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leading up to and following a severe mountain pine 
beetle (MPB; Dendroctonus ponderosae) outbreak. 
We asked: (1) How does individual tree growth 
vary with tree- and neighborhood-scale characteris-
tics? (2) How do within-stand aggregate growth and 
overstory recruitment vary with neighborhood-scale 
characteristics?
Methods We used a spatially explicit long-term 
monitoring dataset of a subalpine lodgepole pine 
(Pinus contorta var. latifolia) forest (in Colorado, 
USA) in which every tree ≥ 5 cm diameter was meas-
ured and mapped prior to (1989, 2004) and following 
(2018) a severe MPB outbreak (2003–2011). We used 
spatial regression to characterize drivers of growth.
Results Overall, we found strong evidence for 
post-outbreak compensatory responses across spa-
tial scales. Neighborhood characteristics shaped both 
individual and aggregate growth, with the magnitude 
of growth strongly mediated by pre-outbreak neigh-
borhood structure and neighborhood mortality. Vari-
ation in tree-scale growth, combined with the spatial 
arrangement of surviving trees, resulted in highly 
variable emergent patterns of aggregate growth and 
recruitment.
Conclusion Our findings highlight the importance 
of fine-scale landscape configuration in shaping forest 
resilience. Quantifying compensatory responses in a 
spatially explicit framework at different scales is criti-
cal for modeling post-disturbance forest dynamics, 
which is increasingly important as climate warms and 
forest disturbance regimes change.

Abstract 
Context Growth releases of individuals that survive 
disturbances are important compensatory response 
mechanisms that contribute to ecological resilience. 
However, the role of fine-scale spatial heterogeneity 
in shaping compensatory growth responses is poorly 
understood for many broad-scale disturbances.
Objectives We quantified how fine-scale spatial 
structure affects individual and aggregate tree growth 
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Introduction

Disturbances play an integral role in shaping the 
structure, function, composition, and development 
pathways of forests worldwide (Pickett and White 
1985; Franklin et al. 2002). In North America, biotic 
disturbance agents (i.e., insects and pathogens) affect 
more forested area than wildfire annually (Dale et al. 
2001; van Lierop et  al. 2015). Eruptive species of 
native bark beetles (Curculionidae: Scolytinae) are 
among the most impactful disturbance agents; sub-
continental-scale outbreaks can affect millions of hec-
tares (ha) of forests over the course of several years to 
a decade, often resulting in > 80% mortality of host 
tree basal area (BA) within affected stands (Romme 
et al. 1986; Meddens et al. 2012;  Simard et al. 2012; 
Jarvis and Kulakowski 2015).

Forests adapted to periodic disturbance exhibit 
some level of resilience, the capacity to tolerate 
disturbance without shifting to an alternative (e.g., 
non-forested) state (Holling 1973). The growth 
release of forests following bark beetle outbreak, 
driven by the responses of individual survivors to 
increased resource availability (e.g., light, water, 
nutrients), is an important compensatory response 
mechanism (Romme et al. 1986; Veblen et al. 1991) 
contributing to forest resilience. While seedling 
establishment is often the primary mechanism of 
resilience following stand-replacing disturbances 
such as wildfire, the growth release of previously 
established trees is a more important mechanism 
of resilience following stand-releasing disturbances 
such as bark beetle outbreaks (Hawkes et al. 2003; 
Astrup et al. 2008; Axelson et al. 2009; DeRose and 
Long 2010). Strong growth responses often occur 
for trees that were suppressed pre-outbreak, typi-
cally small-diameter trees and non-host or shade-
tolerant species (Cole and Amman 1980; Hawkins 
et  al. 2013). Growth releases are well documented 
as stand-level means, with dendroecological recon-
structions of periods of growth release commonly 
used to detect the occurrence of past outbreaks 
(Alfaro et  al. 2003; Jarvis and Kulakowski 2015). 
However, post-outbreak increases in resource 

availability and corresponding growth releases are 
unlikely to be uniform within a stand, highlighting 
the importance of within-stand spatial structure in 
shaping forest capacity for resilience (Cumming 
2011).

Understanding mechanisms of forest resilience 
to disturbances is increasingly important as climate 
warms and disturbance activity accelerates worldwide 
(Turner 2010). The abundance, species composition, 
and spatial distribution of surviving trees are all bio-
logical legacies (sensu Franklin et al. 2000) that per-
sist through bark beetle outbreaks and shape forest 
recovery (Nigh et al. 2010; Dhar and Hawkins 2011). 
Within-stand landscape pattern is itself an important 
biological legacy influencing the growth release of 
survivors (Wild et al. 2014), yet the role of fine-scale 
spatial pattern in shaping both individual and stand-
level compensatory responses remains largely unex-
plored (Wild et  al. 2014; Bače et  al. 2015). Build-
ing an understanding of how spatial heterogeneity 
affects disturbance and resilience dynamics requires 
repeated, spatially explicit measurements (Bače et al. 
2015; Lutz et  al. 2014); thus, opportunities to build 
this understanding at the scale of individual trees are 
relatively rare. However, such insight is critical for 
characterizing how forest structure, demography, and 
function respond to disturbances such as bark bee-
tle outbreaks (Dhar and Hawkins 2011; Pfeifer et al. 
2011; Turner et al. 2013).

Here, we used a spatially explicit long-term moni-
toring dataset of a lodgepole pine (Pinus contorta var. 
latifolia) forest to characterize within-stand landscape 
drivers of individual and aggregate tree growth, both 
leading up to and following a severe mountain pine 
beetle (MPB; Dendroctonus ponderosae) outbreak. 
We studied three 2-ha plots in Fraser Experimental 
Forest (Colorado, USA) in which every tree ≥ 5 cen-
timeters (cm) in diameter was censused, measured, 
and mapped leading up to (1989, 2004) and follow-
ing (2018) a severe MPB outbreak (2003–2011) to 
address the following questions: (1) How do indi-
vidual diameter growth rates of live trees vary with 
tree- and neighborhood-scale characteristics? (2) 
How do within-stand aggregate BA growth and over-
story recruitment vary with neighborhood-scale char-
acteristics? For each question, we identified tree- and 
neighborhood-scale characteristics expected to affect 
growth responses and tested hypothesized relation-
ships (Table 1).
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Methods

