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ABSTRACT

High-severity fires in dry conifer for-
ests of the United States Southwest
have created large (>1000 ha) treeless
areas that are unprecedented in the re-
gional historical record. These fires
have reset extensive portions of South-
western ponderosa pine (Pinus ponder-
osa Lawson & C. Lawson var. scopu-
lorum Engelm.) forest landscapes. At
least two recovery options following
high-severity fire are emerging. One
option is for post-fire successional
pathways to move toward a return to
the pre-fire forest type. Alternatively,
an area may transition to persistent
non-forested ecosystems. We studied
regeneration patterns of ponderosa
pine following eight fires in Arizona
and New Mexico, USA, that burned in
dry conifer forests dominated by pon-
derosa pine during a recent 18-year re-
gional drought period, 1996 to 2013.
Our a priori hypotheses were: 1) the
most xeric areas within these severely
burned dry conifer forests are least

RESUMEN

Los fuegos de alta severidad en bosques secos
de coniferas del suroeste de los Estados Uni-
dos han creado grandes areas denudadas de ar-
boles (>1000 ha) que no tienen precedentes en
los registros historicos regionales. Estos fue-
gos han remodelado extensas porciones del
paisaje en bosques de pino ponderosa (Pinus
ponderosa Lawson & C. Lawson var. scopulo-
rum Engelm.). Al menos dos opciones de re-
cuperacion estdn emergiendo luego de fuegos
de alta severidad. Una de las opciones implica
un rumbo sucesional post-fuego tendiente a re-
tornar al tipo de bosque previo al fuego. Alter-
nativamente, un area puede hacer la transicion
hacia ecosistemas sin bosques de manera per-
manente. Estudiamos los patrones de regene-
raciéon de pino ponderosa después de la ocu-
rrencia de ocho incendios en Arizona y Nuevo
Mg¢jico, EEUU, acaecidos en bosques secos de
coniferas dominados por pino ponderosa, en
un periodo reciente de sequia regional de 18
afos, desde 1996 a 2013. Nuestras hipotesis a
priori fueron: 1) es improbable que las areas
mas xéricas dentro de estos bosques severa-
mente quemados regeneren el tipo de bosque
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likely to regenerate to the pre-fire for-
est type due to persistent post-fire
moisture stress; and 2) areas farther
away from conifer seed sources have a
lower likelihood of regeneration, even
if these areas are climatically favorable
for post-fire ponderosa pine establish-
ment. We evaluated our hypotheses
using empirical data and generalized
linear mixed-effects models. We found
that low-elevation, xeric sites are more
limiting to conifer regeneration than
higher-elevation mesic sites. Areas
>150 m from a seed source are much
less likely to have ponderosa pine re-
generation.  Spatial interpolations of
modeled post-fire regeneration of pon-
derosa pine across the study landscapes
indicate expansive areas with low like-
lihood of pine regeneration following
high-severity fire. We discuss multiple
post-fire successional pathways fol-
lowing high-severity fire, including po-
tentially stable transitions to non-forest
vegetation types that may represent
long-term type conversions. These
findings regarding landscape changes
in Southwest forests in response to
fires and post-fire regeneration patterns
during early-stage climate warming
contribute to the development of bet-
ter-informed ecosystem management
strategies for forest adaptation or miti-
gation under projected hotter droughts
in this region.
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anterior al fuego, debido a un estrés de hume-
dad permanente post fuego; 2) las areas mas
alejadas de fuentes de semillas de coniferas
tienen una probabilidad menor de regenera-
cidn, aun si estas areas fueran climaticamente
mas favorables para el establecimiento post
fuego de pino ponderosa. Evaluamos nuestras
hipétesis utilizando datos empiricos y modelos
lineales generalizados de efectos mixtos. En-
contramos que elevaciones bajas (sitios xéri-
cos) son mas limitantes para la regeneracion
de coniferas que las elevaciones altas, repre-
sentativas de sitios mésicos. Areas que se en-
cuentran a >150 m de una fuente de semillas
tienen una menor probabilidad de tener rege-
neracion de pino ponderosa. Interpolaciones
espaciales de modelos de regeneracion post
fuego de pino ponderosa en los paisajes de es-
tudio, indicaron que las posibles areas de ex-
pansion tienen baja probabilidad de regenera-
cion de este pino después de fuegos severos.
Nosotros discutimos multiples caminos suce-
sionales luego de fuegos de alta severidad, in-
cluyendo transiciones potencialmente estables
hacia tipos de vegetacion sin bosque que pue-
den representar conversiones a largo plazo.
Estos hallazgos, relacionados con cambios a
nivel de paisaje en los bosques del suroeste, en
respuesta a fuegos y a los patrones de regene-
racion post fuego en las primeras fases del ca-
lentamiento global, contribuyen al desarrollo
de estrategias de manejo de ecosistemas con
mejor informacion, para la adaptacion de los
bosques o su mitigacion, en el caso de sequias
calidas pronosticadas para esta region.
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INTRODUCTION

