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The concept of ecological resilience is an invaluable tool to assess the risk of state

transitions and predict the impact of management on an ecosystem’s response to future

disturbances. However, resilience is difficult to quantify and the factors contributing to

resilience are often unknown in systems subject to multiple disturbances. Here, we

develop and demonstrate a framework to assess the potential of ponderosa pine and

dry mixed conifer forests to be resilient to future disturbance (recover as the same forest

type within a managerially significant timeframe) by combining indicators of short-term

resilience (ability to withstand disturbance) to fire, insect, and drought disturbances using

data from the Rio Tusas-Lower San Antonio landscape in northern New Mexico. The dry

mixed conifer forests displayed an average resilience score of 4.54, while ponderosa

pine forests had an average score of 3.45 (total possible of nine points) Stand density

index was the most important driver of the overall score in the dry mixed conifer type.

In the ponderosa pine type, overall basal area was the strongest driver of the overall

score. These indicators have the greatest impact on the resilience score and provide

the most effective targets for management to increase the possibility of resilience in

these forest types. We applied the model in both forest types by comparing individual

stands to an “ideal” score for a stand that is within the historic range of variation (HRV)

of forest structure for each forest type and confirmed that stands outside of HRV had a

low possibility of resilience and stands that had received restoration-based treatments

were more likely to be resilient. Our results provide evidence that the changes to forest

structure and species composition that have occurred since the onset of fire exclusion

have degraded the potential of these forest types to be resilient to future fire, insect,

and drought-related disturbances. By modifying disturbances and resilience indicator

thresholds this model can be applied to assess resilience to other disturbances within

these forest types and across various regions and ecosystem types.
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INTRODUCTION

The concept of ecological resilience has been variously defined (Moser et al., 2019), but generally
describes a natural system’s ability to experience disturbance and re-organize to essentially the same
structure and function (Holling, 1973). Lack of resilience can allow conversion to alternative states
when a disturbance pushes these systems beyond a threshold in their capacity to self-organize
(Gunderson, 2000; Scheffer and Carpenter, 2003). Society depends on provisioning, regulating,
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and cultural services provided by forests, which may be lost
or modified as changes to disturbance regimes and forest
structure drive these systems past “tipping points” into alternative
ecological states (Millennium Ecosystem Assessment, 2005;
Adams, 2013; Turner et al., 2013).

Related to resilience, resistance is the influence of structure
and composition on the severity of disturbance (DeRose
and Long, 2014) and is often addressed separately (Holling,
1973; DeRose and Long, 2014). Given increasing variability
of disturbances (Millar and Stephenson, 2015) and potential
shifts in species’ ranges (Rehfeldt et al., 2006), we suggest a
combined usage of these terms: a forest is more likely to recover
as the same forest type following disturbance (resilience) if it
has characteristics that limit the severity of the disturbance
(resistance). Resistance in this context is short-term resilience
and implies minimal changes to stand structure, including
species composition.

To effectively inform forest management, resilience must be
contextualized in terms of the system and the disturbance type
in question (Carpenter et al., 2001). Furthermore, resilience
must be evaluated across an ecologically and managerially
relevant timeframe (i.e., resilience of what, to what, and in
what timeframe). In this study, we have chosen to evaluate
current resilience of southwestern ponderosa pine and dry mixed
conifer forests to fire, insects, and drought. To accomplish
this, we developed a flexible framework that may be adapted
and applied to other forested systems. Using this model, land
managers or other users can identify common disturbances for
a given forest type, quantify short-term resilience to each threat
using easily obtained forest metrics, and assign potential long-
term resilience using an index. Selected indicators include both
forest structural attributes and static abiotic characteristics; the
combined use will result in a more useful framework that allows
for both-stand scale resilience assessment and landscape-scale
treatment prioritization.

Ponderosa pine and dry mixed conifer are two common forest
types of the southwestern US, defined here as Arizona, New
Mexico, southwest Colorado, and southern Utah (Prior-Magee
et al., 2007; Vankat, 2013). In the southwestern United States,
ponderosa pine (Pinus ponderosa) forests were historically
characterized by a frequent, low severity fire regime with mean
return intervals of 3–14 years, while dry mixed conifer (sensu
Romme et al., 2009) forests historically supported a slightly
less frequent, mixed severity fire regime, with mean return
intervals of 9–33 years (Fulé et al., 2003, 2009; Brown and
Wu, 2005; Heinlein et al., 2005; Huffman et al., 2015). This
pattern of disturbance was disrupted across the Southwest due
to unregulated grazing, historic logging practices and active fire
suppression, which has led to shifts in species composition,
increases in tree density, decreased presence of large trees, and
high fuel loads (Covington and Moore, 1994; Swetnam and
Baisan, 1996; Moore et al., 2004; Fulé et al., 2009; Sánchez
Meador et al., 2009; Rodman et al., 2016). These structural and
compositional changes have led to increased concern regarding
the lack of resilience in these forests, concerns that are amplified
by climate change projections of increasing aridity (Seager
and Vecchi, 2010; Cook and Seager, 2013) and associated

predictions of increasingly severe fire, insect, and drought-related
disturbances (Weed et al., 2013; Clark et al., 2016). Restoration-
based management is being implemented over large areas of
the Southwest with the goal of limiting the effects of past
management actions and increasing the possibility of resilience
in forests (Buford et al., 2015; USDA, 2015a, 2019). Measuring
the effect of management for restoration objectives on potential
long-term resilience is difficult due to uncertainty surrounding
the underlying mechanisms of resilience and methods of
distinguishing tipping points from gradual change (Reyer et al.,
2015). Land managers, who are tasked with securing a steady
flow of ecological services from forests, would benefit from a
quantitative method of assessing potential long-term resilience
before a disturbance occurs to identify and prioritize areas at risk
and allocate limited resources (Angeler and Allen, 2016).

