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Topography and post-fire climatic

conditions shape spatio-temporal patterns "
of conifer establishment and growth
Caitlin E. Littlefield

Abstract

Background: Concern is mounting that larger, stand-replacing forest fires may accelerate compositional shifts or
conversions to non-forested states under a warming climate. Post-fire climatic conditions influence system
trajectories by facilitating or hindering juvenile recruitment. But without an accurate, long-term understanding of
where, when, and how climatic variability and other ecological factors affect regeneration, our ability to predict
post-fire trajectories is limited. | quantified multiple, interacting facets of post-fire conifer regeneration—including
annual establishment rates and growth—one decade after stand-replacing fire on the eastern slopes of the North
Cascades, Washington, USA. Sites were stratified across topographic settings to specifically capture the potential for
topography to moderate seasonal and interannual climatic conditions.

Results: Recruitment of juvenile conifers occurred every year since fire, with considerable species-specific variability
across topographic settings and distance to seed source. Juveniles of all species, except lodgepole pine (Pinus
contorta var. latifolia Engelm. ex S. Watson), were rarely observed when live, conspecific seed source was more than
75 m away. Lodgepole pine was the only species for which greater distance to live seed source was not associated
with lower densities, a pattern attributable to serotiny. Annual establishment rates were strongly correlated with
post-fire conditions: rates were highest when growing seasons were relatively cool and moist. A lagged climate
signal was apparent in annual growth rates, but standardized climate—growth relationships did not vary across
topographic settings, suggesting that topographic setting did not decouple site conditions from broader climatic
trends to a degree that affected growth patterns.

Conclusions: These results underscore the importance of favorable post-fire climatic conditions in promoting robust
establishment and growth while also highlighting the importance of topography and endogenous, stand-level
processes (e.g., seed availability and delivery) in shaping recovery over time. Furthermore, these results suggest that,
while the growing concern of post-fire regeneration failure may indeed be warranted under some conditions, failure is
not yet the rule in all places and at all times. A more detailed understanding of recovery dynamics through long-term
monitoring and by examining multiple, interacting facets of regeneration across scales will improve our predictions of
where and when regeneration failure or, conversely, robust recovery may occur under a changing climate.
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Resumen

Antecedentes: Existe una preocupacion creciente de que grandes incendios forestales que causan el reemplazo de
rodales, puedan acelerar cambios en la composicién o reconversiones a estados sin bosque bajo la influencia del
calentamiento global. Las condiciones climéticas post-fuego influencian las trayectorias de los sistemas facilitando o
dificultando el reclutamiento juvenil. Pero sin un entendimiento preciso y de largo plazo sobre el dénde, el cudndo
y el como la variabilidad climatica y otros factores ecolégicos que afectan la regeneracion, nuestra habilidad para
predecir las trayectorias post-fuego son limitadas. He cuantificado multiples facetas interactuantes de regeneracion
post-fuego de coniferas—incluyendo tasas de establecimiento anual y crecimiento—una década después de que
un rodal fuera reemplazado por un fuego en las laderas este de las Cascadas del Norte, Washington, EEUU. Los
sitios fueron estratificados a través de distintas posiciones topograficas para capturar especificamente el potencial
de la topografia para moderar las condiciones climaticas estacionales e interanuales.

Resultados: El reclutamiento de coniferas juveniles ocurri¢ todos los afios luego del fuego, con una considerable

patrones de crecimiento.

variabilidad especifica de especies a lo largo de distintas posiciones topogréficas y distancia a las fuentes de semillas.
Juveniles de todas las especies salvo pino contorta (Pinus contorta var. latifolia Engelm. ex S. Watson), fueron raramente
observadas cuando la fuente de semilla viva de la misma especie se encontrd a mas de 75 m de distancia. El pino
contorta fue la Unica especie para la cual una mayor distancia a una fuente viva de semilla no fue asociada a menor
densidad, un patrén atribuible a la serotinidad. Las tasas de establecimiento anual estuvieron fuertemente correlacionadas
con condiciones post-fuego: las tasas fueron mas altas cuando las estaciones de crecimiento fueron relativamente frescas
y humedas. Una sefal de retraso climédtico fue aparente en tasas anuales de crecimiento, pero relaciones estandarizadas
de clima y crecimiento no variaron a través de las condiciones topogréficas, sugiriendo que dichas condiciones no se han
desacoplado de las condiciones de sitio de tendencias climdticas més amplias a un grado tal que haya afectado los

Conclusiones: Estos resultados destacan la importancia de las condiciones climaticas post-fuego favorables en promover
un establecimiento y crecimiento robusto, mientras que también realza la importancia de la topografia y de los procesos
endogenos a nivel de rodal (por €], disponibilidad y provision de semillas) en dar forma a la recuperacion a través del
tiempo. Ademas, estos resultados sugieren que, mientras que la preocupacion creciente de las fallas en la regeneracion
post-fuego pueden asegurarse bajo algunas condiciones, la falla no es la regla en todos los lugares y tiempos. Un
comprension detallada de la dindmica de la recuperacion a través del monitoreo a largo plazo, y examinando las facetas
multiples e interactuantes de la regeneracion a lo largo de las escalas, mejoraran nuestras predicciones de donde y
cuando la regeneracion fallard o, a la inversa, una recuperacion robusta puede ocurrir en un clima cambiante.

Background

Concern is mounting that larger, stand-replacing forest
disturbances may cause or accelerate species compos-
itional shifts or conversions to non-forested states, with an
accompanying decline in ecosystem services (Millar and
Stephenson 2015; Seidl et al. 2016). Evidence from mul-
tiple forest systems in the western US suggests that cli-
matic conditions play an important role in determining
post-disturbance trajectories. Specifically, research has
shown that droughty conditions can constrain regener-
ation, particularly in moisture-limited settings (Harvey et
al. 2016; Tepley et al. 2017; Haffey et al. 2018; Kemp et al.
2019).

Recovery is predicated on the successful recruitment
and survival of juveniles, which may be a more sensitive
indicator of long-term system trajectories under climate
change than adult trees (Germino et al. 2002; Jackson
et al. 2009). Juveniles tend to have different environmen-
tal sensitivities than conspecific adults (Grubb 1977), in-
cluding narrower climatic tolerances (Bell et al. 2014;

Dobrowski et al. 2015) and greater susceptibility to
drought-induced mortality, frost damage, and photoinhi-
bition, among other stressors (Germino et al. 2002; Mc-
Dowell et al. 2008; Walck et al. 2011). As such, the
juvenile life stage is a particularly important bottleneck
to forest recovery.

Given its importance, researchers have sought to
document patterns of post-fire regeneration across mul-
tiple forest types, with varying spatial and temporal
lenses. Most research underscores the importance of ad-
equate seed supply and seed delivery into burned
patches (Donato et al. 2009; Harvey et al. 2016; Kemp et
al. 2016). Research also documents how recovery varies
along environmental gradients: frequently, more robust
recovery occurs in cooler and moister topographic set-
tings, whereas arid locations experience less recovery
(Dodson and Root 2013; Harvey et al. 2016; Tepley et al.
2017). Some studies find minimal association between
post-disturbance regeneration and simple topographic
metrics (e.g., elevation) but find strong associations with
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finer-scaled variability in soil properties related to mois-
ture availability (Donato et al. 2009; Redmond et al.
2015). This research suggests that fine-scaled variability
in environmental conditions—even within the same fire
or study area—can lead to high degrees of localized
spatial variability in recovery.