Study area

Fraser Experimental Forest (FEF) is located within 
the Arapaho-Roosevelt National Forest (Colorado, 
USA) in the Southern Rockies Ecoregion (Supple-
mentary Material A, Fig. A1). The study stands are 
in subalpine forest composed of lodgepole pine seral 
to subalpine fir (Abies lasiocarpa) and Engelmann 
spruce (Picea engelmannii), with small quantities 
of quaking aspen (Populus tremuloides), gray alder 
(Alnus incana), Scouler’s willow (Salix scouleri‑
ana), and Douglas-fir (Pseudotsuga menziesii) (Sup-
plementary Material A, Fig. A2). Elevation ranges 
from 2790 to 2970  m. Stands are > 300 years old, 

established following a stand-replacing fire in 1685 
(Bradford et  al. 2008). Climate is temperate and 
continental (Huckaby and Moir 1998) with mean 
monthly temperatures ranging from − 8 degrees Cel-
sius (°C) in January to 14 °C in July, a mean annual 
temperature of 3 °C, and a mean annual precipitation 
of 505 millimeters (30-year normals, 1991–2020; 
PRISM Climate Group 2021).

Between 2003 and 2010, a widespread, syn-
chronous MPB outbreak occurred throughout the 
Southern Rockies, triggered by a severe drought in 
2001–2002 (Chapman et  al. 2012). Increasing MPB 
activity was noted in FEF in 2003 (Tishmack et  al. 
2005), reaching epidemic levels by 2006 (Hubbard 
et  al. 2013) and subsiding by 2011 (Vorster et  al. 
2017). High rates of lodgepole pine mortality were 

Table 1  Hypothesized relationships of individual and aggregate growth responses with tree- and neighborhood-scale characteristics

Scale Characteristic Hypothesized relationship

Direction Justification

Question 1: Individual diameter growth 
 Tree Size – Growth rates decline as trees age and increase in size (Weiner and Thomas 

2001), and growth release is expected to be greatest for small trees that were 
resource limited prior to the outbreak (Hawkins et al. 2013).

Species +/− Late-seral, shade-tolerant species (subalpine fir and Engelmann spruce) expected 
to exhibit the greatest growth release relative to lodgepole pine (Hawkins et al. 
2013); growth rates for Engelmann spruce expected to be greater than those for 
subalpine fir (Andrus et al. 2018).

 Neighborhood Density – Neighborhood density relates to increased resource competition (Contreras et al. 
2011).

Conspecifics – Conspecific neighboring trees expected to relate to increased resource competi-
tion (Chesson 2000; Getzin et al. 2006).

Mortality + Neighborhood mortality relates to increased resource availability for survivors 
(Hawkins et al. 2013; Nigh et al. 2010).

Topography – Convex microsites and steep slopes expected to relate to lower moisture avail-
ability.

Question 2: Within-stand aggregate basal area growth and overstory recruitment 
 Neighborhood Stem density + A greater number of trees corresponds to a greater potential for aggregate BA 

growth (Long and Vacchiano 2014) and overstory recruitment (Pukkala et al. 
2009).

Basal area – Aggregate BA growth expected to decrease with BA, following a size-related 
decline in stand growth (i.e., as individual tree growth rates decline with size) 
(Weiner and Thomas 2001). Recruitment also expected to decline with BA 
(Porté and Bartelink 2002; Pukkala et al. 2009).

Late-seral proportion + Higher growth and establishment rates expected for late-seral, shade-tolerant 
species.

Mortality + Neighborhood mortality expected to relate to increased growth responses of 
individual surviving trees.

Topography – Convex microsites and steep slopes expected to relate to lower moisture avail-
ability
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documented in FEF over the course of the outbreak, 
with MPB killing 90% of lodgepole pine trees over 
30 cm in diameter at breast height (DBH) (Buonan-
duci et al. 2020; Rhoades et al. 2017).

Sampling design

Three 2-ha long-term monitoring plots were estab-
lished in 1938 (Wilm and Dunford 1948) and sur-
veyed periodically leading up to (1938, 1940, 1946, 
1960, 1989, 2004) and following (2018) the MPB 
outbreak (Buonanduci et  al. 2020). Prior to 2004, 
each survey consisted of a complete census of every 
living tree measuring at least 9 cm in DBH (measured 
140  cm above the ground). In 2004 and 2018, the 
minimum DBH threshold was lowered to 5 cm. Dur-
ing each survey, DBH was recorded for each living 
tree and mortality cause was determined for all dead 
trees that were alive in the previous survey. In July 
and August 2018, we mapped all live and dead sur-
veyed trees (n = 9357) within each plot to their hori-
zontal coordinates and local elevation using Field-
Map technology (Hédl et al. 2009; www. field map. cz).

Growth metrics

The MPB outbreak in FEF occurred between approxi-
mately 2003 and 2011. While some mortality from 
MPB occurred prior to 2004 and was noted in the 
2004 survey, 90% of MPB-caused tree mortality in 
the plots occurred after the 2004 survey (Buonanduci 
et al. 2020). Therefore, we used the 1989–2004 inter-
survey period to quantify pre-outbreak growth and 
the 2004–2018 inter-survey period to quantify post-
outbreak growth.

At the individual tree scale, we quantified the 
growth rate of trees between successive surveys as 
annualized diameter increment, calculated from 
successive DBH measurements (Table  2; Fig.  1a). 
We quantified growth release of individual trees as 
the difference in annualized diameter growth rate 
between the two growth periods (i.e., post-outbreak 
minus pre-outbreak growth rate) (Table  2; Fig.  1a). 
Rather than evaluating standardized diameter growth 
(i.e., growth relative to tree size), we accounted for 
potential growth-size relationships by including tree 

size as a covariate in our statistical modeling. Our 
individual tree scale analysis focused on lodgepole 
pine, Engelmann spruce, and subalpine fir, which 
accounted for > 99% of pre-outbreak live BA in the 
study plots. Growth rate estimates are below zero in 
some cases (6% and 2% of trees in pre- and post-out-
break periods, respectively; Table 2; Fig. 1a), which 
we attribute to measurement error from slight differ-
ences in positioning of diameter tapes among surveys.

