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Abstract: The long-term effectiveness of dry-forest fuels treatments (restoration thinning and
prescribed burning) depends, in part, on the pace at which trees regenerate and recruit into the
overstory. Knowledge of the factors that shape post-treatment regeneration and growth is limited
by the short timeframes and simple disturbance histories of past research. Here, we present results
of a 15-year fuels-reduction experiment in central Washington, including responses to planned
and unplanned disturbances. We explore the changing patterns of Douglas-fir regeneration in
72 permanent plots (0.1 ha) varying in overstory abundance (a function of density and basal
area) and disturbance history—the latter including thinning, prescribed burning, and/or wildfire.
Plots were measured before treatment (2000/2001), soon afterwards (2004/2005), and more than
a decade later (2015). Thinning combined with burning enhanced sapling recruitment (ingrowth)
into the overstory, although rates of ingrowth were consistently low and greatly exceeded by
mortality. Relationships between seedling frequency (proportion of quadrats within a plot) and
overstory abundance shifted from weakly negative before treatment to positive after thinning,
to neutral in the longer term. However, these relationships were overshadowed by more recent,
higher-severity prescribed fire and wildfire that stimulated seedling establishment while killing
advanced regeneration and overstory trees. Our results highlight the dependence of regeneration
responses on the history of, and time since, fuels treatment and subsequent disturbance.
Managers must be aware of this spatial and temporal complexity and plan for future disturbances
that are inevitable but unpredictable in timing and severity.

Keywords: Douglas-fir; Fire and Fire Surrogate; dry forest restoration; fuels-reduction treatments;
prescribed fire; wildfire; thinning; long-term studies; regeneration; overstory-understory interactions

1. Introduction

Large areas of dry coniferous forests in western North America require restoration to reduce the
risk of high severity wildfire and to restore the structures and functions that characterized these forests
historically [1–5]. Restoration treatments, including mechanical thinning and prescribed burning,
have proven effective for achieving these objectives in the short term by reducing surface and ladder
fuels, increasing canopy base height, and reducing canopy bulk density [6–12]. However, the longevity
of these effects varies considerably within and among landscapes [13], and the factors influencing this
variability are not well understood.

A key factor contributing to fuels-treatment longevity is the rate at which trees re-establish and
grow following treatment. Understory regeneration is a primary source of ladder fuels, and as saplings
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recruit into the overstory they increase canopy bulk density and crown-fire potential [14]. Knowledge of
the factors that regulate regeneration and growth is critical to the design of fuels-treatment prescriptions,
including the need for, or timing of, re-entry to maintain fuels or structural objectives.

Regeneration responses to restoration treatments may be influenced by numerous factors,
including pre-treatment densities, losses to thinning or fire, and changes in the biotic or abiotic conditions
that affect recruitment. Prior to treatment, regeneration density or spatial variability may reflect past
disturbance, overstory structure, or topo-edaphic controls (e.g., aspect, elevation, microtopography,
or soil depth) [15–17]. Fuels treatments can reduce regeneration densities via mechanical damage
(e.g., crushing or burial during felling or yarding) or by heating (fire). Subsequent recruitment can be
shaped by changes in seedbed conditions, seed availability, and light or soil resources [18]. For example,
thinning generates slash and fine litter that can inhibit germination, root development, and seedling
survival [19–21]. In contrast, prescribed fire consumes surface litter, exposes mineral soil, and triggers
a flush of mineral nitrogen [22,23]—conditions that benefit germination and growth [21,24,25].
Seed availability can be enhanced if thinning promotes diameter growth or cone production [26].
Conversely, loss of overstory trees can reduce proximity to seed sources, particularly for species that are
less common or patchily distributed [16,27,28]. Thinning and burning can also promote regeneration
by increasing the availability of light and soil resources [29,30] or, by the same effect, inhibit it if
competing vegetation preferentially benefits [21,31], or shade-tolerant tree species are stressed by
excessive radiation or evaporative demand [21,32]).

In the longer term, patterns of recruitment and growth may vary temporally, reflecting variation
in cone production [33], climatic conditions that facilitate germination and early survival [27,30,34,35],
or structural changes in the overstory and understory [27,36,37]. For example, recruitment may decline
over time due to canopy infilling or expansion of competing shrubs. Conversely, recruitment may
increase over time if seed production or overstory mortality—and associated changes in resource
availability—lag behind initial treatment effects [14,38,39]. Similarly, growth of seedlings may be
delayed until they emerge from the shrub layer (e.g., [31]).