These varied results highlight the need for consider-
ing, simultaneously, how multiple facets of topography
at multiple scales shape the climatic conditions experi-
enced by juvenile trees at any given site. These climatic
conditions are an integration of broader macroclimate
(e.g., atmospheric circulation patterns, on the order of
>100 km), regional mesoclimate (e.g., orographic ef-
fects, 1 to 100 km), topoclimate (0.01 to 1 km), and
microclimate (<10 m; Geiger et al. 2009). Microclimate
is influenced by fine-scale surface features and vegeta-
tion cover and can strongly affect juvenile establish-
ment (Germino et al. 2002; von Arx et al. 2013).
Topoclimate describes the interaction of elevation, aspect,
slope, and terrain in mediating how broader-scale climatic
conditions are experienced on the ground (e.g, via heat
loading or cold-air pooling), with strong implications for
fine-scaled variability in moisture balance. Understanding
where and when topoclimate plays a role in structuring
post-fire regeneration can suggest a natural template for
recovery-promoting management interventions (Hessburg
et al. 2015).

Much existing research documents species presence
and abundance and is often—although not always—con-
ducted within several years of a fire. Research that cap-
tures juvenile establishment rates at an annual
resolution for multiple years or decades since fire and
links establishment rates to climatic variability is not
prevalent in the literature but is a growing area of
inquiry (e.g, Harvey et al. 2016; Rother and Veblen
2017; Urza and Sibold 2017; Stevens-Rumann et al.
2018; Davis et al. 2019). Data on annual height growth
are even rarer (but see Tepley et al. 2017). Collectively
examining these multiple facets of post-fire regeneration
and their interactions at longer time scales offers a more
robust picture of system resilience and may foretell
disturbance-catalyzed shifts (Reyer et al. 2015; Donato et
al. 2016).

In this research, I examined multiple dimensions of
post-fire regeneration over 10 years since stand-
replacing fire across a broad range of topographic
settings. Fire effects on these mixed conifer forests on
the eastern slopes of the North Cascades, Washington,
USA, have been documented (e.g., Lyons-Tinsley and Pe-
terson 2012; Prichard and Kennedy 2014), but relatively
little work has been done to specifically track post-fire
regeneration (but see Cansler et al. 2018). I had three
questions that guided this research: first, what are the
spatial and temporal patterns of juvenile conifer
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establishment in this topographically complex land-
scape? Second, does topographic setting constrain spe-
cies presence and annual establishment rates or do other
limiting factors (e.g., seed source) predominate? Finally,
does the relationship between the annual growth of juve-
niles and broader climatic conditions vary across the
landscape? For example, are some topographic settings
serving as refugia that buffer juveniles from broader
climatic variability such that growth sensitivity to this
variability is reduced? This work builds upon and differs
from previous post-fire recovery research by examining
multiple facets of juvenile regeneration—including
annual growth—by directly linking these recovery
dynamics to climatic variability across a range of topo-
graphic settings.

Methods

Study area and site selection

The study area lies within the 2006 Tripod Complex Fire
perimeter (hereafter, Tripod Fire). The Tripod Fire
burned 70 750 hectares from 700 to 2400 m in elevation
in the Okanogan-Wenatchee National Forest, northwest
of Winthrop, Washington, USA (Fig. 1). Mean annual
temperature was 5.65 °C, with -3.35 °C as the mean
temperature of the coldest month (January), and
16.30 °C as the mean temperature of the warmest
month (July).! Mean annual precipitation was 392
mm, much of which was snow and only 10% of which
fell in July, August, and September. Conditions immedi-
ately following the Tripod Fire were cooler and slightly
moister than these averages: annual temperature for the
first five years post fire departed from the average by
-0.31 units of standard deviation, and by -0.20 units for
the first ten years. Annual precipitation for the first five
years post fire departed from the average by 0.04 units of
standard deviation, and by 0.1 units for the first ten years.’
Topography within the study area was highly complex,
with steep slopes and numerous drainages dissecting the
landscape, which contributed to a diversity of localized
topoclimatic conditions.

At lower elevations, ponderosa pine (Pinus ponderosa
var. ponderosa Douglas ex P. Lawson & C. Lawson) and
Douglas-fir (Pseudotsuga menziesii var. glauca [Mayr]
Franco) woodlands historically supported low-severity,
high-frequency fires, but stand densities and surface-fuel
accumulation in many locations have increased consid-
erably in the past century due to fire exclusion and the

'Data (1986 to 2016 averages) are from the Global Historical
Climatology Network Station First Butte (ID: USROO00WFIR), at
48.6172°N, 120.1075°W and 1676 m in elevation, immediately west of
the Tripod Fire perimeter. Data are available at https://www.ncdc.
noaa.gov/cdo-web

2Annual z-scores for the post-fire period were computed relative to a
1986 to 2005 baseline.
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Fig. 1 Map of the Tripod Complex study area within the Okanogan-Wenatchee National Forest, Washington, USA. The towns of Conconully and
Winthrop are indicated for reference. Canadian provinces in the inset map include British Columbia (BC) and Alberta (AB); USA states include
Washington (WA), Idaho (ID), Montana (MT), California (CA), and NV (Nevada). Field data was collected in 2016
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cessation of aboriginal burning (Hessburg et al. 2005).
The mixed conifer montane forests (1000 to 1500 m) are
largely composed of ponderosa pine, Douglas-fir, lodge-
pole pine (Pinus contorta var. latifolia Engelm. ex S.
Watson), and western larch (Larix occidentalis Nutt.),
with smaller components of Engelmann spruce (Picea
engelmannii Parry ex Engelm.) and subalpine fir (Abies
lasiocarpa var. lasiocarpa [Hook.] Nutt.) that are more
prevalent at higher elevations (>1500 m). The montane
forests have historically supported mixed-severity fires,
whereas higher elevations have a high-severity fire

regime (Agee 1993). Juvenile conifers that recruit after
fire in these mixed conifer forests are the population of
inference in this study.

To capture the breadth of topoclimatic conditions in
the study area while avoiding geographic bias, I ran-
domly located sites across topographic settings based on
strata of elevation, topographic wetness index (TWI),
and heat load index (HLI; Table 1). Values of elevation,
TWI, and HLI within the study area were binned into
high, medium, and low strata (equal area) for each
metric, and candidate sites were randomly and evenly
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Table 1 Topographic variables used in site selection for 2016 sampling on the Tripod Complex fires in the Okanogan-Wenatchee
National Forest, Washington, USA, and as candidate predictor variables. All variables were computed at 100 m resolution from a

digital elevation model (DEM)

Tripod Fire data range

Variable Description and units Source Range Mean
Elevation Elevation above sea level in meters National Elevation Dataset 697 to 2426 1722
(http://nationalmap.usgs.gov)
Slope Slope angle in degrees Computed from DEM with ArcGIS v10.4 0to 48 17
Spatial Analyst (ESRI, Redlands,
California, USA.)
Heat Load Unitless index that accounts for slope, aspect, Computed from DEM using the 0.22 to 1.03 0.69
Index (HLI) latitude, and potential direct incident radiation. Geomorphometry and Gradient Metric
Smaller values correspond to less heat loading ArcGIS Toolbox v2.0 (Evans et al. 2014)
and larger values correspond to more heat loading.
Topographic Unitless index that expresses relative ridge or Computed from DEM using the Land —231.84 to 277.11 281
Position Index valley position by comparing the elevation of Facet Corridor Designer ArcGIS Toolbox
(TPI) each cell in a DEM to the mean elevation of a (Jenness et al. 2013)
specified neighborhood (here, 1000 m) around
that cell. More negative values correspond to
valleys and more positive values correspond
to ridges.
Topographic Steady-state wetness index that expresses Computed from DEM using the 342 to 16.98 5.89
Wetness Index flow-accumulation as a function of both slope and Geomorphometry and Gradient Metric
(TWi) upstream contributing area, thus reflecting ArcGIS Toolbox v2.0 (Evans et al. 2014)

potential site moisture balance. Smaller TWI values
correspond to less potential moisture, larger TWI
values correspond to more potential moisture.