At the within-stand scale, we quantified aggregate 
BA growth of live trees, a proxy for biomass accumu-
lation, by rasterizing the point pattern of individual 
trees within each plot at a spatial resolution of 10 m. 
Within each 10  m raster cell and using only those 
trees that were alive and surveyed at both the begin-
ning and end of each inter-survey period, we quanti-
fied BA growth as the total annualized change in live 
BA between successive surveys, calculated using suc-
cessive DBH measurements (Table 2; Fig. 1b). This 
metric does not account for net decreases in total 
live BA due to mortality, which we incorporated as 
a covariate in this analysis. BA growth estimates are 
below zero in some cases due to measurement error 
in the field (1% and 0.2% of raster cells in pre- and 
post-outbreak periods, respectively; Table 2; Fig. 1b). 
We quantified aggregate BA growth release for each 
raster cell as the difference in BA growth between 
the two growth periods (i.e., post-outbreak minus 
pre-outbreak growth rate). Because the minimum sur-
vey diameter was lowered from 9  cm DBH in 1989 
to 5 cm DBH in 2004, we only included trees ≥ 9 cm 
DBH when quantifying aggregate BA growth to allow 
for comparability of metrics between periods. For 
illustrative purposes, we also quantified net change in 
total live BA (i.e., BA growth minus BA mortality) 
(Fig. 2) but did not evaluate net change as a response 
variable in our modeling.

Finally, also at the within-stand scale, we quan-
tified aggregate overstory recruitment, a measure 
of advance regeneration. We quantified overstory 
recruitment by counting the number of trees within 
each 10  m raster cell that grew to exceed the mini-
mum survey diameter during the inter-survey period 
and were thus surveyed for the first time at the end 
of the inter-survey period (i.e., ingrowth density; 
Table 2; Fig. 1c). We quantified overstory recruitment 

http://www.fieldmap.cz
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Table 2  Descriptive statistics for individual and aggregate growth  responsesa used in modeling

a Response variables included here; see Supplementary Material B, Tables B1–B3 for predictor variables
b Datasets exclude raster cells with surviving basal area equal to zero, for which late-seral proportion could not be calculated
c Values presented here are scaled up to a per-ha basis. Unscaled 10 m raster cell counts were used for modeling
d Datasets exclude raster cells with initial basal area equal to zero, for which late-seral and mortality proportions could not be calcu-
lated

Metric Growth period n Min Max Mean Median

Individual diameter growth 
 Lodgepole pine growth (cm/yr) Pre-outbreak 2995 −0.11 0.68 0.06 0.05

Post-outbreak 1401 −0.18 0.68 0.16 0.14
Release 832 −0.59 0.48 0.09 0.08

 Engelmann spruce growth (cm/yr) Pre-outbreak 96 0.01 0.47 0.21 0.21
Post-outbreak 177 −0.09 0.94 0.33 0.29
Release 84 −0.48 0.50 0.10 0.07

 Subalpine fir growth (cm/yr) Pre-outbreak 160 0.01 0.65 0.21 0.20
Post-outbreak 466 −0.17 0.96 0.28 0.26
Release 146 −0.30 0.46 0.10 0.09

Within-stand aggregate growth 
 Basal area growth of live trees  (m2ha− 1yr− 1) Pre-outbreakb 505 −0.01 0.65 0.18 0.17

Post-outbreakb 459 −0.01 0.75 0.22 0.20
Releaseb 459 −0.36 0.58 0.03 0.02

 Overstory recruitment (stems/ha)c Pre-outbreak 506 0 500 55 0
Post-outbreakd 505 0 1100 144 100
Released 505 −300 1100 90 100

release for each raster cell as the difference in 
ingrowth density between the two growth periods 
(i.e., post-outbreak minus pre-outbreak). As with 
aggregate BA growth, we only included trees ≥ 9 cm 
DBH when quantifying overstory recruitment.

Potential predictors of individual tree growth

Tree size was quantified using DBH recorded at the 
start of each growth period (i.e., DBH recorded in 
1989 was used as a predictor for pre-outbreak growth 
and DBH recorded in 2004 was used as a predictor for 
post-outbreak growth and growth release). Neighbor-
hood density was quantified using a distance-depend-
ent tree competition index, calculated as the sum of 
horizontal angles originating from each focal tree and 
spanning the DBH of each neighbor tree (Rouvinen 
and Kuuluvainen 1997; Contreras et  al. 2011). We 
calculated neighborhood density within a 10 m radius 
as follows:

 where neighboring trees are indexed i = 1,… , n ; 
DBHi is the DBH of neighboring tree i ; and distancei 
is the distance between the center of the focal tree and 
the center of neighboring tree i . This index accounts 
for the number of neighboring trees, their proximity 
to the focal tree, and their size. We calculated neigh-
borhood density using all neighboring trees, regard-
less of species. To quantify the relative density of 
conspecific trees, we calculated the proportion of the 
neighborhood density index contributed by the same 
species as the focal tree. To quantify neighborhood 
mortality, we calculated the proportion of the neigh-
borhood density index that was killed (due to MPB or 
any other cause) during the growth period.

Fine-scale topography (i.e., elevation and slope) 
was quantified using a 1  m resolution digital eleva-
tion model developed from the local elevation of 

Neighborhood density =

n
∑

i=1

arctan

(

DBHi

distancei

)
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each individual tree measured in the field. We quan-
tified local topographic position (i.e., topographic 

convexity versus concavity) using a topographic 

Fig. 1  Individual and aggregate tree growth responses in one 
plot (C3). a Individual diameter growth of live trees. b Aggre-
gate basal area (BA) growth of live trees. c  Aggregate over-
story recruitment (ingrowth into ≥ 9 cm DBH size class). Cell 
size is 10 m and coordinates are relative to southwest corner of 
plot. To avoid boundary effects, trees located < 10 m from the 

edge of each plot were excluded from individual tree growth 
analyses, and raster cell centroids were positioned ≥ 10  m 
from the edge of each plot for aggregate tree growth analyses. 
Growth responses within all three plots included in Supple-
mentary Material A
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position index (Weiss 2001) calculated within a 10 m 
radius as follows:

 where z
0
 is the elevation of the cell containing the 

focal tree, and 
−
z is the average elevation around the 

focal cell within a predetermined radius. This index 
is positive when the focal tree is in a position higher 
than its neighbors on average (convex local topogra-
phy) and negative when the focal tree is in a position 
lower than its neighbors on average (concave local 
topography).