Since the mid 1990s, the frequency and
size of high-severity wildfire activity in the
southwestern United States has been increas-
ing in dry conifer forests that are dominated or
co-dominated by ponderosa pine (Pinus pon-
derosa Lawson & C. Lawson var. scopulorum
Engelm.; Westerling et al. 2006, Dennison et
al. 2014, Abatzoglou and Williams 2016, Al-
len 2016). Factors contributing to this increase
in high-severity fire activity include uncharac-
teristically dense and homogeneous forest
structure due to a century of fire exclusion
(Covington 2000), natural fluctuations in cli-
mate driven by the El Nifio Southern Oscilla-
tion and other multi-annual to multi-decadal
patterns of ocean variability (Swetnam and
Betancourt 1990, 1998; Margolis and Swet-
nam 2013), and increasing forest drought
stress from climate warming (Williams et al.
2013, Tarancon et al. 2014, Allen et al. 2015).
The recent emergence of relatively large
patches of high-severity fire has created exten-
sive areas with drastically reduced live forest
canopy cover, with few or no remnant live
trees to serve as seed sources for forest regen-
eration. Southwestern US ponderosa pine for-
ests generally evolved with low-severity,
high-frequency, surface fire regimes (Coving-
ton and Moore 1994, Swetnam and Baisan
1996), documented by numerous tree-ring fire
histories from ponderosa pine forests in most
mountain ranges across Arizona and New
Mexico (Falk et al. 2011). Before circa 1900
AD, these low-severity surface fires character-
ized most Southwest ponderosa pine and dry
mixed-conifer forests, burning extensively ev-
ery 5 to 25 years (Swetnam and Baisan 1996,
Touchan et al. 1996, Grissino-Mayer and
Swetnam 2000, Reynolds et al. 2013, Margol-
is and Malevich 2016). High-severity fire did
occur in ponderosa pine, but multiple lines of
evidence indicate that patches generally were
small (from clusters of a few trees to <100 ha),
discontinuous, and relatively uncommon (Ini-
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guez et al. 2009, Margolis and Balmat 2009,
Fulé et al. 2013, Fornwalt et al. 2016). This
contrasts with the large (>1000 ha) high-sever-
ity fire patches that have emerged recently in
Southwest ponderosa pine forests (e.g., 2011
Las Conchas Fire, 2011 Wallow Fire; Allen
2016).

The scale of these recent tree-killing forest
disturbances is unprecedented in the South-
west since historic record keeping began
around 1900, almost certainly is unprecedent-
ed since the megadrought of late 1500s (Swet-
nam and Betancourt 1998), and the size of re-
cent high-severity fire patches in Southwestern
ponderosa pine forests quite possibly is un-
precedented (Fulé er al. 2014) since before
modern patterns of climate, vegetation, and
fire regimes established 9000 to 6000 years
ago (Anderson et al. 2008). During the most
recent regional drought, from about 1996 to
2013, multiple large, high-severity fires in the
dry conifer forests of Arizona and New Mexi-
co have created historically anomalous
high-severity burn patches of many thousands
of contiguous hectares (A. Thode, Northern
University, Flagstaff, Arizona, USA, unpub-
lished data). This drought represents some of
the driest and warmest years of the past centu-
ry, with mostly negative Palmer Drought Se-
verity Index (PDSI) values across the study re-
gion since 1999 (Figure 1). Thus, these large,
recent high-severity burn patches, many of
which are devoid of any surviving conifer
trees post fire (i.e., no on-site seed source for
obligate seeders like ponderosa pine), also
have been recovering under hot and dry post-
fire climate conditions. In response to this
combination of historically unprecedented fac-
tors, these recent high-severity burn areas may
be following post-fire ecological trajectories
that move away from persistent forest condi-
tions, transitioning instead toward shrublands
or grasslands (i.e., type conversion). Our
study examines this hypothesis.
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Figure 1. Locations of the eight sampled fires (red polygons) that burned with high severity in dry conifer

forests of Arizona and New Mexico, USA (1996 to 2006).

Inset shows drought conditions (Palmer

Drought Severity Index, PDSI) in the study area from 1904 to 2013 and the year of the sampled fires (red
dots). The fires all burned after 1996, when the region entered a period of significant prolonged drought
(PDSI data from: http://www.wrcc.dri.edu/wwdt/about.html, accessed January 2014).

Limits to Post-Fire Pine Regeneration

There is increasing evidence of limitations
in the capacity of ponderosa pine forests to re-
generate following large high-severity (i.e.,
tree-killing) fires in combination with drought
conditions in a warmer climate (Bonnet et al.
2005, Lentile et al. 2007, Keyser et al. 2008,
Moser et al. 2010, Puhlick et al. 2012, Fedde-
ma et al. 2013, Collins and Roller 2013, Sav-
age et al. 2013, Rother et al. 2015, Chambers
et al. 2016, Owen et al. 2017). Severely
burned patches are often warmer and drier
than adjacent landscape patches with intact

forest canopy (Meyer et al. 2001). For some
burned areas, post-fire regeneration has been
observed in areas with mature forest canopy,
while seedling regeneration was absent or
drastically reduced in areas that burned at high
severity, presumably because of warmer and
drier conditions in the severely burned areas
(Lentile et al. 2005, Crotteau et al. 2013).
Open areas created by high-severity forest fire
and drought are often colonized by, and can
become dominated by, drought-tolerant spe-
cies of shrubs or grasses (Barton 2002, Savage
and Mast 2005, Foxx et al. 2013, Abella and
Fornwalt 2015, Guiterman et al. 2017, Barton
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and Poulos 2018). Areas of hyper-dense coni-
fer regeneration also have been documented
post fire in the US Southwest, but such regen-
eration can be especially susceptible to sub-
stantial mortality during re-burns (Savage and
Mast 2005).