'Areas above 1800 m were categorically excluded to ensure that sites would be within the elevational range where forest management activities in this region are
most likely to occur. Furthermore, large swaths of the highest elevations burned at high severity, limiting accessible interfaces with unburned or low-severity burn

patches, which was an important criterion in site selection.

located within the resultant combinations. These strata
did not factor into data analysis but were used solely to
ensure that sites were distributed across the range of
topographic settings in the study area. TWI is a proxy
for potential site moisture (Gessler et al. 1995), and HLI
reflects insolation, based on slope, aspect, and latitude
(McCune and Keon 2002).

I sought to isolate the effect of topoclimate by control-
ling for other factors that were likely to influence regen-
eration. First, I included only areas that burned at high
severity, based on differenced Normalized Burn Ratio
(dNBR) classes from the Monitoring Trends in Burn Se-
verity program (MTBS; Eidenshink et al. 2007).> Doing
so ensured that all juveniles therein had established
since fire and also minimized the effect of intact canopy
on localized growing conditions. Second, study sites
were located at least 25 m from unburned and low-
severity burn patches to further minimize live canopy in-
fluence, but no more than 75 m from such patches to in-
crease the likelihood of adequate seed source. At several
sites, on-the-ground conditions were inconsistent with
the dNBR classes (Cansler and McKenzie 2012), so these
sites were shifted to meet severity criteria. Finally, sites
were excluded from areas that were treated prior to the
Tripod Fire (e.g., with fuel treatments) or post fire (e.g.,

®Data are available at https://www.mtbs.gov/direct-download

aerial mulching or salvage logging), based on available
data (Prichard and Kennedy 2014). I used ArcMap
version 10.4 (ESRI 2014) for spatial data processing and
site geolocation.

Field data collection

In a 30 m diameter plot at each of 51 sites, I collected
data on post-fire juvenile establishment and growth,
post-fire stand structure, and ground cover. I recorded
juvenile trees established since fire in five 5 m radius
subplots (392.5 m? total area) arrayed in cardinal direc-
tions from plot center, with one subplot at the center.
Following a strict algorithm based on subplot-level dens-
ities (semsu Harvey et al. 2016, Kemp et al. 2016;
Additional file 1), I selected a random subset of juveniles
for measuring total height (cm) and interannual growth
(distance between terminal bud scars). I recorded any
evidence of animal browsing, other damage, and struc-
tural features that may have affected germination or
establishment (e.g;, nurse objects that may facilitate these
processes by ameliorating microclimatic conditions).

In each plot, I tallied snags by size class and noted the
presence of extant cones on snags of lodgepole pine,
which are serotinous in this region. I estimated the per-
centage cover of juvenile trees, live shrubs, other vegeta-
tion, dead wood, bare ground, and rock in each plot.
From the center of the central plot, I used a laser
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rangefinder to measure the distance to the nearest live,
mature tree of all conifer species.

Climate and growing condition variables

I analyzed climate—growth relationships using mean
monthly temperature, total monthly precipitation, and
1-month standardized precipitation—evapotranspiration
index (SPEI) for Washington’s Climate Division 6 (East
Slope Cascades), obtained from the Westwide Drought
Tracker (Abatzoglou et al. 2017).* I specifically used div-
isional data rather than local station data to capture
climatic variations occurring at a spatial extent larger
than the study area—and therefore the “average” experi-
ence of all study sites—to evaluate if and how the topo-
graphic setting of each site modulated broader climatic
variations. Using divisional data eliminated the potential
bias of applying local station data to sites at variable dis-
tances from stations, and dendrochronology studies have
shown that growth is more strongly correlated with
divisional data than with station data (Peterson and
Peterson 2001; Gray et al. 2004).

SPEI is a drought index that expresses deviations from
the average water balance at a given site (Vicente-Serrano
et al. 2010). It is a biophysically meaningful indicator that
incorporates the influence of temperature on evaporative
demand and uses the difference between precipitation and
potential evapotranspiration to capture moisture balance
deficit or surplus (Stephenson 1998). SPEI can be
computed to “accumulate” antecedent conditions for a
specified number of prior months, but I elected to use 1-
month SPEI to examine climate—growth relationships at a
monthly resolution.

Statistical analyses
To examine the relationship between topographic setting
and patterns of establishment and growth, I used a four-
step modeling approach. First, I predicted species pres-
ence and absence as a function of multiple topographic
metrics (Table 1) and other ecologically relevant predic-
tors (e.g., distance to seed source). Second, I modeled
juvenile density for all species and individual species as a
function of those same independent variables. Third, I
compared establishment year patterns within and across
species and examined correlations between annual es-
tablishment rates and climatic conditions. Finally, I gen-
erated time series of annual growth of lodgepole pine to
examine climate—growth relationships and any topocli-
matic influence on these relationships.

I examined pair-wise plots of predictor variables for
collinearity to confirm that dropping covariates was not
warranted. Because seed source was not present for

“Westwide Drought Tracker data are calibrated to a reference period
of 1895 to 2010 and are available at https://wrcc.dri.edu/wwdt/time/
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every species at every site, I generated an ordinal vari-
able to account for these unknown distances by binning
known distances for each species into 25 m intervals and
setting unknown distances equal to the largest bin values
plus one. In this way, the species-specific models in-
cluded distances to conspecific seed source, not simply
distance to any seed source. I centered and scaled all
predictor variables prior to analyses to allow for direct
comparison of effect sizes across variables. Unless other-
wise noted, the unit of analyses was the site (n = 51). Be-
cause sampling occurred during the 2016 growing
season, I excluded any 2016 germinants and growth
from analyses. I performed these analyses in R version
3.4.3 (R Core Team 2017).

Species presence and absence

I modeled the presence of Douglas-fir, Engelmann
spruce, ponderosa pine, and western larch using four lo-
gistic regression models (Dobson and Barnett 2008).> All
predictor variables were initially included in each model,
and I trimmed these saturated models by iteratively
removing the least significant terms and evaluating po-
tential model improvement with the Akaike information
criterion (AIC). Compared across competing models,
AIC reflects model fit with a penalty for increased model
complexity (Akaike 1973; Aho et al. 2014). I assessed
model calibration with the Hosmer-Lemeshow
goodness-of-fit test using a group size of 10, as recom-
mended for the size of this dataset (Hosmer and
Lemeshow 1980; Paul et al. 2013). Finally, to assess how
well the models discriminated between outcomes, I ex-
amined the area under the curve (AUC) of a receiver op-
erating characteristic (ROC) curve, which illustrates the
tradeoff between model sensitivity (ability to correctly
classify presences) and model specificity (tendency to in-
correctly classify presences; Fawcett 2006). I examined
model residuals for spatial autocorrelation using Moran’s
I and semivariograms (Fortin and Dale 2005; Dormann
et al. 2007). I used the standard statistical package in R
for the logistic regression models, the package Resour-
ceSelection (Subhash et al. 2019) for the Hosmer-
Lemeshow test, the package pROC (Xavier et al. 2011)
for generating ROCs, and the packages gstat (Pebesma
and Gréler 2018) and ape (Paradis 2018) for assessing
spatial autocorrelation.

Species density
I modeled the counts of each species and all species
using generalized linear models, examining whether

®Occurrence (presence or absence) models were not constructed for
all species combined because juveniles were present on every site
sampled. Occurrence models for subalpine fir and lodgepole pine did
not converge, because juveniles of these species occurred on only four
sites and at all but seven sites, respectively.
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overdispersion in the count data (having a variance
greater than the mean) or zero-inflation (having excess
zeros) affected model fit (Martin et al. 2005; Dobson and
Barnett 2008). To correct for variability in sampling area,
I included an offset variable (loglarea]) in each model
(Zuur et al. 2009; Kotze et al. 2012). In all cases, a nega-
tive binomial distribution, which includes a dispersion
parameter, was an improvement over a Poisson distribu-
tion, per the likelihood ratio test (Zuur et al. 2009; Lewis
et al. 2011) and several other model-selection criteria
(Additional file 1). Neither zero-inflated Poisson nor
zero-inflated negative binomial models were improve-
ments over the negative binomial models, as evaluated
by Vuong’s likelihood ratio test for non-nested models
(Vuong 1989; Lewis et al. 2011), AIC, and a comparison
between predicted and observed values (Additional file 1).
In each model, I initially retained all covariates then itera-
tively trimmed these saturated models based on AIC and
the likelihood ratio test. The count model for lodgepole
pine included the covariate of extant cones on lodgepole
pine snags.