Calculating neighborhood density and topographic 
position required specifying the neighborhood radius 
a priori. We chose a neighborhood radius of 10  m, 
comparable to radii used in tree competition studies 
conducted in lodgepole pine stands in British Colum-
bia, Canada (Thorpe et al. 2010) and ponderosa pine 
(Pinus ponderosa) stands in Montana, USA (Woodall 
et  al. 2003; Contreras et  al. 2011). To avoid bound-
ary effects, trees located < 10 m from the edge of each 
plot were excluded from analysis.

Potential predictors of within-stand aggregate growth 
and recruitment

Stem density and BA were quantified within each 
10  m raster cell using live trees surveyed at the 

Topographic position = z
0
−

−
z

beginning of each growth period (i.e., live trees sur-
veyed in 1989 were used for pre-outbreak growth 
metrics and live trees surveyed in 2004 were used 
for post-outbreak growth metrics and their release). 
Because only live trees that survived to the end of 
each growth period were used to calculate aggregate 
BA growth, only those same surviving trees were 
used to calculate stem density and BA for use as pre-
dictors of aggregate BA growth. Conversely, all live 
trees surveyed at the beginning of each growth period 
(regardless of survival) were used to calculate stem 
density and BA for use as predictors of overstory 
recruitment; this is because all initial live trees would 
potentially play a role, both leading up to and during 
the growth period, in the establishment of understory 
trees and their growth into the overstory (e.g., through 
seed production and competition).

We calculated late-seral proportion within each 
10  m raster cell as the proportion of BA (i.e., sur-
viving BA for growth and initial live BA for recruit-
ment) composed of Engelmann spruce, subalpine 
fir, or any other late-seral species (i.e., those species 
present in the plots in smaller quantities). We calcu-
lated the mortality proportion within each 10 m ras-
ter cell as the proportion of initial live BA that was 
killed (due to MPB or any other causes) during the 
growth period. Topographic position and slope were 
calculated using the centroid of each raster cell as 
the focal location, using methods described above. 
To avoid boundary effects, raster cell centroids were 
positioned ≥ 10 m from the edge of each plot (i.e., a 
5 m interior plot buffer was excluded from analysis).

Statistical analyses

We used Bayesian spatial regression models to make 
inference regarding the potential influence of covari-
ates on each individual tree and aggregate growth 
metric. Growth responses for tree or raster cell 
i(i = 1,… , n) were modeled as random variables Yi 
with mean �i measured at locations si . Models take 
the following form:

here, g() is a link function, xik(k = 1,… ,K) are 
covariates, ai is a random effect of plot, and �i is a 

g
(

�i

)

= �
0
+

K
∑

k=1

�kxik + ai + �i

Fig. 2  Net change in total live basal area within one plot (C3). 
Cell size is 10 m and coordinates are relative to southwest cor-
ner of plot. Net changes in live basal area within all three plots 
included in Supplementary Material A
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spatial random effect modeled as a continuous Gauss-
ian random field (GRF) measured at location si,

We modeled the covariance matrix Σ using a 
Matérn covariance function parameterized by mar-
ginal standard deviation �� and practical range r (dis-
tance at which correlation drops to approximately 
0.1) (Lindgren et al. 2011).

Across growth periods, we found evidence for 
non-linear changes in aggregate BA growth with sur-
viving stem density, which we modeled using a quad-
ratic term for surviving stem density as a covariate. 
In the post-outbreak period (2004–2018), we found 
evidence for non-linear changes in individual tree 
growth rates with DBH for all three species, which 
we modeled using a smooth term on the DBH covari-
ate. Thus, individual tree models in the post-outbreak 
period include a term ul , which takes the form of a 
random walk of order one modeled at indices l of the 
binned DBH covariate:

Continuous growth responses (individual tree 
growth and aggregate BA growth), and the difference 
in aggregate overstory recruitment between time peri-
ods (which takes both positive and negative values), 
were modeled as Normal random variables with an 
identity link. Discrete pre- and post-outbreak over-
story recruitment count responses were modeled as 
Poisson random variables with a log link.

Following methods described in Buonanduci 
et al. (2020), we used the Integrated Nested Laplace 
Approximation (INLA) and Stochastic Partial Dif-
ferential Equation (SPDE) approaches to implement 
spatial models in a Bayesian framework (Lindgren 
et al. 2011; Blangiardo and Cameletti 2015) (Supple-
mentary Material B, Fig. B1). To avoid spatial over-
fitting, we used penalized complexity priors for the 
marginal standard deviation and practical range of the 
GRF (Fuglstad et  al. 2018). We used uninformative 
priors for all other parameters (Krainski et al. 2019). 
Both the INLA and SPDE approaches were imple-
mented in R (R Core Team 2021) using the R-INLA 
package (www.r- inla. org).

We evaluated model fit via the conditional pre-
dictive ordinate (CPO; Pettit 1990), which is a leave 
one out cross-validation score. The sum of log CPO 

�i
(

si
)

∼ GRF(0,Σ)

ul ∼ Normal(ul−1, �
2

u
)

values is a useful summary of model fit, with larger 
sums indicating a better-fitting model (Blangiardo and 
Cameletti 2015). To enable comparison of the magni-
tude of coefficients within each model, we standard-
ized all covariates within each dataset by subtracting 
their means and dividing by two times their standard 
deviations. A covariate or interaction term was con-
sidered an important predictor if the 95% credible 
interval for the coefficient did not include zero. We 
validated each model using standard regression diag-
nostics and tested for residual spatial autocorrelation 
using Moran’s I (Cliff and Ord 1981). We conducted 
sensitivity analyses to confirm that varying the spatial 
resolution of individual tree growth covariates (i.e., 
using 5, 10, or 15 m radii to quantify neighborhood 
characteristics) or aggregate growth response vari-
ables (i.e., using 5, 10, or 15 m raster cells to quantify 
aggregate metrics) would not qualitatively change the 
results and conclusions (Supplementary Material B, 
Figs. B2–3).