To exemplify how the framework can be applied, we assessed
short-term resilience to three disturbance categories that play
important roles in, and constitute large threats to, southwestern
ponderosa pine and dry mixed conifer forests: fire, insects,
and drought. Past studies have used retrospective approaches
to measure resilience to disturbances by quantifying large tree
survivorship, establishment of non-native plants, and changes in
species dominance (Savage and Mast, 2005; Waltz et al., 2014).
We characterize current (short-term) resilience where possible,
but assess forest type changes 35–40 years in the future. Resilience
to mountain pine beetle (Dendroctonus ponderosae) outbreak has
been measured by changes in species dominance before and after
the disturbance (Hood et al., 2016). Multiple studies have shown
the effect of stand density on resilience to drought and climatic
stress (D’Amato et al., 2013; Magruder et al., 2013; Thomas
and Waring, 2015; Bottero et al., 2017). To our knowledge, no
previous work has combined indicators of short-term resilience
(resistance) to multiple disturbances to assess the possibility of a
stand or landscape being resilient to a suite of disturbances before
an event has occurred.

Our objective was to create and demonstrate the application
of a framework combining indicators of short-term resilience and
potential resilience thatmanagers could use to identify areasmost
in need of treatment before a catastrophic disturbance occurs.
Examining resilience to fire, insects, and drought in a northern
New Mexico landscape comprised of southwestern ponderosa
pine and dry mixed conifer forests, we asked: (1) Based upon
readily obtainable quantitative metrics, what are the patterns
of resilience to fire, insects and drought among stands in this
landscape? (2) How might management affect the estimated
resilience in these forests? (3) How do restoration treatments
influence forest resilience?

METHODS

Data Sources and Location
We assessed resilience within the ∼55,000 ha Rio Tusas-Lower
San Antonio Landscape (hereafter RTLSA), Tres Piedras Ranger
District, Carson National Forest in NewMexico, USA (Figure 1).
Data were collected between 1985 and 2015 following the
guidelines established by the USDA Forest Service Region 3
Common Stand Exam Field Guide (USDA, 2015b), and provided
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FIGURE 1 | The Rio Tusas-Lower San Antonio Landscape in Northern New Mexico with project area boundary outlined. Shaded polygons represent sampled stands

and forest types overlaid on a digital elevation model (DEM).

by the USDA Forest Service. The Common Stand Exam protocol
includes recording all trees by species and diameter at breast
height, with subsamples collected of tree heights, crown ratios
(length of crown relative to length of tree bole), ages and 10-years
radial increment.

Elevation in the RTLSA ranges from ∼2,400 to 3,000m.
Annual precipitation averages 353mm, with the majority
occurring between May and October, and temperature
ranges from −14.6 to 26.6◦ C (January minimum and July
maximum, respectively) (Western Regional Climate Center,
2016). Soils in the RTLSA are derived from mixed alluvium
and colluvium with metamorphic, igneous, and sedimentary
parent materials (Natural Resources Conservation Service,
2016). Site indices, metrics of site productivity based on the
size and age of representative trees (Avery and Burkhart,
2002), calculated for ponderosa pine (for the ponderosa

pine forest type) (Minor, 1964) and Douglas-fir (Pseudotsuga
menziesii; Edminster and Jump, 1976) (for the dry mixed
conifer forest type) range from 11 to 30m with base age of
100 years.

Forest Types
Species composition on these sites includes ponderosa
pine, Douglas-fir, white fir (Abies concolor), quaking aspen
(Populus tremuloides), Gambel oak (Quercus gambelii),
oneseed juniper (Juniperus monosperma), Utah juniper
(Juniperus osteosperma), Rocky Mountain juniper (Juniperus
scopulorum), two-needle piñon (Pinus edulis), blue spruce
(Picea pungens), and Engelmann spruce (Picea engelmannii).
For purposes of this study, the ponderosa pine and dry mixed
conifer forest types were defined by the percent basal area
of ponderosa pine, excluding that of Gambel oak (sensu
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TABLE 1 | Indicators of potential resilience and thresholds for each of the four disturbance types.

Disturbance Indicator Threshold References

No disturbance Forest type change Ponderosa pine: >90% ponderosa pine basal area

Dry mixed conifer: 40–90% ponderosa pine basal area

Higgins et al., 2015

Fire Diameter distribution Resilient if skew is less than the 75th percentile of reference

distribution skew for each forest type:

Ponderosa pine: 1.3

Dry mixed conifer: 1.3

Moore et al., 2004; Fulé

et al., 2009

Simulated fire (FVS-FFE) Resilient if forest type has not changed 35 years after simulated fire Higgins et al., 2015

Canopy bulk density (all species) Resilient if CBD is <0.075 kg/m3 Cram et al., 2006

Bark beetle Basal area (All species) Resilient if basal area is <21.8 m2 ha−1 Negrón et al., 2009

Quadratic mean diameter (ponderosa pine) Resilient if quadratic mean diameter falls outside of 10–35 cm

range

Negrón et al., 2009

Vigor (ponderosa pine) Resilient if 10-years radial increment is >10.1mm Negrón et al., 2000

Western spruce

budworm (WSBW)

Importance of host species (DF, WF, BS, ES) Resilient if basal area of WSBW host species is <30% of total

basal area

Brookes et al., 1985

Canopy strata Resilient if 1 stratum Pederson et al., 2011

Aspect Resilient if aspect is not south facing (135–225◦) Brookes et al., 1985

Drought Stand density index (SDI) Resilient if SDI is <157.5 (35% max SDI) Thomas and Waring, 2015

Site index (SI) Resilient if SI is greater than the 25th percentile in each forest type:

Dry mixed conifer: 61

Ponderosa pine: 66

Stand data, USDA, 2015b

Topographic moisture potential index (TMPI) Resilient if TMPI is less than the 75th percentile in each forest type:

Dry mixed conifer: 2.99

Ponderosa pine: 2.96

Sayre et al., 2009

Thresholds indicate the value where possibility of resilience declines. Thresholds derived from interquartile ranges (e.g., site index) show the relevant percentile value for each forest type.