Given the myriad factors that can influence regeneration in space and time, it may be difficult to
predict longer-term (decade-scale) responses to fuels treatments from initial effects [40]. Within this
timeframe, natural disturbances (e.g., wildfires or insect outbreaks) are likely to redirect the trajectory
of treated stands. Moreover, climate warming should increase the frequency and/or severity of these
disturbance events. Adaptive management of dry-forest ecosystems will benefit from long-term
fuels-reduction experiments that capture the complex dynamics resulting from repeated disturbances,
both planned and unplanned. In this experiment, we examine the long-term (15-year) dynamics of
conifer regeneration in dry, mixed-conifer forests of central Washington State (USA) subjected to
fuels-reduction treatments (mechanical thinning and prescribed burning) and natural disturbance
(wildfire). Using longitudinal data from permanent plots representing diverse histories of disturbance,
we model the changing relationships of regeneration to the individual and interactive effects of
overstory abundance, fuels treatments, and wildfire.

2. Materials and Methods

2.1. Study Sites and Treatments

This study occurred in dry forests of the Mission Creek watershed on the east side of the Cascade
Mountains in central Washington State, USA (Figure 1). The site was chosen to represent forests of the
interior Columbia River basin (Ecological Subregion 11) [41] as part of a broader network of sites for
the Fire and Fire Surrogate (FFS) Study [42]. The climate is characterized by cool, wet winters and
warm, dry summers, with frequent drought and long periods of low fuel moisture. Soils are primarily
mollisols derived from sandstone [42]. The overstory is dominated by Douglas-fir (Pseudotsuga menziesii
(Mirbel) Franco) and ponderosa pine (Pinus ponderosa Lawson & C. Lawson), with minor contributions
by grand fir (Abies grandis (Douglas ex D. Don) Lindley) and western larch (Larix occidentalis Nutt.).
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Figure 1. Geographical distribution and fuels treatments of the 12 experimental units. Treatments included
factorial combinations of thinning and prescribed burning in either 2004 or 2006. Treatments were
randomly assigned among units with some re-allocation [42]. ‘Untreated’ refers to units that were neither
thinned nor prescribed burned. The stippled polygon is the area affected by the 2012 Wenatchee Complex
wildfire. Each unit contains six sample plots.

Twelve experimental units were established in 2000, each ~10 ha in area. A majority represented
the Douglas-fir series [43]. Within each unit, six permanent plots (0.1 ha; 20 × 50 m) were subjectively
placed in continuous forest vegetation to represent the dominant plant associations [42]. Plot elevations
ranged from 670 to 1180 m (mean: 852 m) and slopes from 7% to 72% (mean: 41%). Prior to treatment,
plots varied in relative abundance (density and basal area) of the principal tree species—from strong
dominance by Douglas-fir to strong dominance by ponderosa pine [8].

The FFS experimental design included factorial combinations of thinning and prescribed-fire
treatments (Figure 1). Treatments were randomly assigned to units, although the endangered northern
spotted owl (Strix occidentalis caurina) and fire-control issues required some re-allocation [42].
We summarize treatments here; for details see [42]. Six units were thinned in fall 2002 and spring 2003.
Units were thinned from below in a non-uniform pattern to a target basal area of 10–14 m2/ha such
that thinning intensity varied with initial forest structure [44]. Targets reflected the historical structure,
including clumped patterning of trees [42,45] and a goal of reducing fire hazard such that at least 80%
of the basal area of dominant and co-dominant trees would survive if subjected to a head fire under
80th-percentile fire-weather conditions [18]. On average, density was reduced by 60% and basal area by
50%, leaving a mean residual basal area of 17.4 m2/ha—somewhat larger than the target [8]. Trees were
yarded by helicopter. Prescribed-fire treatments had a more complex history. Although planned in
six units, only four burns were conducted in spring 2004. Fire severity was low (crown scorch on
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30% of trees) and coverage was patchy (23%–51% of the forest floor) such that treatments failed to
meet most surface-fuel objectives [8,46]. The two remaining burn units were treated in spring 2006,
when conditions were drier, severity was higher (crown scorch on 80% of trees), and coverage was
more complete [8].