When modeling individual tree growth responses, 
we first fit a single model for each growth period with 
species included as the only fixed effect to test for 
overall differences in species-specific magnitudes of 
growth. We then fit species-specific models for each 
growth response, including all potential covariates. 
Because we expected some covariate effects might 
vary with tree size, we considered interaction terms 
between DBH and all other covariates. To limit the 
overall number of statistical tests, we added interac-
tion terms to each model only if they were important 
predictors (i.e., 95% credible interval for the interac-
tion term did not include zero) and they improved 
model fit (i.e., increased the sum of log CPO values).

Results

Heterogeneity in tree- and neighborhood-scale 
characteristics

Within stands and across growth periods, tree- and 
neighborhood-scale characteristics varied widely 
(Supplementary Material B, Tables B1 – B3). Neigh-
borhood density and composition, for example, were 
highly variable within stands both pre- and post-
outbreak, with live BA ranging from 0.6 to 115.9 
 m2/ha and late-seral proportion ranging from 0.0 to 
1.0 (Supplementary Material B, Tables B2 – B3). 

http://www.r-inla.org
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Neighborhood mortality proportion was relatively 
low on average in the pre-outbreak period (mean 
ranging from 0.1 to 0.2 across datasets) compared to 
the post-outbreak period (mean ranging from 0.5 to 
0.8 across datasets); however, a wide range in neigh-
borhood mortality proportion was observed within 
plots across both periods (minimum ranging from 0.0 
to 0.07 and maximum ranging from 0.6 to 1.0 across 
datasets; Supplementary Material B, Tables B1–B3).

Individual tree diameter growth

Within each growth period (i.e., pre-outbreak, post-
outbreak, and release), diameter growth responses 
of late-seral, shade-tolerant species (i.e., Engelmann 
spruce and subalpine fir) were greater than those of 
lodgepole pine (Table  2; Fig.  1a), with estimated 

mean growth responses being greatest for Engelmann 
spruce, followed by subalpine fir and then lodge-
pole pine (based on regression models with species 
as the only fixed effect; Supplementary Material B, 
Table B4). Estimated mean growth releases for each 
species were greater than zero (based on intercept-
only regression models; Supplementary Material B, 
Table  B5). The direction and magnitude of effects 
of covariates varied by growth period and species 
(Fig. 3; Supplementary Material B, Table B6).

Pre‑outbreak growth (1989–2004)

In the pre-outbreak period, neighborhood density had 
a strong effect on growth rates across species, with 
lodgepole pine, Engelmann spruce, and subalpine fir 
growth rates all decreasing with neighborhood density 

Fig. 3  Effect of covariates on individual tree diameter growth 
responses. Here and in Fig. 5, dots represent the medians of the 
posteriors and horizontal lines represent 95% credible inter-
vals. Closed circles represent statistically important predictors, 
and open circles represent predictors that are not statistically 

important. The effects for each predictor are per 2 SD within 
each growth period- and species-specific dataset. Blank spaces 
indicate covariates not evaluated in a particular model. *See 
Supplementary Material B, Fig. B5 for non-linear effect of 
DBH in the post-outbreak period
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(Fig.  3). For lodgepole pine, the negative effect of 
neighborhood density lessened with increasing DBH 
(Fig. 3), suggesting that growth rates of small lodge-
pole pine decreased more sharply with neighborhood 
density than growth rates of large lodgepole pine. 
Interaction terms of DBH and neighborhood mortal-
ity suggest growth rates varied marginally with neigh-
borhood mortality, though the direction of effects 
differed both with tree size and by species (Fig.  3). 
Additional marginal effects of neighborhood conspe-
cifics and slope steepness were observed for Engel-
mann spruce, and additional marginal effects of DBH 
and slope steepness were observed for subalpine fir 
(Fig. 3).

Post‑outbreak growth (2004–2018)

In the post-outbreak period, neighborhood density, 
neighborhood mortality, and DBH had strong effects 
on growth rates across species, with lodgepole pine, 
Engelmann spruce, and subalpine fir growth rates all 
decreasing with neighborhood density and increasing 
with neighborhood mortality (Fig.  3). Growth rates 
of all species increased with DBH up to ~ 10–20 cm 
DBH, beyond which growth rates decreased with fur-
ther increases in DBH (Supplementary Material B, 
Fig. B5). Furthermore, effects of neighborhood-scale 
characteristics varied with tree size and among spe-
cies. For lodgepole pine, growth rates of small trees 
decreased more sharply with neighborhood density 
than growth rates of large trees; conversely, for sub-
alpine fir, growth rates of large trees decreased more 
sharply with neighborhood density than growth rates 
of small trees (Fig.  3). For both lodgepole pine and 
Engelmann spruce, the positive effect of neighbor-
hood mortality lessened with greater DBH (Fig.  3). 
Additional marginal effects of neighborhood conspe-
cifics were observed for all species, and additional 
marginal effects of slope steepness were observed 
for Engelmann spruce and subalpine fir, though the 
direction of effects varied (Fig. 3).

Growth release

For all three tree species, growth releases were 
strongly related to DBH and neighborhood mortal-
ity, with growth releases being greatest for small 
trees and decreasing with greater DBH (Figs. 3 and 
4 ). Growth releases of all species increased with 

neighborhood mortality, and for lodgepole pine and 
Engelmann spruce, growth releases of small trees 
increased more sharply with neighborhood mortal-
ity than growth releases of large trees (Figs. 3 and 
4). Growth releases of lodgepole pine and subalpine 
fir decreased with neighborhood density, though 
the effect of neighborhood density lessened with 
greater DBH for lodgepole pine (Figs. 3 and 4). An 
additional marginal effect of slope steepness was 
observed for Engelmann spruce. While we could 
not evaluate the effect of neighborhood conspecif-
ics for subalpine fir growth releases due to issues of 

Fig. 4  Change in relationship between covariates (x-axis) and 
predicted individual diameter growth release (y-axis) across 
gradients of tree diameter. Small, medium, and large diam-
eters specified as 10, 20, and 30 cm respectively for lodgepole 
pine and 10, 25, and 40 cm respectively for Engelmann spruce 
and subalpine fir. Solid lines represent posterior medians, dark 
shading represents 95% credible intervals for predictions at one 
location, and light shading represents variability in 95% cred-
ible intervals for predictions across locations (i.e., variability 
modeled by the spatial GRF; not visible for Engelmann spruce 
or subalpine fir due to low level of variation attributed to spa-
tial GRF in these models). Predictions consider each combina-
tion of covariates in isolation, holding all other covariates at 
zero (i.e., their average values)
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collinearity, we did not detect an effect of neighbor-
hood conspecifics on growth releases of the other 
species.