Higgins et al., 2015). The ponderosa pine forest type was
defined as having ≥90% ponderosa pine by basal area and
dry mixed conifer as having 40–90% ponderosa pine by
basal area. By this definition, pine-oak stands were included
in the ponderosa pine forest type. During analysis, stands
that no longer met the definition of the current forest type
were classified as having a forest type conversion. Within
the RTLSA study area there were 153 (4,212 ha) ponderosa
pine type stands and 274 (6,386 ha) dry mixed conifer
type stands.

Forest Vegetation Simulator
We used the Central Rockies variant of the Forest Vegetation
Simulator (FVS), to predict tree growth, stand structures,
and disturbance response in these stands. The Forest
Vegetation Simulator is a deterministic individual-tree, distance-
independent growth-and-yield simulation model used by public
and private land managers, as well as researchers, to summarize
stand conditions and simulate the effects of management
alternatives (Dixon, 2015). We began this study by populating
FVS with the stand exam data to grow all stands forward
to the common starting year of 2015. We then summarized
species composition to select stands fitting the definition of
each forest type for inclusion in the study. Parameters used
to initialize FVS across all model scenarios can be found in
Supplementary Tables 1, 2. FVS output was assessed in 2015 for
all indicators (described below) except for the fire disturbance
forest type change indicator (assessed 35 years after fire) and the
no disturbance scenario forest type change (assessed 40 years in
the future).

No Disturbance Scenario
In order to compare our forest type change results, particularly
with our fire disturbance indicator, we modeled the landscape,
starting in 2015, under a no disturbance scenario, and evaluated
forest type change in each stand at the end of the 40-years
time period. This provides an effective comparator and baseline
for evaluating relative changes due to disturbance and provides
some protection from model nuances when interpreting results.
Regeneration was input periodically using the same values
applied in the no action scenario of the Silviculture Specialists’
Report for the Rio Tusas Landscape Planning Area (Bryant et al.,
2016) (Supplementary Table 3).

Indicators
Forest structural attributes and site factors were selected from
the literature as indicators of potential short-term resilience
to each disturbance (fire, insects, and drought). We chose
indicators that can be routinely measured in the field and/or
modeled with FVS and for which a threshold level, at which
the indicator contributes to potential disturbance severity,
therefore decreasing the possibility of resilience, could be
determined (Table 1). Further, we selected indicators that we
felt were most familiar to managers and chose different
indicators for each disturbance type. The following sections
briefly discuss methods relevant to each indicator in order of
the disturbances listed in Table 1. For additional information see
Supplemental Indicator Information.

Fire Resilience Indicators
For metrics of potential resilience to high severity fire in
ponderosa pine and dry mixed conifer forests, we used the skew
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of diameter distributions, predicted forest type change following
a simulated fire, and canopy bulk density (CBD). Abundant small
diameter trees in a stand can act as ladder fuels, providing vertical
fuel continuity and increasing the likelihood of torching and
severe fire effects (Agee and Skinner, 2005). In this study, stands
with diameter distribution skew equal to or less than the 75th
percentile of skew on historical plots, were considered to be more
resistant to crown fire and therefore more likely to be resilient
to high-severity fire. This value was used as it provides a suitable
compromise between penalizing closed-canopy stands with high
amounts of ladder fuels and rewarding the desired, uneven-aged
composition, while recognizing that some variability does occur
and that highly positive skewness (i.e., many, many small trees)
represents conditions prone to high-severity wildfire. As a direct
assessment of each stand’s possibility of maintaining the same
forest type after a severe fire, we used the Fire and Fuels Extension
to FVS to simulate a fire and re-evaluate forest type 35 years post-
fire (FVS-FFE; Rebain, 2015); this time period was selected as
long enough for regeneration to occur (Mast et al., 1999). Stands
falling into the same forest type as in 2015, based on percent
basal area of ponderosa pine, were considered more likely to be
resilient to a severe wildfire. For additional information about
model parameters refer to Supplementary Tables 1, 2. Canopy
bulk density (CBD) is a stand-level ratio of mass to volume for
canopy fuels that is used to determine the rate of spread required
to sustain an active crown fire. As CBD increases, lower rates of
spread are required to maintain an active crown fire, which will
cause high mortality and increase fire severity (Graham et al.,
1999; Cram et al., 2006). We considered stands in the project
area with CBD <0.075 kg/m3 to be resistant to crown fire and
thereforemore likely to be resilient to a wildfire of any type (Cram
et al., 2006).

Insect Resilience Indicators
Ponderosa pine and dry mixed conifer forests face threats from
different insects; potential resilience was evaluated separately
for each forest type. Based on the hectares affected across the
Southwest in 2014 (USDA, 2014), potential resilience to bark
beetles and western spruce budworm were evaluated in the
ponderosa pine and dry mixed conifer types, respectively. While
native defoliators other than western spruce budworm impact
ponderosa pine [e.g., Pandora moth (Coloradia pandora)] and
bark beetles impact individual species in the dry mixed conifer
forests, based on the literature and the authors’ experience in
these forest types, we believe bark beetles are a greater threat to
the ponderosa pine forest type and western spruce budworm is
a greater damaging agent on average, in the dry mixed conifer
forest type.