In the dry conifer forests of the western US
and European Mediterranean Basin, post-fire
conifer regeneration is low or non-existent at
the lowest elevations of the pre-fire species
range, which may permanently reduce the
range of a species (Gracia et al. 2002,
Vila-Cabrera et al. 2012, Crotteau et al. 2013,
Dodson and Root 2013). In both of these sea-
sonally warm-dry regions, post-fire conifer re-
generation in open areas is often found in fa-
vorable microsites, such as next to logs or un-
der the cover of litter (Bonnet ef al. 2005, Cas-
tro et al. 2011, Roccaforte et al. 2012,
Marafion-Jiménez et al. 2013), and near avail-
able seed sources (Rother and Veblen 2016).

The combination of post-fire drought, cli-
mate warming, and large high-severity patch
size may limit ponderosa pine regeneration in
the US Southwest. Ponderosa pine has a
heavy, small-winged seed that limits the range
of seed dispersal. Multiple studies have found
that ponderosa pine establishment is primarily
limited to <200 m from a seed source or an in-
tact forest edge (Haire and McGarigal 2010,
Dodson and Root 2013, Chambers et al. 2016,
Haire et al. 2017). Therefore, the size and
shape of high-severity patches alone, which
determines the distance to seed sources, may
limit the rate of recovery of ponderosa pine
forests (Collins ef al. 2017).

Hypotheses

We asked the question: do topography and
landscape-level patterns in fire severity predict
pine regeneration following high-severity fire
in US Southwest ponderosa pine forests? To
answer this question, we developed hypothe-
ses based on ecological factors known to influ-
ence post-fire conifer recovery and applied
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them to high-severity fires in US Southwest
ponderosa pine forests. Our hypotheses were:

H,) The likelihood of ponderosa pine re-
generation decreases near warm and
dry margins of local ponderosa pine
landscape distributions, (e.g., lower
elevations, ridgetops, and southwest-
ern aspects).

H,) The likelihood of ponderosa pine re-
generation decreases with greater dis-
tance to seed source.

We used empirical data and general linear
mixed-effects models to test our hypotheses.
We created a spatially explicit representation
of the modeling results to show the likelihood
of ponderosa pine regeneration across our
study sites. We draw on our results to consider
management implications of recent and pro-
jected trends of more extreme warming,
droughts, and fire activity on forest restoration
and post-fire succession.

METHODS
Study Sites

In 2013, we collected field data in high-se-
verity patches of eight wildfires that burned
ponderosa pine forests in Arizona and New
Mexico between 1996 and 2006 (Table 1, Fig-
ure 1). We selected fires that burned during
this 11-year period because: a) this period rep-
resented a historically extreme warm-dry cli-
mate, with associated extreme fire weather and
fire behavior, which are projected to become
typical in the near future of the Southwest
(Williams et al. 2013, 2014); and b) the fires
that occurred during this period provided suffi-
cient time, prior to our 2013 fieldwork year, to
allow examination of initial patterns in post-
fire vegetation recovery.

We accessed fire perimeters from the US
Forest Service spatial fire perimeter database
(US Forest Service 2013) and extracted the
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Table 1. Study site descriptions of eight fires that burned with high severity in ponderosa pine forests in
the US Southwest (1996 to 2006). Field data were collected in 2013. High-severity area was determined
from RANBR values >640. Percent indicates the percent of the total fire area that burned at high severity.
Plots with regen = total number of plots for which post-fire ponderosa pine regeneration >15 cm tall was
recorded, n = 43. Total number of plots = 175. The Pumpkin, Horseshoe, and Hochderffer fires were ana-
lyzed together as all occurred in the same area outside of Flagstaff, Arizona. Similarly, the BS and Bear

fires were analyzed together as the occurred adjacent to each other in the Gila National Forest.

Fire Year Area burned (ha) High-severity area (ha) Plots (n) Plots with regen (n)
Bridger-Knoll 1996 14191 2859 (20%) 17 2
Pumpkin 2000 6434 1414 (22%) 30 13
Horseshoe 1996 3316 713 (22%) 17 2
Hochderffer 1996 5282 933 (18%) 8

Rodeo-Chediski 2002 184701 67617 (37%) 38 18

BS 1998 1790 791 (44 %) 5 3

Bear 2006 13881 3353 (24%) 31

Ponil 2002 35634 10910 (31 %) 29 2

Total 265229 88590 (33 %) 175 43

relevant fire perimeters. To determine the spa-
tial extent of high-severity fire, we used the
Relative Differenced Normalized Burn Ratio
(RANBR; Thode and Miller 2007, Miller et al.
2009), derived from the Monitoring Trends in
Burn Severity dataset (MTBS.gov), which
uses pre- and post-fire Landsat imagery to de-
termine tree canopy change caused by fire (Ei-
denshink et al. 2007). High-severity patches
were identified by contiguous RANBR pixels
with values greater than 640, which represent
areas with 95 % or greater tree mortality (Mill-
er and Thode 2007).