Within-stand net change in live basal area

Net changes in total live BA (i.e., BA growth minus 
mortality) were largely negative in the post-outbreak 
period (Fig. 2). Within plots, net changes in live BA 
over the pre-outbreak period ranged from − 57.3 to 
9.8  m2/ha (mean = −3.8  m2/ha, median = 0.2  m2/ha). 
Over the post-outbreak period, net changes in live BA 
ranged from − 86.0 to 7.1  m2/ha (mean = −26.5  m2/
ha, median = −27.0  m2/ha; Fig. 2).

Within-stand aggregate basal area growth

Aggregate BA growth varied widely across the 
within-stand landscape and between growth periods 
(Table  2; Fig.  1b). BA growth releases also varied 

widely across the within-stand landscape (Table  3; 
Fig. 1b), though the mean was not statistically differ-
ent from zero (based on an intercept-only regression 
model; Supplementary Material B, Table B7).

The direction and magnitude of factors associated 
with within-stand aggregate BA growth varied by 
growth period (Fig.  5a; Supplementary Material B, 
Table B8). Pre-outbreak, BA growth rates were unre-
lated to mortality proportion (Fig.  5a). Pre-outbreak 
BA growth rates increased with surviving BA (i.e., 
BA of live trees that survived the growth period), 
increased then plateaued with surviving stem density 
(positive main effect and negative quadratic term), 
and increased with the proportion of surviving BA 
composed of late-seral species (Fig.  5a). Post-out-
break, BA growth rates decreased with mortality pro-
portion and were unrelated to surviving BA (Fig. 5a). 
Post-outbreak BA growth rates increased then pla-
teaued with surviving stem density (positive main 
effect and negative quadratic term) and increased 

Fig. 5  Effect of covariates on aggregate growth responses. a  Aggregate basal area growth of live trees. b  Aggregate overstory 
recruitment. Symbols are described in Fig. 3
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with the proportion of surviving BA composed of 
late-seral species (Fig.  5a). BA growth releases 
decreased with mortality proportion and surviving 
BA, increased then plateaued with surviving stem 
density, and increased with the proportion of surviv-
ing BA composed of late-seral species (Fig. 5a).

Within-stand aggregate overstory recruitment

Overstory recruitment density varied widely across 
the within-stand landscape and between growth 
periods (Table  2; Fig.  1c). On average, recruitment 
release was statistically greater than zero (based on 
an intercept-only regression model; Supplementary 
Material B, Table B9). Pre- and post-outbreak, over-
story recruitment was predominantly lodgepole pine 
(49% and 56% of stems), followed by subalpine fir 
(34% and 33% of stems) and Engelmann spruce (13% 
and 9% of stems), with species-specific spatial pat-
terns generally following patterns of the pre-outbreak 
canopy (Supplementary Material A, Fig. A6).

The factors associated with within-stand aggregate 
overstory recruitment remained relatively consistent 
across time periods, though the relative magnitude 
of effects changed (Fig. 5b; Supplementary Material 
B, Table  B10). Pre-outbreak, overstory recruitment 
decreased with initial live BA (i.e., BA of trees alive 
at the beginning of the growth period), initial live 
stem density, slope, and topographic position (i.e., 
convexity) (Fig.  5b). Pre-outbreak overstory recruit-
ment increased with both the proportion of BA com-
posed of late-seral species as well as with mortality 
proportion (Fig. 5b). Post-outbreak, overstory recruit-
ment also decreased with slope and increased with 
both the proportion of BA composed of late-seral 
species and with mortality proportion (Fig. 5b). Over-
story recruitment releases decreased with initial live 
stem density and increased with mortality proportion 
(Fig. 5b).

Discussion

Using a unique spatially explicit long-term monitor-
ing dataset, our study highlights mechanisms of for-
est recovery following bark beetle outbreak and dem-
onstrates the importance of spatial heterogeneity in 
directing ecosystem response to disturbance. Overall, 
we found strong evidence for compensatory responses 

of forests at multiple scales following the outbreak, 
with increases in individual tree diameter growth and 
overstory recruitment density, as well as stability in 
aggregate BA growth of live trees despite outbreak-
induced decreases in live BA. Neighborhood charac-
teristics shaped both individual and aggregate growth 
responses following severe MPB outbreak, with the 
magnitude of responses strongly mediated by pre-
outbreak neighborhood structure and neighborhood 
mortality. Individual tree growth responses varied 
widely with tree- and neighborhood-scale characteris-
tics; this tree-scale variation, combined with the spa-
tial arrangement of survivors, resulted in highly vari-
able emergent patterns of within-stand aggregate BA 
growth and overstory recruitment. Our findings have 
important implications for understanding the role 
of spatial heterogeneity in shaping post-disturbance 
forest dynamics and associated ecosystem services 
(Turner et al. 2013).

Strong post-outbreak compensatory responses 
occurred across spatial scales

Following the severe mortality caused by the MPB 
outbreak, we found strong compensatory responses 
in both individual and aggregate within-stand growth, 
demonstrating an important mechanism of forest 
resilience at multiple spatial scales. As expected, 
diameter growth rates of individual surviving trees 
increased on average for all species, and overstory 
recruitment density increased as growth releases of 
small-diameter trees enabled a greater number of 
understory trees to grow into the overstory. Rates of 
recovery can be variable following bark beetle out-
break; some stands recover relatively quickly (e.g., 
within several decades), while others are much slower 
to return to pre-outbreak BA and density (Griesbauer 
and Green 2006). Further research would be needed 
to determine the rate of recovery in our study stands, 
particularly in the context of a warming and drying 
climate. However, our finding of accelerated recruit-
ment of overstory trees suggests that responses of 
growth to resource release will eventually compen-
sate for the reduction in overstory BA and stem den-
sity resulting from the outbreak.