Bark beetles (ponderosa pine forest type)
Southwestern ponderosa pine hosts eight bark beetle species
(USDA, 2014) in the genus Ips and Dendroctonus. We evaluated
potential resilience to bark beetles in the ponderosa pine forest
type as indicated by the density of all tree species, the quadratic
mean diameter (QMD), and stand-level radial growth increment
(Table 1). Stand density has been shown to be positively
correlated with bark beetle mortality in southwestern ponderosa

pine forests (Negrón et al., 2009). We considered stands having
a total basal area for all tree species below a threshold of
21.8 m2 ha−1 (Negrón et al., 2009) to be below the stand
density requirement to support an outbreak size population and
therefore more likely to show resilience by recovering to the same
forest type if affected by bark beetles. This basal area threshold
corresponds to the mean post-outbreak density, including all
species, in ponderosa pine stands. From 2001 to 2004, bark beetle
mortality caused by Ips spp. across four Arizona forests was
primarily in the 10–25 cm diameter classes Negrón et al. (2009).
We considered stands with a QMD for ponderosa pine outside
of this range likely to experience lower ponderosa pine mortality
during an outbreak and more likely to show resilience following
the disturbance. While stands with irregular structure may not
be as well-represented by QMD, stands with QMD <10 cm are
comprised primarily of small diameter trees that are typically not
at high risk for bark beetle mortality. Similarly, stands with QMD
>25 cm will be dominated by large trees that should be more
able to withstand attack through the induced defense system
and resin production. Vigor has been linked to trees’ ability to
produce resin and defend against bark beetle attack (Christiansen
et al., 1987). We considered stands with modeled 10-years radial
growth increment for ponderosa pine >10.1mm to be likely to
have lower mortality rates during a beetle outbreak and more
likely to show resilience by maintaining the same forest type
following the disturbance.

Western spruce budworm (dry mixed conifer forest type)
Western spruce budworm (Choristoneura freemani; hereafter
WSBW) affects more hectares of southwestern mixed conifer
than any other forest insect, primarily in northern New Mexico
(USDA, 2014).We evaluated potential resilience toWSBW in dry
mixed conifer stands as indicated by percent basal area of host
tree species, the number of canopy strata in a stand, and themean
aspect of the stand (Table 1).

Western spruce budworm host species present in the study
area include Douglas-fir, white fir, blue spruce, and Engelmann
spruce. Stands with>30% basal area of host species have elevated
susceptibility to defoliation if a WSBW population is present
(Brookes et al., 1985). Stands with host basal area <30% of
total were considered at lower risk for a severe or continuous
outbreak and thus more likely to be resilient. Western spruce
budworm larvae spread vertically through canopies and sites with
multiple strata, canopy layers defined by different height and/or
age classes or species groups, are more likely to have a severe
outbreak (Pederson et al., 2011). Stands withmore than 1 stratum
were considered more conducive toWSBW spread if an outbreak
occurred and therefore less likely to be resilient.

Stands with south-facing aspects are more susceptible to high
severity WSBW outbreaks (Brookes et al., 1985) and stands
were considered more likely to be resilient if aspect falls outside
the range 135–225◦. See Supplementary Material for additional
details about how aspect was estimated for each stand polygon.

Drought Resilience Indicators
We evaluated potential short-term resilience to drought as
indicated by stand density index (SDI), site index, and

Frontiers in Forests and Global Change | www.frontiersin.org 5 September 2019 | Volume 2 | Article 56

https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org
https://www.frontiersin.org/journals/forests-and-global-change#articles


Bryant et al. Framework for Quantifying Resilience

topographic moisture potential index (TMPI) (Table 1). Stand
density index is a measure of competition in forest stands
based on the average diameter and number of stems in an area
(Reineke, 1933; Shaw, 2006). Stands with lower levels of tree
competition for resources have been shown to have increased
resistance and resilience to drought, as quantified by diameter
growth response (Thomas and Waring, 2015; Bottero et al.,
2017). For both ponderosa pine and dry mixed conifer forest
types, we used a maximum SDI of 450, which corresponds to
ponderosa pine (Long and Shaw, 2005).We used FVS to calculate
the SDI of each stand using the summation method (Shaw,
2000) and considered stands with SDI >35% max SDI (157.5)
to be less likely to be resilient to drought (Erickson and Waring,
2014; Thomas and Waring, 2015). Site index is an indicator
of productivity based on the height and age of representative
trees (Avery and Burkhart, 2002); tree stress from drought is
likely to be greater on lower productivity sites whereas higher
productivity sites will be more likely to recruit new trees and
maintain the pre-disturbance forest type. Site indices for the
study area were calculated from ponderosa pine (Minor, 1964)
and Douglas-fir (Edminster and Jump, 1976) site trees. Stands
were considered more likely to be resilient to drought if site
index was greater than the 25th percentile value within the same
forest type. We took the effects of site topography on drought
severity into account by using the topographic moisture potential
index (TMPI) to estimate the potential of a site to retain moisture
(Sayre et al., 2009). Topographic moisture potential index is a 30-
m resolution raster dataset identifying four classes of moisture
regimes. Stands were considered more likely to be resilient to
drought if mean TMPI, on a 0–4 scale, with 4 being the driest,
was less than the 75th percentile value for stands within the same
forest type.

Calculating Resilience Scores
To score each stand’s possibility of resilience to future
disturbance, indicators of potential resilience in Table 1 were
each worth one point. Stands were awarded one point for each
indicator that contributed to resilience and zero points for
each indicator that did not. Figure 2 depicts this process for a
hypothetical dry mixed conifer stand. Although there were 12
indicators, potential resilience to different insect disturbances
was evaluated separately for each forest type, resulting in a
maximum possible score of 9 points. An area-weighted mean
resilience score was calculated for each forest type by weighting
the overall resilience score in each stand by its portion of
the area in each forest type. The area-weighted mean score of
each forest type to each disturbance was compared with a 2-
tailed t-test to identify significant (p < 0.05) differences between
the means.

Indicator Influence on the Resilience Score
To identify indicators with the greatest influence and simulate
the potential for management to affect the overall resilience
score in each forest type, we systematically adjusted indicator
values and quantified resulting effects on overall resilience scores.
All indicator values were adjusted simultaneously and only
indicators with continuous response ranges were included (i.e.,

FIGURE 2 | Diagram showing how the resilience score is calculated for a

hypothetical dry mixed conifer stand. Indicators of potential resilience to each

disturbance (Purple, Blue, Orange) are compared to threshold values and

assigned a score of 0 or 1 depending on the indicators’ contribution to

potential resilience. Scores for each indicator are summed to give a resilience

score for each disturbance (Green). The total resilience score for the stand

(Pink) is the sum of scores from each disturbance.