Following treatments, the Wenatchee Complex wildfire burned through four units in fall 2012.
The units burned by the wildfire were thinned, previously burned, and untreated (Figures 1 and 2).
Anecdotal observations indicated that the wildfire burned at relatively low intensity due to an inversion
layer; however, it was more severe than either prescribed fire.
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Figure 2. Schematic illustration of the diverse and changing histories of fuels treatments (thinning and
prescribed burning) and wildfire among the 72 sample plots. Values (n) are the numbers of plots
sampled ‘Early’ (overstory in 2004, regeneration in 2005) or ‘Late’ (2015). Hatching denotes the history
of thinning (unthinned or thinned in 2002/2003). Colors denote the type and timing of fire: no fire,
’Early’ prescribed fire (2004, blue), ‘Late’ prescribed fire (2006, green), and ‘Late’ wildfire (2012, red).
Multiple colors in the Late sample indicate repeated burning of some plots.
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2.2. Data Collection and Processing

2.2.1. Overstory Structure

Overstory trees (≥7.6 cm diameter at breast height, DBH) were sampled before treatment (2000 or
2001, ‘Pre’), during the growing season after the first prescribed burn (2004, ‘Early’; second season
after thinning), and in 2015 (‘Late’; Figure 2).

The trees within each plot were tagged and identified to species. At each sampling date, trees
were coded as live or dead and DBH was measured on live trees. In prescribed burn or wildfire plots,
presence/absence of bole char was recorded for each tree.

For each plot × sampling date, we computed tree density (number/ha), basal area (m2/ha),
and a simple measure of overstory abundance (OA) that combined these two structural metrics
(
√

(density × basal area)); Figure A1, Appendix A1), as in [44]. OA served as our primary measure of
overstory structure. Because plots were thinned to a common target basal area, pre-treatment OA also
serves as a proxy for thinning intensity in thinned plots. For each plot, we also calculated three metrics
of overstory change during the Early–Late interval: (1) ingrowth (stems reaching 7.6 cm DBH between
2004 and 2015; number/ha); (2) mortality (trees alive in 2004 but dead in 2015; number/ha); and (3)
basal area increment (BAI, difference in basal area between 2004 and 2015; m2/ha), capturing the net
effect of ingrowth, mortality, and diameter growth of surviving trees (Table 1). Causes of mortality
were not assessed. We did not compute these metrics for the Pre–Early interval as structural changes
during this interval were reported in [8].

2.2.2. Regeneration

Regeneration was sampled before treatment (2000 or 2001, ′Pre′), during the second growing
season after the first prescribed burn (2005, ‘Early’; third season after thinning), and in 2015 (‘Late′)
(Figure 2). At each sampling date, the presence or absence of conifer seedlings (<1 m tall) was recorded
in each of 20 permanent quadrats (1 × 1 m) using a stratified, random design to ensure a broad
distribution of sampling across each plot (see Figure A3 in [44]).

Presence/absence data were used to compute three measures of seedling response for each plot:
(1) frequency at each sampling date (proportion of quadrats with seedlings), (2) colonization (number of
quadrats without seedlings at the start but with seedlings at the end of the interval), and (3) persistence
(number of quadrats with seedlings at both the start and end of the interval, reflecting either survival
or turnover). Colonization and persistence were calculated for each interval (Pre–Early, Early–Late,
Pre–Late).

In 2015, we also tallied regeneration by height class to include taller stems that were more
likely to influence near-term fire behavior and forest structure. We considered three height classes:
small seedlings (<0.3 m tall), large seedlings (0.3–1.37 m tall), and saplings (>1.37 m tall but <7.6 cm
DBH). Small seedlings were counted in each of the 20 quadrats per plot and large seedlings and
saplings in each of 40, 5 × 5 m contiguous grid cells per plot. We did not distinguish among species in
our analyses because Douglas-fir accounted for most of the regeneration (~90% of stems).

2.3. Statistical Analyses

Although fuels treatments were applied to experimental units, we treated plots within units as
independent samples (n = 72) for several reasons. First, a primary goal was to explore how regeneration
responded to overstory structure, which varied widely at the spatial scale of plots. Plots more
appropriately capture the scale at which overstory and regenerating trees interact (0.1 ha vs. ~10 ha for
units). Second, plots within the same unit showed wide variation in pre-treatment vegetation structure
and physical environment (Figure A2, Appendix A2). Third, not all plots within units received the
intended treatments: three plots in prescribed-fire units fell outside burn perimeters and were included
in analyses as unburned. We initially considered a mixed-model approach (i.e., plots nested within
units, with unit designated as a random effect) but rejected it because lack of replication at the unit
scale precluded testing of all disturbance histories.
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Table 1. Details of response variables used to assess relationships with overstory structure, fuels treatments, and wildfire. All responses were analyzed at the plot scale.