Compensatory responses of surviving trees were 
sufficient to maintain continuity in rates of biomass 
accumulation across stands, which has important 
implications for carbon sequestration both leading 
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up to and following bark beetle outbreaks. Aggregate 
BA growth varied widely with both stand structure 
and growth responses of individual trees, implying 
similarly wide spatial variation in carbon fluxes at the 
within-stand scale (Pfeifer et  al. 2011). Despite net 
changes in live BA being largely negative in the post-
outbreak period (i.e., fewer live trees contributing to 
aggregate BA growth), aggregate BA growth did not 
change on average from pre- to post-outbreak, sug-
gesting that though spatially variable within stands, 
there was overall stability in rates of biomass accu-
mulation when scaled up to the stand. Our results 
are consistent with findings elsewhere in the South-
ern Rockies, where stability in biomass accumula-
tion has been found despite increases in mortality at 
aggregate stand scales (Chai et  al. 2019), and com-
pensatory responses following beetle outbreaks is 
strong among stands across the region (Rodman et al. 
2022). Our results are also consistent with findings 
that net uptake of atmospheric carbon within stands 
can recover within just a few years of MPB outbreak 
(Brown et  al. 2012). This stability in within-stand 
productivity and carbon uptake despite substantial 
losses of live biomass is an important dimension 
of forest resilience (Turner et  al. 2013; Davis et  al. 
2022), one that is facilitated by rapid redistribution of 
productivity within a stand following stand-releasing 
disturbance (Romme et al. 1986).

Pre-outbreak neighborhood structure and 
neighborhood mortality drive compensatory growth 
responses

Consistent and strong effects of neighborhood struc-
ture on tree growth in our study highlight the impor-
tance of resource competition, an inherently spatial 
process, in driving compensatory responses to dis-
turbance across scales. Prior to and following the 
outbreak, individual tree diameter growth rates and 
aggregate overstory recruitment density decreased 
with neighborhood density (i.e., neighborhood com-
petition). Conversely, aggregate BA growth increased 
with surviving neighborhood density (since a higher 
number of surviving trees translates to a higher 
potential for aggregate growth). However, this posi-
tive relationship plateaued in high-density neigh-
borhoods as competition imposed limits on further 
increases in aggregate growth. The differing forms of 
these relationships reflect the similar role yet differing 

signature of neighborhood density in shaping indi-
vidual- versus aggregate-level growth rates (Long 
and Vacchiano 2014). Our results illustrate the inher-
ent tradeoff between individual and aggregate growth 
within a stand (Long et al. 2004) and demonstrate the 
importance of competition for resources (i.e., light, 
water, nutrients) as a mechanism limiting tree growth 
(Craine and Dybzinski 2013) across spatial scales.

Following the outbreak, neighborhood mortal-
ity strongly drove compensatory growth responses, 
particularly for small-diameter trees. Small-diameter 
trees responded more strongly to resources released 
by overstory mortality compared to large-diameter 
trees, supporting similar tree-scale findings elsewhere 
(Cole and Amman 1980; Veblen et  al. 1991; Hawk-
ins et al. 2013). While small-diameter trees generally 
have a greater capacity for diameter growth compared 
to large-diameter trees, their growth is also more 
likely to be suppressed via competition for light and 
belowground resources when growing in the mid- to 
lower-canopy of uneven-aged stands (Oliver and Lar-
son 1996; Caspersen et  al. 2011). When mortality 
occurs nearby, particularly severe overstory mortality 
that increases light availability, small-diameter trees 
therefore demonstrate the greatest growth release 
(Romme et  al. 1986). At the within-stand scale, our 
finding that overstory recruitment density increased 
with neighborhood mortality follows from the strong 
growth responses of small-diameter trees, which 
effectively accelerated the growth of understory trees 
into the overstory. Our findings highlight how the 
interaction of tree- and neighborhood-scale charac-
teristics can result in strong compensatory growth 
responses following stand-releasing disturbances.

While neighborhood mortality strongly shaped 
growth responses following the outbreak, growth 
responses prior to the outbreak were less consist-
ently affected by nearby mortality. Pre-outbreak 
growth rates of some trees increased with neighbor-
hood mortality while others decreased; aggregate BA 
growth was unrelated to mortality, whereas aggregate 
overstory recruitment density increased with mor-
tality. Following low-level disturbance or mortal-
ity resulting from gradual decline, growth releases 
of nearby trees may be mixed or modest (Thompson 
et al. 2007). Mortality levels were relatively low dur-
ing the pre-outbreak period, which likely explains 
why growth responses to neighborhood mortality 
were mixed. In the absence of severe and punctuated 
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disturbance (i.e., in the context of background mor-
tality), our results suggest compensatory responses to 
neighborhood mortality may be inconsistent or diffi-
cult to detect.

Across a range of mortality levels, our findings 
suggest a persistent legacy of pre-outbreak neighbor-
hood structure on post-outbreak growth responses. 
After accounting for neighborhood mortality, growth 
releases of individual lodgepole pine and subalpine 
fir, as well as releases of aggregate overstory recruit-
ment, decreased with initial neighborhood density 
(i.e., density of neighboring live trees at the start of 
the outbreak). Our results suggest a tradeoff in the 
role of pre-disturbance suppression on post-distur-
bance compensatory response. While small-diameter 
trees, those most likely to be suppressed, demon-
strated the strongest responses to neighborhood mor-
tality, trees experiencing high levels of pre-outbreak 
suppression may have had a reduced capacity for 
recovery once resource availability increased. This is 
potentially due to physiological effects of suppression 
(Wright et al. 2000) or persistent impacts of standing 
dead trees, which can impede growth by continuing 
to shade surviving trees or inflicting injury via falling 
branches (Dhar and Hawkins 2011). Interestingly, we 
found no evidence that growth releases of Engelmann 
spruce decreased with initial neighborhood density, 
suggesting this species may be more capable of per-
sisting through and recovering from suppression 
once resources are released (Andrus et al. 2018). Our 
results for lodgepole pine (a shade-intolerant species) 
and Engelmann spruce (a shade-tolerant species) sup-
port the idea that growth releases of shade-intolerant 
species are more negatively impacted by the level 
of suppression prior to resource release than shade-
tolerant species (Wright et al. 2000). These size- and 
species-specific differences in how individual trees 
responded to neighborhood structure and mortal-
ity have important implications for dendroecological 
reconstructions of historical bark beetle outbreaks 
(e.g., Negrón and Huckaby 2020), as both the size 
of the tree at the time of an outbreak as well as its 
location relative to other trees in a stand will impact 
the ability to detect a historical outbreak (Thompson 
et al. 2007).