CBD, TMPI, SDI, site index, diameter distribution skew, total
tree density, tree vigor, and percent basal area of WSBW host
species). In every stand, each indicator value that fell on the
non-resilient side of a threshold was adjusted incrementally
in the direction of resilience by 5, 10, 20, 30, 40, and 50%.
For example, if the CBD indicator in a hypothetical stand was
greater than the threshold of 0.075 kg/m3 (Table 1), then the
CBD value for that stand was decreased systematically by each
percentage listed above, recording results after each decrease.
At each adjustment step, we categorized stands in terms of
whether their indicator values fell on the resilient side of
each threshold.

Application of the Framework
We calculated a resilience score for three independent datasets
collectively representing treated (treated within the previous 20
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TABLE 2 | Area of sampled stands shown in Figure 1, area weighted mean and median of resilience scores by forest type, and number and percent of stands indicating

a forest type change after 40 years of no disturbance.

Forest type Area of sampled

stands (ha)

Area weighted

mean score

Median No disturbance forest type change after 35 years

# Stands Percent

Ponderosa pine 4,212 3.45 3 50 32.6

Dry mixed conifer 6,386 4.54 5 84 30.7

All 10,598 4.11 4 134 31.3

years to meet a restoration objective) and untreated (no previous
treatment known) stands in each forest type in order to provide
examples of how to apply our framework. Treatments to meet
restoration objectives are designed to target stand structure and
species composition within the HRV that has been identified
for these forest types in the southwestern United States. We
used data from the untreated ponderosa pine sites located
at the Taylor Woods “levels of growing stock” experiment
(hereafter Taylor Woods), on the Fort Valley Experimental
Forest, Coconino National Forest, Arizona (Bailey et al., 2008)
as our untreated reference conditions. Data from a ponderosa
pine site treated to meet restoration objectives, located on
the Bluewater demonstration site (hereafter Bluewater), Cibola
National Forest, New Mexico (Reynolds et al., 2013), were
combined with reconstructions of pre-settlement CBD (Fulé
et al., 2002, 2004; Roccaforte et al., 2008, 2015) and used as the
reference treated conditions to represent a ponderosa pine forest
that was within the HRV.

Example application data for the dry mixed conifer forest type
came from the Lower Middle Mountain Research Project, San
Juan National Forest, Colorado (hereafter LMM; see Fulé et al.,
2009; Stoddard et al., 2015). Three levels of treatment (control,
thin only, and thin + burn) were implemented in 2008 to assess
changes in forest structure and composition. We calculated a
resilience score for the control (untreated) and two levels of
treatment: thin only and thin+ prescribed burn.

In both forest types, the site index and TMPI indicators
were left out of the resilience score calculation because the
threshold for these indicators is based on percentile. Instead, the
distribution of site index and TMPI scores for each forest type
on the RTLSA research landscape was assumed to also represent
these stands.

Model Workflow Overview
We first identified stands that satisfied our definitions for the
ponderosa pine or dry mixed conifer forest types. Next we
identified three disturbances that we wanted to assess resilience
to in each forest type. Indicators of short-term resilience to each
disturbance were chosen from the literature and threshold levels
were identified. Each indicator was defined as a variable in FVS,
including the simulated fire with weather parameters. Outputs
from the FVS run were sent to a database where the resilience
score for each stand could be tallied. After the base scores were
tallied, we adjusted the indicator values for each stand in the
direction of resilience to test the response of each stand’s score
to potential “management.”

RESULTS

Forest Type Conversions
Under the no disturbance scenario, 31 percent of stands across
both forest types exhibited a forest type conversion, with the
percentage similar in both ponderosa pine and dry mixed
conifer forest types (Table 2). Comparatively, over 75% (76.5%)
of stands exhibited a forest type conversion under the fire
scenario, leading to a low resilience score for that indicator. In
the ponderosa pine type, 85.6% of stands converted to non-
ponderosa pine; of this total, 81% shifted to dry mixed conifer
(40–90% ponderosa pine basal area) and 19% were reduced
to zero basal area. In the dry mixed conifer type, 71.5% of
stands shifted forest type away from dry mixed conifer; of
these, 64% increased in ponderosa pine basal area and were
classified as ponderosa pine type, 35% were reduced to zero
basal area, and the remaining 1% dropped below 40% ponderosa
pine basal area.

Resilience Score
The combined area-weighted mean resilience score for both the
ponderosa pine and dry mixed conifer forest types on the Rio
Tusas-Lower San Antonio landscape was 4.11 out of 9 (Table 2).
The dry mixed conifer type scored higher than the ponderosa
pine type with area-weighted means of 4.54 and 3.45, respectively
(Table 2). However, the area in dry mixed conifer type was higher
than in the ponderosa pine type (Table 2). Both forest types were
similar in resilience to fire (p = 0.31) (Figure 3). Dry mixed
conifer was significantly (p < 0.001) more likely to be resilient to
insects than ponderosa pine and ponderosa pine was significantly
more likely to be resilient to drought (p < 0.001) than dry mixed
conifer (Figure 3).

Influence of Indicators on the Resilience
Score
The ponderosa pine and dry mixed conifer forest types showed
similar overall responses to adjustments in indicator values
with the greatest occurring at lower indicator adjustment levels
(Figure 4A). Both groups showed a decreasing response as
percent adjustment increased. The overall increase in resilience
scores across the course of adjustments was similar between the
two forest types (Figure 4A).

In the ponderosa pine type, basal area showed the greatest
change in percent of stands categorized as resilient over the
course of adjustments although SDI also showed a high amount
of change (Figure 4B). Like the dry mixed conifer type, the
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FIGURE 3 | Comparison of mean scores ± standard deviation in each

disturbance category by forest type. The maximum possible score in each

category is 3 points. Inset numbers give the actual value represented by each

bar. The ⋆ on the x axis denotes a significant difference in the resilience scores

between the forest types (t-test, p < 0.05). The insect disturbance signifies

western spruce budworm in the dry mixed conifer forest type and bark beetles

in the ponderosa pine type.

site factors (TMPIand site index) showed similar amounts of
change (Figure 4B). In particular, an adjustment of just 5% to
TMPI resulted in all stands being categorized as resilient to that
indicator (Figure 4B).