Field Data Collection

Within the mapped perimeter of each fire,
we used the Euclidian distance tool in ArcGIS
(ESRI Inc., Redlands, California, USA) to cre-
ate sampling bands extending into the severely
burned area at fixed distances from the forest
edge. These bands were established at dis-
tance intervals of 0 m to 50 m, 50 m to 100 m,
100 m to 150 m, 150 m to 250 m, and greater
than 250 m from the unburned forest. We se-
lected the largest high-severity patch in each

fire for field sampling because these largest
patches of high-severity fire represent the
greatest departure from the historic range of
variability in dry-conifer forests (Fulé et al.
2014). Within these patches, we randomly de-
termined field sample site locations within
each sample band. Table 1 lists the number of
field sample site locations per fire, which is
roughly proportional to the area of high-sever-
ity fire. Field sampling occurred in the sum-
mer of 2013.

At each sample site, we established a
multi-part vegetation plot, composed of four
subplots. Starting with a central circular sub-
plot, three additional circular subplots were ra-
dially arranged 13 m away from the central
subplot center, with each radial subplot at 120°
intervals, starting from an initial randomly se-
lected bearing. Each subplot included an inte-
rior plot of 1.5 m radius (total area = 28.3 m?)
nested inside a larger plot with a 3 m radius
(total area = 113.1 m?). At each subplot, vege-
tative cover was classified within the interior
1.5 m radius constituent plot based on physi-
ognomic  characteristics—grasses,  forbs,
shrubs, trees, or logs—and assigned to one of
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seven different percentage cover classes: ab-
sent (0%), 1% to 5%, 5% to 25%, 25% to
50%, 50% to 75%, 75 % to 95%, and 95 % to
100%. We categorized exposed ground sur-
face as litter, bare ground, or rock using the
same percentage classes. Within the outer 3 m
radius subplots, we measured all individuals of
all tree species >15 cm tall, as research sug-
gests that, once a tree grows to that height, it is
likely to survive to maturity (Flathers et al.
2016, Waring et al. 2016). For each tree seed-
ling, we recorded species and height. We also
determined whether biotic or abiotic nurse
structures were positioned to aid in seedling
germination or growth (i.e., the structure was
within 30 cm of the seedling and could shade
the seedling). We directly measured distance
to the nearest ponderosa pine seed source at
each plot using a rangefinder if possible or,
where the distance to the nearest seed source
was >500 m (the distance limit of the range-
finder) or the straight-line view was obstruct-
ed, we used 1 m resolution aerial imagery
from the National Agriculture Imagery Pro-
gram in a GIS (USFSA 2013) to estimate dis-
tance. We defined seed source as one or more
cone-producing, mature ponderosa pine, or the
nearest edge of the unburned forest containing
mature ponderosa pine.

Predictor Variables

We developed spatial data for topographic
variables to characterize moisture and tem-
perature gradients to evaluate H—that pon-
derosa pine regeneration is less likely in the
hottest and driest portions of its current range.
We chose three independent topographic land-
scape metrics as proxies for local climate vari-
ability: elevation, aspect, and topographic po-
sition index (TPI), which delineates ridges,
valleys, and slopes (Parker 1982). The Pump-
kin, Horseshoe, and Hochderffer fires were an-
alyzed together, hereafter referred to as the
Flagstaff Group, as all occurred in the same
general area north of Flagstaff, Arizona. Simi-
larly, the BS and Bear fires were analyzed to-
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gether as the Gila Group, because they oc-
curred adjacent to each other in the Gila Na-
tional Forest in New Mexico. In the GIS, we
buffered each individual fire, or group of fires,
by 2 km to identify the minimum and maxi-
mum values for topographic variables across
an area larger than the fire perimeter itself.

We employed the following methods to
generate spatial data for the topographic
variables.

Elevation. We determined the local eleva-
tional range of ponderosa pine for each fire by
combining a 30 m digital elevation model
(DEM) with the ponderosa pine distributions
layers from the Southwest ReGap project (Pri-
or-Magee et al. 2007). For fires that occurred
before 2000 (the year of the Landsat imagery
used), we interpolated small sections of the lo-
cal ponderosa pine distribution from the sur-
rounding mapped vegetation types.

Aspect. Based on research documenting
aspect-driven variability in forest productivity
in the region, we created a variable called as-
pect index (AI) for which areas with 45° as-
pects have the highest likelihood of pine re-
generation, and lands with opposing southwest
aspects (225°) have the lowest likelihood of
ponderosa pine regeneration (Trimble and
Weitzman 1956, Beers et al. 1966). To nor-
malize aspect from 0 to 1 we used azimuth
values from the LANDFIRE aspect data set
(LANDFIRE 2013) and determined the mini-
mum distance in degrees of each pixel from
45° (i.e., all values <180°; labeled az®). We
then converted each azimuth to radians and
took the cosine of that value. Finally, we con-
verted the values to a scale of 0 to 1 and in-
verted that scale so that 0 represented the as-
pects of 225° and 1 represented aspects of 45°.
The following equation is a summary of the
steps:

A1 <cos (radia121(az°) + 1)> ’ (1)

where A/ = aspect index, and az° = azimuth.