I evaluated model fit with Spearman’s rank correlation
(Spearman 1904) between observed and predicted
values, with the Pearson chi-squared goodness-of-fit test
(Zuur et al. 2009), and by computing the proportional
increase in deviance explained over the null (pseudo R%
Dobson and Barnett 2008). I assessed models for hetero-
scedasticity (non-constant variance in the error terms)
by plotting residuals and observed values against fitted
values (Additional file 2). I also plotted residuals against
leverage to determine if any sites were exerting inordin-
ate influence. No sites exceeded a Cook’s distance of 1
(Cook 1977), which would suggest that further examin-
ation of influence is warranted (Zuur et al. 2009), but I it-
eratively dropped sites with the highest leverage to evaluate
model sensitivity. These exclusions resulted in little change
to parameter estimates, and all sites were retained in the
final models. Finally, I examined model residuals for spatial
autocorrelation using Moran’s I and semivariograms (For-
tin and Dale 2005; Dormann et al. 2007).

I used the R packages MASS (Ripley et al. 2019) and
pscl (Jackman 2017) for negative binomial models (in-
cluding the zero-inflated models, which were evaluated
but not used), the package lmtest (Zeileis and
Hothorn 2002) for likelihood ratio tests, the package
nonnest2 (Merkle et al. 2018) for Vuong’s test for
non-nested models, and the packages gstat (Pebesma
and Gréler 2018) and ape (Paradis 2018) for assessing
spatial autocorrelation.

Years of establishment

By counting bud scars and measuring distances between
them, I determined establishment year and annual
height growth for a random subsample of juveniles at
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each site (Additional file 1). Bud-scar counts can under-
estimate age for some species and especially for older in-
dividuals (Urza and Sibold 2013; Hankin et al. 2018), but
I did not apply a blanket correction factor because
underestimation biases vary with age and height, and
sampled juveniles were highly variable in both. All juve-
niles established after the fire in 2006, which decreased
the likelihood of inaccurate aging.

I used the non-parametric Kruskal-Wallis rank sum
test (Kruskal and Wallis 1952) and subsequent Dunn’s
test (Dunn 1961) to make pairwise comparisons of earli-
est establishment year between species (McGarigal et al.
2000). I used multiple linear regression to examine if
establishment year or topographic metrics were strong
predictors of maximum annual growth rates. To investi-
gate the relationship between establishment rates and
growing conditions, I calculated Pearson correlations
(Pearson and Erdmann 1896) between annual establish-
ment rates and mean monthly temperature, total
monthly precipitation, and SPEIL

Climate-growth relationships

I examined climate—growth relationships for lodgepole
pine, focusing on this species because of its prevalence
and early establishment after fire, which afforded a lon-
ger growth time series than other species. Furthermore,
bud-scar identification is reliable for lodgepole pine,
especially for the most recent years of growth (Urza and
Sibold 2013). I used individuals that had established
within the first two years since fire to ensure that every
tree was close in age. To ensure adequate sampling
depth for all years, I considered only the 14 sites that
had at least 10 such trees.

To develop site-level growth chronologies, I adapted
standard dendrochronological techniques to the height-
growth time series of each tree, using the dplR package
in R (Bunn 2010; Bunn et al. 2018). Each series was
detrended with a linear regression model. A standardized
growth index series was then created for each tree by div-
iding the raw growth measurement for each year by the
regression value for that year. This removed any age-
related growth trend, which I verified with a visual exam-
ination of the growth index series. I created site-level
chronologies by aggregating the standardized series to-
gether by year using a biweight robust mean (Bunn 2010).

I investigated climate—growth relationships by calcu-
lating Pearson product-moment correlations between
site-level chronologies with climate variables for years
since fire. I used mean monthly temperature, total
monthly precipitation, and SPEI from the year prior to
the season of growth through the year concurrent with
growth. In other words, growth in a given year was re-
lated to the growing conditions of that year and of the
prior year to capture any lagging climatic influences on
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growth. To test if the strength of the climate—growth re-
lationships varied across topographic settings—for ex-
ample, if conditions in some settings were decoupled
from broader climatic variability—I regressed these cor-
relation coefficients against the topographic metrics. I
also regressed the correlation coefficients against site-
level juvenile density to examine if neighborhood condi-
tions strengthened or diminished any growth response
to climatic variability.

Results

Species presence and density

Conifer juveniles were present at every site sampled,
with variability in density and species representation
(Table 2, Fig. 2). Of the topographic metrics examined,
elevation most consistently accounted for the presence
and abundance of species (Table 3). Western larch,
lodgepole pine, Engelmann spruce, and subalpine fir®
occurred more frequently and at greater densities at
the highest-elevation sites, whereas ponderosa pine
and Douglas-fir were more prevalent at the lowest-
elevation sites. Both lodgepole pine and ponderosa
pine occurred at higher densities at sites with higher
heat load (per HLI). Engelmann spruce was more
likely to occur in ravines and valleys (per TPI),
whereas ponderosa pine was less likely to occur and
less prevalent on slopes and in valleys. Few topo-
graphic patterns emerged for western larch or
Douglas-fir presence and density, although Douglas-
fir density was highest on sloped sites.

Distance to live seed source limited regeneration
(Fig. 3). Juveniles of each species, except lodgepole
pine, were rarely observed when live, conspecific seed
source was more than 75 m away (only seven in-
stances). Lodgepole pine was the only species for
which greater distance to live seed source was not as-
sociated with lower densities. A serotinous species,
lodgepole pine was more likely to occur at sites
where snags had cones (Fig. 3).

Annual establishment

For the most common species, recruitment consistently
occurred every year since fire across sites (Fig. 4). Based
on bud-scar reconstruction of establishment years, some
lodgepole pine and ponderosa pine germinated in the late
summer or early fall of 2006 immediately following the
fire, which passed through the majority of the study sites
between late July and late August. No subalpine fir or
western larch recruited before 2009 (Fig. 5), although
these species were observed at only four and ten sites,

®Because subalpine fir was present at only four sites, I did not generate
occurrence or count models for the species. However, all four of these
sites were above 1315 m.
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respectively. Sites with the oldest individuals (earliest es-
tablishment years) also had maximum annual growth rates
for lodgepole pine, ponderosa pine, and Douglas-fir (¢ =
-8.459, df = 37, P < 0.001; ¢t = -4.204, df = 18, P < 0.001;
and ¢ = -2.567, df = 22, P < 0.05, respectively). Most juve-
niles recruited between 2009 and 2012. After 2011, re-
cruitment rates declined for lodgepole pine, ponderosa
pine, and Douglas-fir. Annual establishment rates for both
lodgepole pine and ponderosa pine were positively corre-
lated (r > 0.6, P < 0.05) with April and May SPEI values.
Rates for all species except western larch were positively
correlated (r > 0.6, P < 0.05) with SPEI values of at least
one month during the subsequent spring (April, May, or
June); correlations were particularly strong for lodgepole
pine (r > 0.8, P < 0.01). In summary, higher establishment
rates were associated with cooler, moister conditions (as
indicated by positive SPEI values).