In the dry mixed conifer forest type, SDI was the metric
of stand structure that showed the largest change in the
number of stands categorized as resilient over the course of
the adjustments (Figure 4C). The indicators for importance of
WSBW hosts and site quality (site index and TMPI) all showed
similar amounts of change, although TMPI values tended to
be closer to the threshold than site index since an adjustment
of 20% resulted in all stands categorized as resilient to these
indicators (Figure 4C).

Application of the Framework
In the untreated ponderosa pine example dataset only the
simulated fire indicator was on the resilient side of its threshold
(i.e., forest type change was not predicted to occur 35 years
post-fire) resulting in a partial resilience score of 1 out
of 6 points (Table 3). In the restoration treated ponderosa
pine stand all fire and insect indicators were categorized as
resilient except QMD (Table 3), resulting in a partial resilience
score of 6 out of 7 possible points. Approximately 90% of
the 153 stands in the ponderosa pine type scored 1 or 2

FIGURE 4 | (A) Change in the overall area-weighted mean resilience score in

response to adjustments in indicator values. (B,C) Forest Type-specific (B:

Ponderosa pine and C: Dry mixed conifer) change in indicator values in

response to adjustments. The y-axis gives the percentage of stands scoring a

1, meaning they were on the resilient side of the threshold, for each indicator.

Only indicators with continuous responses are included in the analysis.

out of 2 possible points for the combined site index and
TPMI scores (Table 5). If the distribution of site quality
found in the RTLSA stands is representative of the example
stands, we could expect a full resilience score of 7–8 out
9 points for a treated stand and 2–3 out of 9 for an
untreated stand.

The untreated dry mixed conifer control dataset had two
indicator values on the resilient side of their threshold, CBD
and canopy strata, resulting in a score of 2 out of 6 possible
points (Table 4). In the thin-only dry mixed conifer treatment,
basal area of WSBW host species, stand aspect, and SDI did not
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TABLE 3 | Indicator values and overall resilience score in the ponderosa forest type from the Bluewater Demonstration Site, Cibola National Forest, New Mexico

(Reynolds et al., 2013) and experimental control plot at Taylor Woods “Levels of Growth Study,” Fort Valley experimental Forest, Coconino National Forest, Arizona.

Bluewater restoration Taylor Woods control

Disturbance Indicator Threshold Value Score Value Score

Fire Diameter distribution skew Resilient if skew is less than the 75th percentile of

reference distribution skew for each forest type:

Dry mixed conifer−1.3

Ponderosa pine−1.3

1.3 1 2.13 0

1 post-fire forest type Resilient if forest type has not changed 35 years

after simulated fire

No 1 No 1

Canopy bulk density (kg/m3) Resilient if canopy bulk density is ≤0.075 0.03 1 0.081 0

Bark beetle Basal area (m2 ha−1) Resilient if basal area is <21.8 11.5 1 54.13 0

Quadratic mean diameter (cm) Resilient if quadratic mean diameter falls outside of

10–35

30.7 cm 0 18.5 0

Vigor (mm) Resilient if 10 years radial increment is >10.1mm Above

threshold

1 >1 0

Drought Stand Density Index (SDI) Resilient if <35% of max SDI (450) 17.6%

(79.1)

1 108%

(488)

0

6 1

TABLE 4 | Indicator values and overall resilience score in the dry mixed conifer forest type for the thin + burn, thin only, and control treatments on the Lower Middle

Mountain Research Project, San Juan National Forest, Colorado.

Thin + burn Thin only Control

Disturbance Indicator Threshold Value Score Value Score Value Score

Fire Diameter distribution

skew

Resilient if skew is less than the 75th

percentile of reference distribution skew

for each forest type:

Dry mixed conifer−1.3

Ponderosa pine−1.3

1.84 0 1.23 1 1.93 0

1 post-fire forest

type

Resilient if forest type has not changed 35

years after simulated fire

Yes 0 No 1 Yes 0

Canopy bulk density

(kg/m3)

Resilient if canopy bulk density is ≤0.075

kg/m3
0.02 1 0.055 1 0.071 1

Western

spruce

budworm

(WSBW)

Importance of host

species (DF, WF, BS,

ES)

Resilient if basal area of WSBW host

species is <30% of total basal area

14% 1 50% 0 53% 0

Canopy strata Resilient if 1 stratum 1 1 1 1 1 1

Aspect Resilient if aspect is not south facing

(135–225◦)

South-

facing

0 South-

facing

0 South-

facing

0

Drought Stand Density Index

(SDI)

Resilient if <35% of max SDI (450) 17.5% 1 35% 0 48% 0

4 4 2

contribute to resilience, resulting in a resilience score of 4 out
of 6 possible points (Table 4). In the treated, thin + burn dry
mixed conifer treatment, diameter distribution skew, forest type
change after fire, and aspect were not on the resilient side of their
thresholds, resulting in a resilience score of 4 out of 6 points
(Table 4). On the RTLSA landscape, ∼90% of the dry mixed
conifer stands scored 1 or 2 out of 2 points for the combined site
index and TPMI scores (Table 5). Assuming this distribution of
drought scores is also representative of the example stands, we
could expect the untreated stands to score 3–4, thin-only stands
to score 5–6, and thin and prescribed burn stands to score 5–6
out of nine possible points.