While our study focused on growth responses, our 
findings also demonstrate the role of pre-outbreak 
stand structure and outbreak severity in dictating 
post-outbreak successional dynamics (Diskin et  al. 

2011; Morris et al. 2022). When combined, selective 
mortality of the overstory and growth release of the 
understory often accelerate the succession of stands 
towards late-seral, shade-tolerant species (Cole and 
Amman 1980; Heath and Alfaro 1990). Our finding 
that late-seral species (i.e., Engelmann spruce and 
subalpine fir) had the highest growth responses, and 
that aggregate BA growth and overstory recruitment 
were highest in areas dominated by late-seral species, 
suggests our study plots will trend toward dominance 
by late-seral species following the outbreak, as found 
elsewhere within our study region (Collins et al. 2011, 
2012). Lodgepole pine will remain an important com-
ponent of our study stands, however, as it continued 
to dominate post-outbreak overstory recruitment (i.e., 
total number of stems). These findings highlight how 
pre-outbreak spatial pattern acts as a persistent bio-
logical legacy shaping post-outbreak stand develop-
ment dynamics (Bače et al. 2015), which in turn will 
shape how these stands respond to future disturbance 
(Turner et al. 2013).

Spatial patterns of aggregate growth emerge from the 
growth and spatial arrangement of individual trees

Across the within-stand landscape, aggregate growth 
responses were driven and constrained by spatial lega-
cies of the outbreak: the growth responses and spatial 
arrangement of individual survivors. Fine-scale het-
erogeneity in neighborhood density and mortality led 
to a wide range of individual tree growth responses. 
Emergent patterns of aggregate BA growth and over-
story recruitment, which also varied widely within 
stands, follow from this variation in growth responses 
of individual trees. For example, our finding that 
aggregate BA growth and overstory recruitment were 
highest in neighborhoods dominated by late-seral 
species follows from the greater growth responses of 
late-seral species relative to lodgepole pine. Similarly, 
our finding that aggregate overstory recruitment den-
sity increased with neighborhood mortality follows 
from the strong compensatory responses of small-
diameter trees. However, while resources released 
by mortality may increase growth at the tree level for 
individual survivors, aggregate within-stand growth 
is strongly determined by the number and size of trees 
that survive. Post-outbreak aggregate BA growth 
rates and releases decreased with neighborhood mor-
tality, likely because overstory mortality reduces 
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surviving BA and stem density, thereby reducing the 
aggregate potential for BA growth (Long and Vac-
chiano 2014). These results illustrate the limits on 
aggregate population-level compensatory responses 
imposed by the number, size, and spatial arrangement 
of survivors. These results also illustrate the role of 
within-stand spatial heterogeneity in shaping com-
pensatory growth responses across scales.

Drivers and spatial patterns of aggregate growth 
shifted from pre- to post-outbreak as overstory mor-
tality altered the growth responses of individual sur-
vivors. Prior to the outbreak, for example, aggregate 
BA growth rates were highest in neighborhoods with 
larger trees (i.e., after accounting for stem density, 
aggregate BA growth increased with BA). Follow-
ing the outbreak, however, neighborhoods composed 
of small trees yielded levels of aggregate BA growth 
comparable to neighborhoods composed of the same 
number of large trees. From pre- to post-outbreak, 
the relative magnitude of drivers of overstory recruit-
ment also shifted, with fine-scale topography playing 
a stronger role in the pre-outbreak period compared 
to the post-outbreak period, when overstory recruit-
ment was related primarily to late-seral proportion 
and neighborhood mortality. These shifts in drivers 
of aggregate growth metrics contributed to qualitative 
shifts in the spatial patterns of BA growth and over-
story recruitment from pre- to post-outbreak. Thus, 
not only did the outbreak alter stand structure directly, 
redistributing biomass within the stand (Donato et al. 
2013; Morris et al. 2022); it also redistributed within-
stand patterns of productivity (Romme et al. 1986).

Conclusion

Compensatory responses of forests, wherein the 
loss of one forest component is compensated for 
by the growth of another following disturbance, are 
key mechanisms of resilience with strong stabiliz-
ing effects within forest communities (Gonzalez and 
Loreau 2009). Overall, we found strong evidence 
for compensatory responses across spatial scales. 
Overstory recruitment density increased as growth 
releases of small-diameter trees accelerated growth 
of understory trees into the overstory. Despite 
net decreases in live BA caused by the outbreak, 
increases in growth rates of surviving trees were 
sufficient to maintain stability in rates of biomass 

accumulation within our study stands. Our findings 
illustrate how compensatory responses of individ-
ual trees vary widely with size, species, and spatial 
position within a stand, demonstrating the impor-
tance of spatially explicit, individual-based mod-
eling approaches for reconstructing spatial patterns 
of historical disturbance (Vašíčková et  al. 2019) 
and predicting post-disturbance forest dynamics 
(Seidl et  al. 2012). Post-outbreak growth rates and 
growth releases were greatest for small-diameter 
trees located in neighborhoods with high levels of 
overstory mortality, with late-seral, shade-tolerant 
species exhibiting the greatest growth responses 
both prior to and following the outbreak. This varia-
tion in individual tree responses, combined with the 
spatial pattern of surviving trees, resulted in highly 
variable emergent patterns of aggregate BA growth 
and overstory recruitment. Quantifying the ways in 
which forests compensate for stand-releasing distur-
bances such as bark beetle outbreaks is critical for 
modeling post-disturbance stand development and 
forest carbon dynamics (Dhar and Hawkins 2011; 
Pfeifer et  al. 2011). By evaluating forest compen-
satory responses in a spatially explicit framework, 
our findings highlight the role of landscape compo-
sition and configuration in shaping forest resilience 
(Chambers et al. 2019).
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