Climate-growth relationships
Lodgepole pine growth for a given year was most
strongly and consistently correlated with climatic condi-
tions of the previous summer and fall (Fig. 6, Additional
file 3). The directions of these relationships were con-
sistent across sites, but the strengths of the relationships
were variable and did not follow a consistent pattern
across topographic settings. At all sites, growth was
negatively correlated with SPEI values of the prior July
(five sites had correlation coefficients r < -0.6, P < 0.1).
In other words, warm, dry Julys tended to precede more
growth in the subsequent year, and cool, moist Julys pre-
ceded less growth. Conversely, growth was positively
correlated with SPEI values of the prior August and
September (seven sites in August and five sites in Sep-
tember had correlation coefficients r > 0.6, P < 0.1).
Growth tended to be negatively correlated with SPEI
values of the prior October and November across all
sites (although only one site each month had a correl-
ation coefficient r < -0.6, P < 0.1). On the other hand,
for the year concurrent to growth, a consistent direc-
tionality in climate—growth correlations did not emerge
for any month. Rather, the few strong correlations were
scattered across different sites and months (Fig. 6).
Climate—growth correlations did not map onto the
study area in any strong topographic patterns per linear
regression, but they did vary subtly with juvenile density.
The densest sites had the weakest (least negative) relation-
ship with SPEI values for the prior July (¢ = 2.088, df = 12,
P < 0.1), meaning that they had less growth than sparser
sites when the prior July was droughty (which otherwise
corresponded with enhanced growth). Denser sites also
had the weakest (least positive) relationship with SPEI for
the prior August (¢ = -2.257, df = 12, P < 0.05), meaning
that they had less growth when the prior August was
cooler and moister (which otherwise corresponded with
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Table 2 Range and mean of juvenile density and annual growth (measured to the nearest cm) and percentage of sites at which
each species was present. Sites were sampled in 2016 on the Tripod Complex fires in the Okanogan-Wenatchee National Forest,

Washington, USA

Species Density range (stems ha™')  Density mean (SE) (stems ha™')  Growth range (cm yr™')  Growth mean (SE) (cm yr™')  Frequency (%)
Subalpine fir 0to 127 4 (<1) 3to 13 7 (<1) 8
Western larch 0to 5118 164 (15) 1 to 67 10 (<1) 20
Lodgepole pine 0to 28928 3781 (114) 1to 75 16 (<1) 86
Engelmann spruce 0 to 806 35 (3) 1to 19 5(<1) 20
Ponderosa pine 0to 3158 387 (16) 2 to 45 14 (<1) 51
Douglas-fir 0 to 1401 139 (5) 210 30 7 (<1) 65
All species 102 to 29234 4511 (115) 1to 75 15 (<1) 100

enhanced growth). Thus, regardless of correlation direc-
tion, the climate signal in height growth was weaker at
denser sites.

Discussion

Spatial patterns of juvenile establishment

A decade after fire, conifer juveniles had established at
every site, with considerable variability in time, in space,
and across species. As anticipated, distance to seed
source was a major control on where and when juveniles
established, but topographic setting also determined spe-
cies presence and juvenile density. These spatial patterns
are consistent with the autecology of each species: the

infrequent occurrence of subalpine fir and Engelmann
spruce is not surprising, given that no study sites were
above 1800 m. With relatively high rates of transpiration,
these co-occurring species are more successful in cooler,
moister settings like cold-air drainages (Burns and
Honkala 1990). Similarly, western larch was most preva-
lent at higher sites. The shade intolerance of this species
likely precluded establishment at sites where extensive
shrub cover had taken hold.

Shade intolerant ponderosa pine was more prevalent at
lower elevations on warmer, drier topographic convexities,
while lodgepole pine densities were greatest on warm sites
at higher elevations, even within topographic concavities.

Fig. 2 Variability in conifer regeneration across the across the Tripod Complex study area, within the Okanogan-Wenatchee National Forest, Washington,
USA. Images are from sampling in 2016. Some sites had very sparse regeneration (a), some were dominated by Ceanothus spp. (b), others had moderately
dense regeneration (c), and several had very dense lodgepole pine regeneration (d)
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Table 3 Results of the logistic regression (presence or absence = p/a) and negative binomial (count) models of post-fire juvenile
establishment. Coefficients and their levels of significance (if P < 0.05) are reported for all covariates retained in the final models.
Covariates were centered and scaled prior to model construction to facilitate comparison. Performance statistics are given in Table 4
Asterisks indicate levels of significance for parameter coefficients: *** = P < 0.001, ** = P < 0.01, * = P < 0.05. Models were for field
data collected in 2016 on the Tripod Complex fires in the Okanogan-Wenatchee National Forest, Washington, USA

All species Western larch Lodgepole pine  Engelmann spruce  Ponderosa pine Douglas-fir
Covariates p/a’  count p/a count p/a’ count p/a count p/a count p/a count
Elevation (m) - 0010" 21597 - 0555 0006 14427 0005 2603 -0457"
Slope (degrees) . -0.234 - 0118 0.907 -0.176" 0433
Heat load index - - -0479" -0.680°
Topographic position index - - -0610°  -0026"  -1655 00200 11577 -0292
Topographic wetness index - -
Shrub cover (percentage) - -0421™" 0052 - -0427" 0.046"
Distance to live seed - -03997 0999”7 -21527" - 03282° -0417  -059% -0212 -0566° 1070
source (m), binned”
Extant cones on snags - - - - - 1132 - - - - - -

'Occurrence (presence or absence) models were not constructed for all species combined because juveniles were present on every site sampled. Neither an
occurrence model nor a count model for subalpine fir was constructed because subalpine fir juveniles occurred on only four sites, so the models did not
converge. Similarly, the occurrence model for lodgepole pine did not converge, as it occurred on all but seven sites. Models that were not run or variables that

were not included are indicated by dashes (--)

2For the all species count model, | used minimum distance to live seed source of any species; for the species-specific models, | used bins of minimum distance to
live conspecific seed source. Distance to seed source was not captured for every species at every site (e.g., due to true absence or no clear sightline) and so |
generated an ordinal variable to account for these unknown distances: | binned known distances by 25 m intervals and set unknown distances equal to the

largest bin value plus one

The fact that Douglas-fir density was highest in sloped yet
valley-like positions suggests the species’ need for both ad-
equate moisture and drainage. The positive association be-
tween Douglas-fir presence and shrub cover may reflect a
potential facilitative effect of nitrogen-fixing species in the
genus Ceanothus L. and Alnus rubra Bong. on Douglas-fir
establishment (Burns and Honkala 1990).

The lack of prominent spatial patterns for Douglas-fir
presence suggests that topoclimatic conditions did not
strongly exceed the range of biophysical tolerances for the
species. Alternatively, factors that limit the occurrence
and abundance of these species may be heterogeneous at
scales finer than predictor variable resolution (McKenzie
et al. 2003). For example, the proxy for site moisture bal-
ance (TWI) did not emerge as a predictor for any species,
even though moisture balance can be a limiting factor for
other species examined. TWI simply may not reflect finer-
or broader-scale hydrologic dynamics that act on juvenile
establishment (Wiens 1989). Such spatially structured dy-
namics that are not captured likely contributed to the
small degree of positive spatial autocorrelation in the re-
siduals of two models (Table 4).