DISCUSSION

We developed a framework for quantifying current ecological
resilience using readily available metrics that can be adjusted for
application in a variety of forested landscapes. We demonstrate
the utility of the framework for a southwestern US landscape
where understanding the implications of long-term historical
changes in structure and composition for forest resilience to
global change is both a pressing contemporary concern and
a complex process to quantify. Our results provide additional
evidence that the effects of these changes on potential resilience
are less in the dry mixed conifer than in the ponderosa pine
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TABLE 5 | Number (and percent) of sampled ponderosa pine and dry mixed

conifer stands by drought score on the Rio Tusas-Lower San Antonio landscape

calculated with the indicators in Table 1.

Total drought score Ponderosa pine

stands

Dry mixed conifer

stands

0 2 (1.3%) 24 (8.7%)

1 33 (21.6%) 81 (29.6%)

2 104 (68.0%) 163 (59.5%)

3 14 (9.1%) 6 (2.2%)

A stand on the resilient side of all drought indicators would get the maximum score of 3.

type. The overall weightedmean resilience score in the ponderosa
pine forest type was 38% of the maximum while dry mixed
conifer mean resilience score was 50% of the maximum score of
9. Although a direct comparison of the resilience scores is not
appropriate due to differing insect disturbances and indicators,
these scores may indicate that both forest types have a similar
range of resilience in the research landscape currently (35–50%).

Ponderosa pine and dry mixed conifer forests have undergone
large changes to structure and species composition in the
Southwest due to past management and resulting disturbance
regime shifts (e.g., Moore et al., 2004; Fulé et al., 2009). Ponderosa
pine forests are fire adapted and composed nearly exclusively
of ponderosa pine, which holds the competitive advantage over
other species in periods of frequent fire (He et al., 2012). Fire free
periods, such as the twentieth century in the Southwest (Swetnam
and Baisan, 1996), can have a cascade of consequences for both
forest types including shifts in species composition toward less
fire adapted, shade tolerant species (Cocke et al., 2005; Fulé
et al., 2009), increases in tree density (Moore et al., 2004; Fulé
et al., 2009), and decreased vigor, limiting trees’ ability to defend
themselves from bark beetle attacks (Christiansen et al., 1987;
Fischer et al., 2010). Previous work outside of the Southwest
confirms the importance of fire in the ponderosa pine type,
showing that low severity fire can increase ponderosa pine tree
resistance to bark beetle attack (Hood et al., 2015) and increase
stand level potential for resilience following an outbreak (Hood
et al., 2016). This interaction shows that fire exclusion can have
the dual effect of reducing the possibility of resilience to fire and
insects. Reconstructions of historic structure in the dry mixed
conifer forest type have found a higher mean tree density and a
greater importance of shade tolerant and less fire adapted species
than the ponderosa pine type (Reynolds et al., 2013). While large
structural changes have also occurred in the dry mixed conifer
type in the twentieth century (Fulé et al., 2004, 2009; Heinlein
et al., 2005), the current structures and species compositions are
not as far removed from historic ones.

We chose bark beetles and western spruce budworm (WSBW)
as our insect indicators because these insects affected more
hectares than any other insect species in southwestern ponderosa
pine and dry mixed conifer forests, respectively, in 2014 but
there are important differences in how these insects affect
each forest type (USDA, 2014). Contrary to WSBW, a chronic
defoliator causing low-growth episodes and eventually mortality
after extended infestations (Pederson et al., 2011), bark beetles

typically cause mortality within a year of attack and have caused
mortality over a greater area than fire in the past three decades
(Hicke et al., 2016). Additionally, the ponderosa pine forest type
is relatively unusual in its dominance by a single species, meaning
most trees of a certain diameter in a stand are susceptible to
bark beetle mortality. In the dry mixed conifer forest type, a
smaller percentage of trees are likely to be susceptible, given
WSBW rarely feeds on ponderosa pine or quaking aspen, and
preferentially feeds on white fir. Thus, the species composition
of dry mixed conifer directly impacts susceptibility to WSBW.
The dry mixed conifer forest type is also affected by bark beetles,
particularly Douglas-fir beetle (Dendroctonus pseudotsugae) and
fir engraver (Scolytus ventralis), which were not addressed in this
model (USDA, 2014), suggesting that we may have overestimated
insect resilience in the dry mixed conifer type. However, we
believe the indicators we chose adequately represent the forest
conditions leading to resilience to other insects as well. For
example, reducing WSBW host species composition to <30%
would also reduce host species for the Douglas-fir beetle and the
fir engraver.

The changes in the overall scores for these two forest types
in response to systematic indicator adjustments show that while
both forest types may have a low potential for resilience in
their current state, there is strong potential to be influenced by
management (Figure 4). Treatments that reduce stand density,
which will increase the vigor of residual trees, will increase
resilience in both forest types (Fulé et al., 2002; Waltz et al.,
2003; Roccaforte et al., 2015; Bradford and Bell, 2017). Similarly,
combined thin and burn treatments, which have been shown to
reduce tree density and encourage understory growth, may also
be an effective strategy for enhancing resilience (Roccaforte et al.,
2015; Strahan et al., 2015; Thomas and Waring, 2015).

In the dry mixed conifer type, stand density index (SDI) was
the indicator with the greatest potential to influence resilience
(Figure 4). This is consistent with previous studies’ findings
that overall stand density, particularly density of shade tolerant
and less fire tolerant species that often host WSBW, have
increased in southwestern dry mixed conifer forests (Cocke et al.,
2005; Fulé et al., 2009; Huffman et al., 2015; Rodman et al.,
2016). This analysis supports previous work demonstrating the
potential benefits of treatments promoting a higher proportion
of ponderosa pine, by reducing stand density and moving species
composition away from shade tolerant, fire intolerant, WSBW
hosts (Waltz et al., 2014; Stoddard et al., 2015). Ponderosa pine
is the most drought tolerant tree species commonly found in the
dry mixed conifer and a higher proportion will increase drought
resilience (Niinemets and Valladares, 2006).