Fire Ecology Volume 14, Issue 1, 2018
doi: 10.4996/fireecology. 140114316

Topographic position index. The topo-
graphic position index (TPI) was developed
using the methods outlined in Jenness et al.
(2013). TPI is correlated with soil develop-
ment and has been shown to relate to soil
moisture availability (Parker 1982). The TPI
uses a 30 m DEM and a moving window to as-
sess the topographic position of each individu-
al pixel and assigns a relative value to each
pixel in which low numbers indicate valleys or
canyons, and higher values represent steep up-
per slopes and exposed ridge tops. For each
fire, TPI was reclassified to a range from zero
to one, representing the hypothesized relative
likelihood of post-fire ponderosa pine regener-
ation; ridge-top fires were determined to be the
driest fires and assigned values near zero (i.e.,
least likely to have pine regeneration), and val-
leys were determined to be the wettest areas so
they were assigned values near one (i.e., most
likely to favor pine regeneration).

We normalized each topographic variable
by rescaling values between zero and one for
each fire, or fire group, to ensure equal weight-
ing and to allow easier comparison of the in-
fluence of these variables on the likelihood of
ponderosa pine regeneration following
high-severity fire. For each topographic vari-
able, values near 0 represented the hottest and
driest sites with the lowest hypothesized likeli-
hood of pine regeneration, while values near 1
represented the wettest or coolest sites that we
assumed are more likely to regenerate to the
pre-fire forest type. We did not normalize dis-
tance to seed source because it is, by nature,
not comparable to topographic variables, its
range does not vary among fires, and previous
research has established it as an important and
independent determinant of ponderosa pine re-
generation (Lentile ez al. 2005, Haire and Mc-
Garigal 2010, Chambers et al. 2016).

For each fire or fire group, we created ras-
ter files reflecting the normalized values for
the three topographic variables to complement
the distance-to-seed-source raster file used to
determine sampling locations. We used these
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spatial data products to create maps of predict-
ed pine regeneration for each fire or fire group.

Model Comparison and Averaging

Using an information-theoretic approach
(Burnham and Anderson 2002), we developed
and compared statistical models relative to
combinations of the physical variables (eleva-
tion, TPI, and aspect), and distance to seed
source, to explain patterns in the regeneration
of ponderosa pine observed across our study
landscapes following large high-severity fires.
We classified regeneration, for the purposes of
model development and comparison, as a plot
with one or more post-fire ponderosa pine in-
dividuals greater than 15 cm tall. One tree per
plot, the equivalent of 88 trees ha’!, approxi-
mates the low end of historical forest densities
in the region (Moore et al. 1999).

We used logistic regression to model re-
generation, employing the Ime4 package
(Bates et al. 2015) within the statistical pro-
gram R (R Core Team 2013). We assumed a
binomial distribution and incorporated fire, or
fire group, as a random effect to account for
natural variation among fires that was not at-
tributable to the predictor variables described
above (Crawley 2012). We developed all pos-
sible models drawing on this set of variables.

We compared statistical models using
Akaike’s Information Criterion (AIC; Burn-
ham and Anderson 2002), so we did not com-
pute P-values. We used an intercept-only
model (including random effects) and the dif-
ference in Akaike’s Information Criterion
(AAIC) values to evaluate how well the mod-
els approximated, or fit, the data (Burnham
and Anderson 2002). Those with AIC values
at least 10 units less than the intercept-only
model were deemed good models, while those
with AAIC less than 2 were considered the set
of best-fit models (Burnham and Anderson
2002). For models with AAIC < 2, we used
model averaging to estimate regression coeffi-
cients, following the methods of Burnham and
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Anderson (2002). Model averaging allows for
a better model fit by determining the weighted
contribution of each variable, based on their
importance to each of the best-fit models. We
used Z-statics (variable coefficient divided by
the standard error) to compare the relative im-
portance of explanatory variables, following
model averaging (Neter et al. 1996).

We created maps of predicted relative like-
lihood of pine regeneration, drawing on the
model-averaged variable coefficients. We ap-
plied the inverse logit (ilogit) function from
the Faraway package (Faraway 2014) in R to
back-transform model coefficients from the bi-
nomial distribution, then used ArcGIS’s raster
calculator, along with raster files reflecting
normalized values for topographic variables
and unmodified distance-to-seed source, to de-
pict likelihood of regeneration. We calculated
the relative likelihood of pine regeneration in-
dependently for each fire or fire group, allow-
ing us to incorporate the appropriate random
effects term for each fire or fire group using
the intercept value derived from the random
effects of each fire.

RESULTS
Observed Ponderosa Pine Regeneration

We found ponderosa pine regeneration at
43 of the 175 field plots (25%; Table 1). For
the 100 plots that were <150 m from a seed
source, 41 plots (41 %) had natural ponderosa
pine regeneration. Only two of the 75 plots
>150 m from a seed source (3%) contained
natural ponderosa pine regeneration (Figure
2). We did not find any natural ponderosa pine
regeneration >225 m from a seed source (Fig-
ure 2). The median distance of pine regenera-
tion to a seed source was 67 m, whereas the
median distance of all sampled plots (contain-
ing regeneration or not) to a seed source was
145 m.