Seed source constraints

Seed availability is a fundamental determinant of succes-
sional patterns, especially after intense disturbance
(Turner et al. 1999; Johnstone et al. 2016). Post-fire es-
tablishment can sharply decline with increasing distance
to live seed source (Donato et al. 2009; Dodson and Root
2013; Kemp et al. 2016). That pattern held here, even

with an effort to ensure adequate seed source by locating
sites within 75 m of unburned or low-severity burn
patches: distance to seed source was a significant con-
straint on the establishment of all species except lodge-
pole pine (Table 3). This suggests that establishment
rates for non-serotinous species were very likely lower in
the interiors of large, high-severity burn patches where
seed availability was reduced and extensive shrub cover
may have taken hold—particularly sprouting shrubs and
those with heat-stimulated soil seedbanks (e.g., Ceano-
thus spp.; Donato et al. 2009, Romme et al. 2016, Young
et al. 2019). Such areas on the Tripod Fire are not trivial:
approximately 52% of the total Tripod Fire area and 65%
of high-severity burn areas were not within 75 m of an
unburned or low-severity burn edge and were not exam-
ined in this study. These high proportions are consistent
with observations that—relative to other forest types in
the region—dry montane and subalpine forests of the
North Cascades have higher proportions of high-severity
burn patches during dry years and within larger fires, as
well as significant increases in the size and interior area
of high-severity burn patches as fires get larger (Cansler
and McKenzie 2014). These patterns, and the likely de-
crease in persistent unburned patch density (especially
of smaller sizes) under more extreme fire weather condi-
tions (Kolden et al. 2015; Krawchuk et al. 2016), suggest
that seed availability will continue to be a major limiting
factor to post-fire recovery in these forests.

However, many sites had minimal establishment even in
the presence of live, mature conspecifics, suggesting that
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other unmeasured constraints were operating on establish-
ment. Episodic seed production may have contributed to
sparse or sporadic recruitment. Age and basal area of ma-
ture conspecifics can also dictate seed production, viability,
and delivery (Burns and Honkala 1990; Krannitz and
Duralia 2004). The spatial orientation of seed source,
whether upslope or downslope from a site, depends on
burn patterns (and therefore topography; Prichard and
Kennedy 2014) and may affect seed delivery as well, al-
though thermal updrafts and dispersal by animals may
moderate this effect (Donato et al. 2009). Aboveground and
belowground biotic interactions (e.g, facilitation), seed pre-
dation, and edaphic characteristics may also account for
variability in juvenile density (Teste et al. 2009; Redmond et
al. 2015). Finally, mature individuals of a given species may
have established under anomalous climatic conditions that
enabled them to overcome site-specific limiting factors at

the time (e.g., during the Little Ice Age or other cool, moist
periods; Brown 2006, Gray et al. 2006). Juveniles may
now no longer be able to recruit at the same sites even in
the presence of adequate seed source (Tepley et al. 2017;
Stevens-Rumann et al. 2018). However, conditions for the
first several years after the Tripod Fire were generally favor-
able for regeneration (cooler and with slightly more precipi-
tation than average), so other factors such as episodic seed
production were likely more important in constraining ju-
venile establishment.

Serotiny likely contributed to the robust regener-
ation of lodgepole pine. Lodgepole pine was the one
species for which distance to live, mature individuals
did not constrain juvenile density, and sites with
cones on lodgepole pine snags had significantly more
juveniles than sites where cones were not observed
(Fig. 3). Both of these patterns suggest that serotiny
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played a more important role in the recovery of this indirect influence of fire effects (Turner et al. 1999;
species than seed rain from live individuals. Further- Donato et al. 2016): all sites had complete overstory
more, the long interval since prior fire and the high  mortality, but some sites may have experienced severe
juvenile densities both within study sites and observed surface fires that killed the thin-barked lodgepole pine
elsewhere in large burn patches further suggest that while opening cones and releasing seeds. Crown fires
this trait was prevalent in these populations at the in other areas—particularly in the interiors of large,
time of fire (Tinker et al. 1994). The fact that higher high-severity burn patches—may have completely con-
densities coincided with extant cones also suggests an  sumed the aerial seed bank (Turner et al. 1999).
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Temporal patterns of juvenile establishment
Temporal patterns in climatic variability contributed to
the relatively robust and consistent establishment in the
years since fire. Favorable climatic conditions likely en-
sured this establishment success: annual rates of establish-
ment were positively correlated with SPEI values of the
current and subsequent years, and the three most com-
mon species emerged every year since fire. These cool,
moist climatic conditions of 2010 to 2012, which were as-
sociated with a cool phase of the Pacific Decadal Oscilla-
tion (PDO), were followed by warmer, drier conditions
associated with a warm phase of the PDO and the 2013
emergence of a warm anomaly off the Pacific Coast (Cook
et al. 2018). The arrival of these warmer, drier conditions
may have contributed to declining establishment rates,
but this trend also reflects increasingly constrained grow-
ing space, particularly at lodgepole pine-dominated sites.
In contrast to the favorable post-fire conditions, post-
fire drought has impeded establishment elsewhere (Har-
vey et al. 2016; Tepley et al. 2017; Stevens-Rumann et al.
2018). At broader temporal scales, establishment has
been linked to multi-year and decadal modes of climatic
variability across forest systems, with more establish-
ment generally corresponding to cooler, moister periods
(Woodward et al. 1995; Peterson and Peterson 2001;
Gray et al. 2006). These modes of variability may exacer-
bate or ameliorate stressful conditions anticipated under
climate change at some spatial scales (Walther et al.
2002). Relatively cool and moist conditions following the
Tripod Fire helped to “lock in” robust establishment.
Had post-fire conditions instead been droughty, estab-
lishment may have been far more protracted.

Finally, the variability observed is consistent with the
well-documented prevalence of localized, divergent succes-
sional pathways (Kashian et al. 2005; Harvey and Holzman
2014) and, more broadly, the landscape heterogeneity typ-
ical of mixed-severity fire regimes (Agee 1993; Hessburg et
al. 2005). It is important to note, however, that inferences
from this study regarding heterogeneity in recovery cannot
be extended into the interiors of large, high-severity
patches, of which there were many within the Tripod Fire
perimeter and other large fires in the North Cascades re-
gion (Cansler and McKenzie 2014; Reilly et al. 2017). Fur-
thermore, this dataset does not capture juveniles that
germinated post fire but did not survive to the time of
sampling. Tracking mortality would provide further in-
sights into how constraints operating on recruitment—cli-
matic or otherwise—may shift in time and space.

Annual growth response to climatic conditions

Annual height growth of lodgepole pine juveniles clearly
responded to broader climatic patterns, but the strength
of these climate—growth relationships did not definitively
change across topographic settings. These results do not
suggest that annual growth rates per se are consistent
across all settings. Indeed, maximum annual growth
rates (unstandardized, site level) increased with eleva-
tion, suggesting a release from temperature and mois-
ture stresses at higher elevations. Rather, the direction
and magnitude of the correlations between standardized
growth and climate did not strongly vary with topog-
raphy, providing little evidence that topoclimatic influ-
ence decoupled site conditions from the prevailing
macroclimate to a degree that was evident in growth.
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Annual growth was particularly responsive to prior-
year conditions, similar to lagging climatic signatures on
radial growth in various forest systems (Brubaker 1980;
Restaino et al. 2016; Andrus et al. 2018). The consist-

conditions may be attributable to the fact that lodgepole
pine shoots exhibit fixed growth, by which preformed
stem units in the terminal buds elongate after winter
dormancy (Kozlowski and Pallardy 1997). Therefore,

ently weak response of growth to current-year prior-year conditions under which buds form may be

Table 4 Model performance for the logistic regression (occurrence) model and the negative binomial (count) model. Pseudo R? values
indicate proportional increase in deviance explained over the null. Fit statistics indicate a significant lack of fit if P-values <0.05. Similarly,
Moran's | indicates potential residual autocorrelation when P < 0.05. Diagnostic plots for the count models are given in Additional file 2.
Models were for field data collected in 2016 on the Tripod Complex fires in the Okanogan-Wenatchee National Forest, Washington, USA.
Models that were not run are indicated by dashes ()

Logistic regression Negative binomial

Pseudo R’ Hosmer-Lemeshow statistic  AUC  Moran's | Pseudo R? Pearson's statistic Spearman's rank  Moran's |
All species - - - - 0.24 x> =5905 P=011 p =049 | =-001,P =091
Western larch 0.54 )(2 =550,P =070 094 1=002P=049 079 x2 =2812,P=099 p=057 | =-005, P=043
Lodgepole pine - - - - 0.30 x> =4244,P =069 p =057 | =003, P=042
Engelmann spruce  0.34 x> =555, P =070 087 1=013,P=001 050 x> =5874,P=012 p =050 I =007, P=0.10
Ponderosa pine 040 )<2 =917,P=033 089 =009 P=005 058 )(2 =3560,P=089 p=073 | =008, P=0.10
Douglas-fir 027 )(2 =897,P=035 086 =010 P=005 046 )(2 =5126,P=035 p=053 |=011,P=003
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more important in determining height growth than
current-year conditions.