Although each disturbance and indicator was treated
separately, as linear, independent variables in this model,
correlations between indicators are likely, as are known
interactions among disturbances, site factors, and stand-level
variables. Such interactions can have negative or positive effects
on forest resilience. Two types of interactions between fire and
bark beetles have been well-documented: fire can supply beetles
with susceptible trees, potentially increasing outbreak severity,
and bark beetle attacks can cause increased risk of crowning,
due to low canopy fuel moisture content in the short-term, and
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increased surface fuel loads as snags fall in the long-term (Gibson
et al., 2007; Jenkins et al., 2014). There is strong support for
drought as an underlying contributor to each of the other three
disturbances (Raffa et al., 2008; Weed et al., 2013; Williams et al.,
2013). For an example of a beneficial interaction, stand density
and vigor, both indicators of potential resilience to bark beetles
in this study (Table 1), are tightly coupled and there is strong
evidence that stands with lower density may have increased
resistance to drought as well (McDowell et al., 2006; Magruder
et al., 2013; Erickson andWaring, 2014; Bradford and Bell, 2017).

Example applications of the framework yielded insights into
the model’s response to a variety of stand conditions in both
forest types as well as the implications of restoration-based
treatments on forest resilience. Low resilience scores for control
stands in both forest types and the relatively high scores in treated
stands confirm the usefulness of this model for distinguishing
between functioning and non-functioning forest conditions. This
is also consistent with evidence that the HRV represents a stand
structure that’s more likely to be resilient to future disturbance
(Allen et al., 2002).

Although previous work has found thin+ burn treatments to
be the most effective at moving forest structure closer to HRV, as
measured 5 years (Stoddard et al., 2015) and 11 years (Roccaforte
et al., 2015) post-treatment, this model scored the thin only
treatment at LMM equal to the thin + burn treatment although
there were differences in the responses of specific indicators. The
thin + burn was projected to change from the dry mixed conifer
type to the ponderosa pine type 35 years following a modeled
severe fire and the skew of the diameter distribution in the thin+
burn was greater than the 75th percentile of historic stands. These
results could indicate a weakness in the forest type definitions
used for this model in that they do not properly account for
fluctuations in species composition (especially in the importance
of less fire tolerant species) that may occur following a severe
fire or give cause for reevaluating the 35-years time frame used
to determine post-fire forest type changes. We would expect
the lower stand density in the thin + burn treatment (11.3 m2

ha−1) as compared to the thin only treatment (20.5 m2 ha−1) to
allow for higher rates of regeneration and establishment, which
is reflected in the more positive skew of the diameter distribution
following the thin+ burn treatment. Diameter distribution skew
falling on the non-resilient side of its threshold in the thin+ burn
treatment could be evidence that the threshold established for
this indicator may need adjustment to account for regeneration
following treatment or disturbance. This could be exacerbated
by our use of pre-settlement diameter distributions, which were
influenced by frequent fires and thus may underestimate the
proportion of small diameter trees in historical forests.

The most important decision faced in the development
of this framework was determining modeling needs and the
selection of the underlying model. Ultimately, FVS was chosen
due to its (1) wide applicability and technical accessibility to
a variety of audiences (i.e., growth and mortality models can
be calibrated to specific geographic areas of the United States
and twenty geographically-specific FVS variants exist), (2)
ease at which it allows users to test alternative hypotheses
related to different treatments and disturbances, and assess

future forest conditions, and (3) long history of applications
in forest resource assessment and planning (Crookston and
Dixon, 2005). The FVS is not without its well-documented
limitations, such as weaknesses in predicting crown and canopy
fuel characteristics (e.g., Cruz and Alexander, 2010; Keyser and
Smith, 2010), shortcomings when simulating responses to canopy
gap-related disturbances (e.g., Arseneault and Saunders, 2012),
inability to use spatially-explicit information or spatially-explicit
predictions (e.g., Chivoiu et al., 2006), and general inaccuracies
and imperfections in the underlying growth model (e.g., Ex
and Smith, 2014; Petrova et al., 2014; Dickinson et al., 2019).
Ultimately we selected FVS as the best choice of underlying
model that adequately generalized forest stand development and
its response to silvicultural treatments, as well as provided robust
estimates that could be used to assess the risk of state transitions
and predict the impact of management on an ecosystem’s
response to future disturbances. An estimate of the resilience
score of these forest types across the region would be possible
by implementing the framework described here, or some variant,
in more locations to better account for the diversity of conditions
found in the dry mixed conifer and ponderosa pine forest types.
In general, this framework could be improved using pre- and
post-disturbance data to test resilience possibilities. This could
also provide an opportunity to address interactions between
disturbance severities and resilience scores.

Management and Policy Implications
To the extent that the dry mixed conifer and ponderosa pine
forests on the Rio Tusas-Lower San Antonio Landscape are
representative of the same forest types across the Southwest,
these results imply that there is much work left to be done to
return ponderosa pine and dry mixed conifer forests to a resilient
condition in the region. Together these two forest types represent
∼28% of the forested area of the U.S. Southwest. There is also
cause for optimism that the standards for frequent-fire forest
restoration in the Southwest (Reynolds et al., 2013) are consistent
with the goal of increasing resilience.

The results of this study have implications to management
at stand, landscape, and regional scales. At the stand-scale,
this framework allows the manager to assess the possibility
of individual stands demonstrating resilience using routinely
measured forest attributes. At the landscape-scale, it allows
managers to prioritize stands for treatment based on their
resilience score and location in relation to other resources or
community assets. This landscape-scale prioritization is useful
for avoiding catastrophic disturbances, reducing threats to
the public and adjacent resources, and justifying treatments
to stakeholders. At the regional-scale, future refinements and
applications of the framework can provide a consistent,
quantitative metric for tracking the progress of forest restoration
and the potential resilience of these forest types across the
Southwest. Although fire, insects and drought are major
disturbances in forests worldwide so will likely be useful indicator
in all areas, our process of combining resilience scores could
be tailored to other regions by including the most locally
appropriate metrics for other disturbances. Thus, we believe
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our index has the potential for wider application beyond the
southwestern US.
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