Nurse structures were important for pon-
derosa pine regeneration. We found that 44 %
of ponderosa pine seedlings germinated under
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Figure 2. The density of post-fire ponderosa pine
regeneration as a function of distance to seed
source. The median distance to a seed source for
natural regeneration was 67 m, median distance for
all sampled plots was 124 m.

a nurse structure. Logs and large branches
served as the most common nurse structure
(61%), followed by shrubs and bunch grasses
(27 %), live trees (10%), and rocks or other in-
organic material (2 %).

Modeling Limits to Ponderosa Pine
Regeneration

Our best model of pine regeneration was
48 AIC units lower than the intercept-only
model, indicating a considerably better fit to
field data. Four models had AAIC less than 2
(Table 2) and were considered the set of best-
fit models. All four models included distance-
to-seed source, elevation, and the random ef-
fect term (i.e., fire). Table 2 shows the subset
of models that included distance to seed
source.

Distance to seed source was the most im-
portant of the model-averaged predictor vari-
ables (|Z] = 4.22; Table 3). As distance-to-seed
source increased, likelihood of pine regenera-
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Table 2. Comparison of linear mixed-effects models of ponderosa pine regeneration used for hypothesis
testing. Each row represents a unique model. Models inside the shaded area had AAIC values >2 and
were not include in model averaging. Seed Dist = distance (m) from plot location to nearest viable seed
source. Elev = normalized elevation range of ponderosa pine for each fire: highest elevation = 0 and low-
est = 1. TPI = topographic position index normalized for each fire normalized (0 to 1) from ridges (1) to
valley bottoms (0). Aspect = deviation from NE (45°) cosine transformation and normalized (0 to 1) as-
pect for which SW (225°) = 1 and NE = 0. w/Fire = random effects of each fire. K = number of variables
(including intercept). AIC = Akaike Information Criterion. AAIC = difference in AIC values of other

models from “best fit” model.

Model variables K AIC AAIC
Seed Dist+Elevt+Aspect+TPI w/Fire 5 148.30 0.00
Seed Dist+Elev+Aspect w/Fire 4 148.48 0.17
Seed Dist+Elev+TPI w/Fire 4 149.57 1.27
Seed Dist+Elev w/Fire 3 150.08 1.78
Seed Dist+Aspect w/Fire 3 155.33 7.03
Seed Dist+TPI+Aspect w/Fire 4 156.30 8.00
Seed Dist w/Fire 2 158.02 9.72
Seed Dist w/Fire 3 158.94 10.64
Seed Dist 2 162.87 14.57
Intercept w/Fire 1 190.17 41.87
Intercept Only 1 196.59 48.28

Table 3. Relative importance of model variables, model averaged beta values(=B), standard errors (SE),
and Z-statistic, averaged model of ponderosa pine regeneration; listed in order of variable importance in-

terpreted from |Z| values.

Variable =B SE |Z]

Distance to seed source -0.014 0.003 4.22
Elevation 5.624 5.93 0.95
Aspect —0.760 0.88 0.86
Topographic Position Index 2.231 2.67 0.83

tion decreased, as reflected in the negative beta
value. Elevation was the most important topo-
graphic variable (|Z] = 0.95) and was positive-
ly related to pine regeneration, as indicated by
a positive beta value. There was a weaker re-
lationship with aspect (|Z] = 0.86), which was
negatively correlated with the likelihood of
pine regeneration, indicating that, as aspect
changed along the scale from 0 (dry) to 1
(wet), the likelihood of pine regeneration de-
creased. Topographic position index had a

positive relationship with pine regeneration,
but it was of low importance in the model-av-
eraged model (|Z] = 0.83). Coefficients (beta
values), standard errors, and |Z| statistics are
shown for all variables in Table 3.

Predictive maps of relative likelihood of
pine regeneration reveal areas where forest re-
generation is most and least likely to occur
(Figure 2). Large patches with a low likeli-
hood of pine regeneration reflect the limited
potential for seed dispersal (Figure 3) in areas
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Figure 3. Spatial outputs of our final (averaged) model for the likelihood of forest regeneration in high-se-
verity burn patches for five of eight fires. Note the large (red) patches with very low likelihood of forest
regeneration. These patches mainly occur in areas far away from any potential seed source, although loca-
tions near a seed source but at lower (drier) elevations are less likely to regenerate than those at higher
(wetter) elevations. Values are categorized by quantiles. Note the differences in scale between the study

areas.

distant from mature trees at the edge of the
high-severity fire. =~ Some areas near seed
sources, however, show relatively low regen-
eration likelihood due to low elevation, which
is believed to restrict ponderosa pine regenera-
tion at the warmest ends of its local range.