Growth at most sites was positively correlated with win-
ter precipitation (Additional file 3), highlighting the role of
snowpack in minimizing the risk of winter injury
(Germino et al. 2002) and in ensuring adequate moisture
for preformed stem units to achieve their height growth
potential (Hu et al. 2010). Snowpack contributions to soil
moisture may also explain the directional switch in growth
correlations with prior summer conditions. In July, soil
moisture may have still been sufficiently high such
warmer, drier mid-summer conditions (i.e., more negative
SPEI values) did not hinder net carbon assimilation rates
and therefore did not hinder investment in preformed
stem units and carbohydrate reserves (Kozlowski and
Pallardy 2002). By late summer, depleted soil moisture
coupled with high vapor pressure deficits would have
induced stomatal closure in isohydric species like
lodgepole pine, and more summer rainfall would have
been required to maintain higher rates of net carbon
assimilation (Pataki et al. 2000; Hu et al. 2010). Relatively
mild conditions in the late fall may have enabled contin-
ued carbon investments prior to winter dormancy (Fig. 6;
Additional file 3).

Because radial growth occurs secondarily to stem
elongation, an examination of radial growth may have
revealed a stronger response to current-year climatic
conditions than height growth, which is often complete
early in the growing season (Kozlowski and Pallardy
1997; Misson et al. 2006). Under less favorable growing
conditions, lodgepole pine has been shown to reduce
radial growth to a greater degree than height growth
(Claveau et al. 2002), and radial growth can be particu-
larly sensitive to fine-scale variability in climate (Case
and Peterson 2005). Accordingly, a topographic signal
in the strength and direction of a climate—growth rela-
tionship, although not observed in height growth, may
have been manifest in radial growth. Alternatively, the
range of climatic conditions since fire, and any modu-
lating influence of topographic setting on those condi-
tions, may not have exceeded any thresholds that
would differentially affect lodgepole pine height growth
across topographic settings.

The relationship between annual height growth and
climate varied subtly with stem densities. The climate
signal in height growth was weaker at denser sites,
suggesting that increased competition may shift resource
allocation to root or lateral growth (Litton et al. 2003;
D’Amato et al. 2013). Higher density may also dampen
individual aboveground growth sensitivity to prevailing
climatic conditions. Finally, juveniles themselves affect
microclimate conditions such that higher densities may
have moderated broader-scale climatic influences (von
Arx et al. 2013; Dobrowski et al. 2015).
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Historical and future contingencies

These post-fire recovery dynamics reflect the convergence
of ecological, physiographic, and climatic influences oper-
ating at multiple spatial and temporal scales. The conver-
gence suggests that the narrative of declining forest
resilience under climate change may be warranted in some
locations, but it is not—or is not yet—universal, when seed
is readily available. Indeed, mean annual temperature in
the Pacific Northwest increased by “only” 0.6 to 0.8 °C over
the twentieth century (1901 to 2012; Abatzoglou et al.
2014). Strong, widespread effects of climate change on fire-
prone forests and forest recovery will likely be more appar-
ent under sustained warming and later in this century
(Johnstone et al. 2016). The cool and moist post-fire condi-
tions that facilitated robust regeneration observed here,
along the eastern slopes of the North Cascades, will be-
come increasingly rare. Washington temperatures are pro-
jected to increase 2.5 to 8 °C above twentieth century
temperatures by 2100 (USGCRP 2018), and even though
winter precipitation is projected to increase, decreasing
snowpack will reduce long-term persistence of soil mois-
ture (Harpold and Molotch 2015; Andrus et al. 2018). Even
brief fluctuations in growing-season temperatures can rap-
idly deplete available moisture in some settings, and this
will be increasingly common under continued warming
(D’Odorico et al. 2000). As the intra-annual variability in
climate—growth correlations suggests, regeneration dynam-
ics may be highly sensitive to the timing of such fluctua-
tions. Accordingly, even with available seed, some settings
may soon cross limiting thresholds for juvenile conifer es-
tablishment and growth (Davis et al. 2019; Kemp et al.
2019), thereby amplifying the association between topo-
graphic setting and regeneration variability observed here.
Furthermore, extreme fire weather and dry summer condi-
tions in this region have been shown to override localized
controls (e.g, topographic complexity, fuel continuity, and
moisture) on burn patterns that may otherwise lead to
more spatial heterogeneity (Cansler and McKenzie 2014).
Continued warming and drier summers may amplify the
size of high-severity burn patches in the future and reduce
the interspersion of fire refugia, further limiting seed avail-
ability and the localized mediation of climatic conditions
by surviving canopy (Cansler and McKenzie 2014;
Dobrowski et al. 2015; Kolden et al. 2015).

Just as the historical contingency of post-fire climatic con-
ditions affected regeneration, unforeseen contingencies in
the future will also shape the system trajectory (Jackson et
al. 2009). For example, these juveniles that established soon
after the Tripod Complex fires may in fact be more vulner-
able to future drought because their hydraulic architecture
has not been preconditioned via early exposure to non-
lethal drought stress to withstand future drought conditions
(Kozlowski and Pallardy 2002; McDowell et al. 2008). A
high-severity reburn in this recovering system may increase
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the likelihood of conversion to a persistent, non-forested
state for decades (Prichard et al. 2017). On the other hand,
areas that burned at lower severity and experienced a reduc-
tion in both surface fuel loads and small-diameter trees may
now be more resilient to future fire; for example, by burning
at lower severity or not at all in the future (Lyons-Tinsley
and Peterson 2012; Larson et al. 2013; Prichard and Ken-
nedy 2014).

In addition to these potential future contingencies,
protracted recruitment patterns and divergent succes-
sional pathways hinder our ability to project system tra-
jectories from initial post-fire regeneration (Kashian et
al. 2005; Gill et al. 2017). The variability observed here,
one decade after stand-replacing fire, underscores the
importance of considering multiple facets of recruitment
at longer time frames (e.g., both establishment rates and
growth) as well as the individualistic dynamics of each
species in projecting longer-term responses to climatic
changes (Davis and Shaw 2001).

Promoting recovery in an uncertain future

The spatio-temporal dynamics documented in this study
suggest where and when to prioritize management that pro-
motes recovery or reduces vulnerability to future disturb-
ance in the dry mixed conifer forests of the North Cascades.
For example, the strong influence of distance to seed source
on juvenile density highlights the importance of identifying
and protecting live tree legacies and, more broadly, promot-
ing the persistence and interspersion of unburned patches
(Kolden et al. 2015; Kemp et al. 2016; Krawchuk et al. 2016).
This also indicates that variability in burn patch size strongly
influences spatial heterogeneity in recruitment, so promot-
ing natural regeneration may be a viable management alter-
native to replanting in some areas with nearby seed source
(Donato et al. 2009). However, continued warming and drier
summers may override localized controls that otherwise
promote spatial heterogeneity in high-severity burn patch
size, shape, and abundance. A corresponding increase in the
proportion of large, high-severity burn patches and a decline
in the density of unburned patches, as predicted in these for-
est types (Cansler and McKenzie 2014; Kolden et al. 2015),
may increasingly limit the viability of relying on natural
regeneration.

