm dbh
	Stand Basal Area (m2∙ha−1)
	Proportion of Spruce (%)





	High
	Spruce on well-drained sites in creek bottoms
	>40.6
	>34.4
	>65



	Medium
	Spruce on sites with site index 24.4–36.6 m
	30.5–40.6
	23.0–34.4
	50–65



	Low
	Spruce on sites with site index 12.2–24.4 m
	<30.5
	<23.0
	<50







1 QMD is quadratic mean diameter. dbh: diameter at breast height.













[image: Table] 





Table 3. Important elements of stand composition and structure associated with susceptibility to mountain pine beetle attack in lodgepole pine forests (after [23]). In general, susceptibility increases with increasing size, density, and percentage of lodgepole pine.
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	Level of Susceptibility
	Lodgepole Pine QMD 1 > 12.7 cm dbh
	Basal Area (BA) of All Species (m2∙ha−1)
	Percent of total Basal Area in Lodgepole Pine > 12.7 cm dbh





	High
	≥20.3
	27.6 ≤ BA < 57.4
	≥50



	Moderate
	17.8 ≤ QMD < 20.3
	18.4 ≤ BA < 27.6
	25 ≤ BA < 50



	Low
	<17.8
	<18.4 or ≥57.4
	≤25







1 QMD is quadratic mean diameter.
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Table 4. Comparison of conventional and alternative silvicultural systems for Engelmann spruce and lodgepole pine in the Central Rockies.
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	Engelmann Spruce



	Conventional: Small group selection system [40]



	0.1 ha group size



	20–30 year cutting cycle



	Natural regeneration often combined with enrichment planting



	<25% of compartment regenerated in a cutting cycle



	Alternative: Shelterwood-with-reserves [37]



	Uniform shelterwood with retention of overwood beyond regeneration period



	Natural regeneration combined with planting



	100% of compartment regenerated following initial entry



	Lodgepole Pine



	Conventional: Clearcutting system [26,40]



	4–15 ha harvest size



	80–140 year rotation



	Mechanical site preparation



	Natural regeneration



	Precommercial thinning



	Alternative: Shelterwood-with-reserves [41]



	Uniform &/or strip shelterwood with retention of overwood beyond regeneration period



	80–140 year rotation



	No site preparation beyond disturbance during harvesting



	Retention of advance regeneration, natural regeneration, enrichment planting for tree species diversity
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