Dominant Vegetation following
High-Severity Fire

Grassland was the most common vegeta-
tion cover type in high-severity fire patches 7
to 17 years post fire. Grasses dominated cover
on 60% of the plots (Figure 4). Across all

plots, mean grass canopy cover was 44 %,
varying from absent to complete coverage
(>95%). Complete plot coverage was more
common in areas dominated by rhizomatous
grasses such as western wheatgrass (Pascopy-
rum smithii [Rydb.] A. Love). Areas dominat-
ed by bunchgrasses, mainly Arizona fescue
(Festuca arizonica Vasey) and mountain muh-
ly (Muhlenbergia montana [Nutt.] Hitchc.),
tended to have more exposed ground due to
the interspaces between individual grass
bunches. Cheatgrass (Bromus tectorum L.)
and smooth brome (B. inermis Leyss.), com-
mon invasive grasses in US Southwest forests,
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Figure 4. Mean post-fire proportion of cover type
in 2013 for our study areas that burned with
high-severity fire between 1996 and 2006.

appeared on 26% and 11% of field plots, re-
spectively.

Shrubland was the second most common
vegetation cover type. Shrubs dominated 36 %
of all plots, with tall shrub species, particularly
New Mexico locust (Robinia neomexicana A.
Gray) and multiple oak species (Quercus L.
spp.), present on over a third (36%) of all
plots. Tall shrub cover was variable, ranging
from absent to completely covering sample
plots in some areas. We commonly observed
areas of grasses, forbs, or bare ground between
the shrub canopies. At xeric locations, we
commonly found oak shrub species such as
Gambel oak (Quercus gambelii Nutt.), shrub
live oak (Q. turbinella Greene), and wavy-leaf
oak (Quercus x pauciloba Rydb. [pro sp.]
[gambelii % turbinella]), and occasionally New
Mexico locust.

Short shrub species dominated just 2% of
all plots and averaged just 6% cover over all
plots. We found members of the genera Arcto-
staphylos Adans. and Ceanothus L. including
Arctostaphylos patula Green, A. uva-ursi (L.)
Spreng., and Ceanothus fendleri A. Gray. to
be the most common short shrub species,
though these two genera were never co-located
on the same plot. In relatively xeric areas,
there was little vegetation between the sparse
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short shrub (A4rctostaphylos spp.) canopies,
and minimal fine-textured topsoil present. In
contrast, short shrub communities in more me-
sic environments (typically dominated by
Ceanothus species) tended to have a higher
percentage of canopy cover, with grasses and
forbs between shrub canopies.

DISCUSSION

For our best-fit model, the most important
predictor variable was distance-to-seed source.
This lends support to our hypothesis that areas
near a seed source are significantly more likely
to regenerate than areas far away (Figure 2).
Extensive areas that once supported ponderosa
pine forests are now unsuitable for seedling
germination and establishment. Our predic-
tive model, employing model-averaged vari-
able coefficients, illustrates how pine regener-
ation will be limited in hotter and drier loca-
tions, which typically occur at lower eleva-
tions. These results are consistent with the hy-
pothesis that sites at relatively low elevations
are generally the most water-stressed and are
therefore the least likely to regenerate natural-
ly following a high-severity fire.

There was a high level of variability in
pine regeneration among the different fires, as
indicated by the relatively high weight of the
random-effect variable that differentiated
among the fire locations included in this study.
We attribute some of this variability to unmea-
sured site characteristics such as differences in
soil types, land use history, and local precipita-
tion patterns. Additionally, the episodic nature
of ponderosa pine recruitment (Savage et al.
1996, Brown and Wu 2005), with years of
very low germination followed by infrequent
years of successful seedling establishment,
likely influenced our results. It is possible that
the recent “hotter drought” period in the US
Southwest (e.g.,Williams et al. 2013, 2014,
2015) has made these episodic regeneration
events even rarer. Non-climatic factors, such
shifts in fire regimes, vulnerability to herbivo-
ry, and competition, may further restrict rees-
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tablishment of pre-fire forest stands (Ouzts et
al. 2015, Coop et al. 2016), although Owen et
al. (2017) found that the presence of Gambel
oak had no influence on ponderosa pine germi-
nation. Effects of shrub competition and facil-
itation on conifer establishment and growth
following high-severity fire needs further
exploration.

Even under the most optimistic projections
of natural regeneration, large high-severity fire
patches, such as those we studied, are likely to
remain largely without forest cover, for many
decades to centuries, due to the lack of nearby
seed sources. The establishment of herba-
ceous and shrub communities post fire, com-
bined with projected climate warming and in-
creased forest drought stress, is likely to fur-
ther constrain successful pine regeneration in
the US Southwest regardless of high-severity
fire patch size and distance to seed source
(Puhlick et al. 2012). Concordance between
our data and other projections of tree species
responses to climate change (e.g., Gray and
Hamann 2012, Notaro et al. 2012, Stevens-Ru-
mann et al. 2017) suggests that climate-medi-
ated limits to pine regeneration are already
widespread across many of our study sites.
Additionally, post-fire regenerated conifers are
vulnerable to mortality caused by subsequent
fires (Coppoletta et al. 2016), particularly
young trees that germinate near a flammable
nurse structure (e.g., logs), as was the case in
43 % of our observations of post-fire pondero-
sa pine regeneration (Figure 5).