These results also suggest that natural regeneration and
establishment will be most successful under cool, moist
conditions and in settings that are not severely moisture
limited (Dodson and Root 2013; Harvey et al. 2016).
Under droughty conditions and in warm, dry settings (e.g.,
low-elevation, south-facing slopes), replanting with
drought-tolerant ecotypes or reducing moisture stress
(eg, via thinning) may be warranted (Hessburg et al
2015). Conversely, cool, moist sites with robust recovery
of drought-intolerant species may serve as localized cli-
matic refugia that may be considered for protection (e.g.,
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via grazing exclusions; Morelli et al. 2016). For species like
lodgepole pine that can establish and grow across a range
of topoclimatic conditions, density-dependent processes
may be as or more important to consider than topo-
graphic setting in guiding management decisions. None-
theless, the compounding effects of warming
temperatures and more instances of extreme weather—
which are likely to decrease seed availability via more and
larger high-severity burn patches and via fewer unburned
patches (Cansler and McKenzie 2014, Kolden et al. 2015),
and which may impede juvenile establishment and sur-
vival—suggest that we may need to accept persistent tran-
sitions to non-forest in some burned areas while focusing
recovery efforts on the highest priority areas.

Because snapshots in time are insufficient for projecting
long-term recovery, a broad spatial and temporal scope
that encompasses fine-scaled dynamics both within and
across forested systems is needed to refine our under-
standing of how climate change may or may not impede
post-fire regeneration. Increasingly, researchers are
responding to this need by examining multiple fires across
systems, although cross-region comparisons have required
simplification of fine-scaled dynamics (Stevens-Rumann
et al. 2018), and efforts to document multiple facets of re-
covery (e.g,, both establishment rates and growth) remain
rare (but see Tepley et al. 2017). At a minimum, long-
term monitoring of both natural regeneration and the ef-
fectiveness of on-the-ground adaptation tactics will be im-
portant for continuing to refine our conceptual models
and adaptation strategies to promote forest recovery in an
uncertain future.

Conclusions

The narrative of recovery failure under climate change
has not—or has not yet—played out since the 2006 Tri-
pod Complex Fire on the eastern slopes of the North
Cascades, a region in which relatively little work has
been done to specifically track post-fire regeneration.
Juvenile conifers established every year since fire, with
approximately 85% of sites exceeding juvenile densities
considered sufficient for regenerating a stand per re-
gional stocking guidelines.” Importantly, these sites were
all within 75 m of unburned or low-severity burn

“Forest Service stocking guides for mixed conifer forests in the region
suggest that a range of 745 to 1680 planted seedlings per hectare will
regenerate a stand (depending on site productivity, planned thinnings,
etc.; Seidel and Cochran 1981). On the other hand, state of
Washington Administration Code deems an area east of the Cascade
crest “reforested” when 370 or more healthy seedlings per hectare have
survived on site for at least one growing season (WAC 222-34-020).
Of sites sampled, 82% met and 88% exceeded these prescribed dens-
ities. These stocking guidelines may be reasonable estimates for what is
needed to ensure recovery, but because they are typically created with
specific objectives in mind (e.g:, maximizing yield), their application to
natural regeneration can be limited.
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patches; it is very unlikely such densities occurred in the
interior of the many large, high-severity burn patches on
the Tripod Fire. Furthermore, the relatively cool and
moist post-fire conditions that facilitated robust regener-
ation after the Tripod Fire will become increasingly rare,
and seed availability will become increasingly limited if
more area burns at high severity. And so, while these
results suggest that declining forest resilience is not uni-
versal, the recovery that unfolded may be increasingly
unlikely, especially in moisture-limited settings and in
large, high-severity burn patches far from seed sources.
Examining the spatio-temporal variability of multiple
dimensions of regeneration, as this study does, and long-
term monitoring will improve our predictions of where
and when regeneration failure is most likely to occur,
and how management may promote recovery under a
changing climate.

Additional files

Additional file 1: Supplementary methods for analyses of data collected
in 2016 on the Tripod Fire in the Okanogan-Wenatchee National Forest,
Washington, USA. Table S1. A. Model diagnostics for candidate count
models, including log-likelihood (logLik), Akaike information criterion
(AIC), and dispersion, as indicated by . In all cases, a negative binomial
model (NB) was retained over Poisson, zero-inflated Poisson (ZIP), and
zero-inflated negative binomial (ZINB) candidate models. Dashes indicate
metrics that were not applicable. Models were based on data collected in
2016 on the Tripod Fire in the Okanogan-Wenatchee National Forest,
Washington, USA. (PDF 234 kb)

Additional file 2: Figure S2. A. Diagnostic plots for count models
including fitted counts (fit cnt) versus observed counts (obs cnt), fitted
counts versus deviance residuals (resid), and observed counts versus
deviance residuals. Models were based on data collected in 2016 on the
Tripod Fire in the Okanogan-Wenatchee National Forest, Washington,
USA. (PDF 146 kb)

Additional file 3: Figure S3. A. Correlation coefficients (Pearson’s)
between lodgepole pine annual growth at each site and standardized
precipitation—evapotranspiration index (SPEI) values for months prior to
the year of growth (July to December) and through the growing season
(January to September). To ensure adequate sampling depth, only 14
sites were considered in this analysis, and they are ordered with the
lowest elevation site on the bottom of the matrix and the highest
elevation site at the top. Color intensity indicates the magnitude of the
correlation, with dark blue indicating a strong positive correlation (r = 1)
and dark red indicating a strong negative correlation (r = -1). More
negative SPEI values are indicative of droughty conditions while more
positive SPEI values are indicative of non-droughty conditions. So, a
positive correlation between growth and SPEI (blue squares) corresponds
to more growth during less droughty conditions while a negative
correlation between growth and SPEI (red squares) corresponds to less
growth during non-droughty conditions (or more growth during
droughty conditions). Correlations are based on data collected in 2016
on the Tripod Fire in the Okanogan-Wenatchee National Forest,
Washington, USA. Figure S3. B. Correlation coefficients (Pearson’s)
between lodgepole pine annual growth at each site and mean
temperature for months prior to the year of growth (July to December)
and through the growing season (January to September). To ensure
adequate sampling depth, only 14 sites were considered in this analysis,
and they are ordered with the lowest elevation site on the bottom of
the matrix and the highest elevation site at the top. Color intensity
indicates the magnitude of the correlation, with dark blue indicating a
strong positive correlation (r = 1) and dark red indicating a strong
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negative correlation (r = -1). A positive correlation between growth
and temperature (blue squares) corresponds to more growth during
warmer conditions while a negative correlation between growth and
temperature (red squares) corresponds to less growth during warmer
conditions (or more growth during cooler conditions). Correlations are
based on data collected in 2016 on the Tripod Fire in the Okanogan-
Wenatchee National Forest, Washington, USA. Figure S3. C. Correlation
coefficients (Pearson’s) between lodgepole pine annual growth at each
site and total precipitation values for months prior to the year of
growth (July to December) and through the growing season (January
to September). To ensure adequate sampling depth, only 14 sites

were considered in this analysis, and they are ordered with the lowest
elevation site on the bottom of the matrix and the highest elevation
site at the top. Color intensity indicates the magnitude of the correlation,
with dark blue indicating a strong positive correlation (r = 1) and dark
red indicating a strong negative correlation (r = —1). A positive
correlation between growth and precipitation (blue squares) corresponds
to more growth during periods with more rain while a negative correlation
between growth and precipitation (red squares) corresponds to less growth
during periods with more rain (or more growth during periods with less
rain). Correlations are based on data collected in 2016 on the Tripod Fire in
the Okanogan-Wenatchee National Forest, Washington, USA. (PDF 224 kb)
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