Observed changes from forest to shrubland
or grassland cover types could be a short-term
intermediate landscape successional stage in
the regeneration of pre-fire forest conditions
(Falk 2013). Alternatively, shrubland and
grassland communities could become well-es-
tablished, self-organizing ecosystems (Hobbs
et al. 2009), indicative of long-term ecosystem
type conversion to non-forest. This outcome
is more likely if new ecological feedbacks de-
velop (Johnstone et al. 2016). For example,
more intense fires, occurring on moderate re-
turn intervals, could preclude re-establishment
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Figure 5. Post-fire ponderosa pine regeneration
killed when nurse logs burned (Gila National For-

est, New Mexico, USA).
2012.

Photo by C. Haftey,

of pine forest and sustain an early-succession-
al shrub community over the coming decades
to centuries (Coop et al. 2016, Guiterman et
al. 2017, Barton and Poulos 2018). The par-
ticular processes that alter ecological trajecto-
ries within a specific landscape will determine
which areas, from sub-stand level (<100 ha) to
near landscape scale (>500 ha), that ultimately
type convert within any given patch of
high-severity fire. The patches of type conver-
sion will alter the overall landscape structure
and affect many ecological processes, includ-
ing future fire, hydrologic, and carbon cycles.
The effects will cascade across the landscape
and the connected ecological and social sys-
tems (Keane ef al. 2002). As climate contin-
ues to warm, it will become even more import-
ant to understand the inter-relationships of
species and ecosystems so that society can bet-
ter manage or adapt to the consequences of
ecological change (Walther 2010).

Management in an Uncertain Future

There is mounting evidence that ongoing
climate change is driving US Southwest land-
scapes toward “no-analogue” futures of chron-
ically hotter drought conditions and increas-
ingly extreme fire activity (Westerling et al.
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2006; Williams et al. 2013, 2014), resulting in
rapid change and great uncertainty concerning
species composition (McDowell et al. 2015)
and ecological dynamics (Johnstone et al.
2016). Given these rapid and dramatic chang-
es, land managers and policy makers are in
need of tools that provide not only an assess-
ment of changing conditions, but also a predic-
tive capacity to help in the visualization of
likely outcomes in post-fire ecosystems (e.g.,
Figure 3). We need to rapidly increase our
knowledge about post-fire landscapes, includ-
ing our understanding of the recovery trajecto-
ries that lead to long-term type conversion.
Acting on our knowledge of forest and fire
ecology will require a focus not only on the
forests themselves, but also on the diverse eco-
systems and communities that are coupled to
healthy forests (e.g., Stortz et al. 2017).

The modeling approach presented here is a
simple, preliminary step toward generating
spatially explicit information about where
post-fire type conversion is most likely to oc-
cur and most likely to be long lasting. It also
identifies locations that are most likely to re-
generate as ponderosa pine forests, even under
changed climate conditions. These initial in-
sights provide opportunities to test explicit
predictions of post-fire dynamics and build a
framework for adaptive management that an-
ticipates ecosystem change. When implement-
ed in broader planning discussions, these de-
velopments can enrich public discourse and
identify management strategies that foster a
landscape perspective and accelerate the de-
velopment of landscape and community resil-
ience to fire and incremental adaptation to
changing climate.

Just as efforts to mitigate high-severity fire
risk through active forest restoration (Allen et
al. 2002, Stephens et al. 2013, Stevens-Ru-
mann et al. 2013) have benefited ecosystems
and the communities dependent on them, man-
agement that is informed by a clearer under-
standing of post-fire type vegetation dynamics
can benefit people, communities, and native
biota in areas where climate change precludes
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forest regeneration (Jackson and Hobbs 2009,
Stortz et al. 2017).

Restoration efforts are desperately needed
in areas where the re-establishment of forests
is possible in a warmer climate. In these areas,
however, it may be necessary to intervene in
the successional pathway to bump systems out
of a cycle of continued degradation. In upland
systems, fuels management may be necessary
to mitigate the risk that the treeless patches
will continue to expand following subsequent
fires. In other areas, targeted tree-planting and
assisted migration could help create resilient
forests in the future. Areas where regeneration
is unlikely might be better addressed through
efforts to ensure that post-fire type conversion
moves toward more desirable and productive
non-forest cover types. For example, in water-
sheds where forest is unlikely to return, man-
agers could facilitate the post-fire establish-
ment of dense groundcover composed of na-
tive herbaceous species, rather than shrubland
with invasive annual grasses such as cheat-
grass, which provide little resistance to soil
erosion and contribute to recurrent fire that
precludes establishment of native vegetation.

Given the high likelihood of continued in-
creases in the size and frequency of high-se-
verity fire throughout the US Southwest, we
should anticipate permanent type conversion
in large swaths of currently forested areas.
These changes in cover type will result in
complex landscape changes, some of which
will not be reversible. Given this unprecedent-
ed change, it is critical that forest managers
look beyond the forest itself and manage the
post-fire landscape to increase the likelihood
that the loss of forest will not lead to perma-
nent loss of valuable ecosystem services, in-
cluding watershed stability, hydrological func-
tion, the establishment of appropriate fire re-
gimes, and the conservation of biological di-
versity. Increasingly, this will require manag-
ers to focus on the entire landscape, including
the non-forested habitats that are an inevitable
part of healthy post-fire ecosystems.
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