Category Response Definition Sampling Date or Interval Analysis Units

Overstory dynamics
Ingrowth Recruitment into the overstory:

trees reaching 7.6 cm DBH during interval Early–Late number/ha

Mortality Trees that died during interval Early–Late number/ha
Basal area increment (BAI) Change in basal area during interval Early–Late m2/ha

Seedling frequency (<1 m tall) Seedlings Conifers <1 m tall
Pre,

Early,
Late

proportion of quadrats

Seedling dynamics

Colonization Quadrats with seedlings (<1 m tall) at the
end but not start of interval

Pre–Early,
Early–Late,

Pre–Late
number of quadrats 1

Persistence Quadrats with seedlings (<1 m tall) at the
start and end of interval

Pre–Early,
Early–Late,

Pre–Late
number of quadrats 1

Regeneration frequency
(by height class)

Small seedlings Conifers <0.3 m tall Late proportion of quadrats
Large seedlings Conifers 0.3–1.37 m tall Late proportion of grid cells

Saplings Conifers >1.37 m tall and <7.6 cm DBH Late proportion of grid cells
1 The influence of each response (plot) value on the model was weighted by the number of quadrats available for colonization or persistence. Plots without available quadrats—i.e., where all
quadrats contained seedlings (colonization model) or all quadrats lacked seedlings (persistence model)—were excluded from those respective analyses.
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We used three binary variables to represent the history of thinning and burning of each
plot: ‘Thin treatment′ (thinned or unthinned), ′Early fire′ (burned in the 2004 prescribed fires or
unburned), and ‘Late fire’ (burned or unburned after 2004). This approach facilitated data visualization,
analysis, and interpretation, despite several limitations. First, binary treatment of thinning does
not capture the variability in intensity of tree removal among plots [44] (Figure A3, Appendix A3).
However, by modeling early responses as a function of pre-treatment OA, we accounted for some of
this variation: thinned plots with greater pre-treatment OA experienced greater thinning intensity.
Second, binary treatment of fire does not account for variation in burn severity. Nevertheless, it captures
the key difference between burned (particularly late fire) and unburned plots, as illustrated by the
percentage of trees charred within a plot (Figure A4, Appendix A3). Finally, the ′Late fire′ variable
does not distinguish between the 2006 prescribed fire and the 2012 wildfire, although both were more
severe than the 2004 prescribed fire. As a result, ′Early′ and ′Late′ fires reflect differences in severity,
as well as timing of disturbance.

We analyzed nine response variables, representing overstory dynamics, the spatial frequency of
regeneration, and seedling dynamics (Table 1). Some responses represented individual sampling dates
(Pre, Early, or Late) and others represented changes over a sampling interval (Pre–Early, Early–Late,
or Pre–Late). Densities of seedlings by height class were highly skewed and did not conform to model
assumptions, thus we analyzed frequencies (i.e., number of quadrats or grid cells with individuals of a
height class). BAI (which varied from negative to positive) was analyzed using a linear model (LM);
all other responses had zero as a lower bound and were analyzed using generalized linear models
(GLMs) with a negative binomial distribution.

Models represented the overstory structure (OA) of each plot, its disturbance history,
and interactions between OA and disturbance history. Although pre-treatment values were
highly predictive of post-treatment responses in previous analyses of understory vegetation [44],
lack of pre-treatment data for several regeneration variables precluded their inclusion in these
models. We added terms sequentially to each model, beginning with OA at the time of the response or
at the beginning of the interval. Disturbance-related terms and associated second-order interactions
were then added in chronological order. For example, responses at the Late sampling date were
evaluated using the following model structure:

Response ~ OA + Thin + Early fire + Late fire + OA × Thin + OA × Early fire +

OA × Late fire + Thin × Early fire + Thin × Late fire + Early fire × Late fire
(1)

For responses at the Early sampling date or Pre-Early interval, we omitted terms that included
′Late fire′, thus testing effects of disturbance until 2004. For the model of pre-treatment seedling
frequency (Table 1), OA was the only model term. The significance of each term was assessed using
an F-test for the LM and a chi-squared test for GLMs (i.e., Analysis of Deviance) with α = 0.05.
All analyses were conducted using R (v. 4.0.0) [47] with the MASS package (v. 7.3–51.5) [48]. For each
model, we present the goodness-of-fit statistic, R2. For the linear model, R2 is the percentage of
variance explained, and is calculated as 1 minus the ratio of the residual sum of squares to the total
sum of squares. For the GLMs, R2 is the model’s discrepancy from a perfect representation of the
data and is calculated as 1 minus the ratio of the deviance (fitted vs. ‘perfect’ model) to the null
deviance (‘intercept-only’ vs. ′perfect′ model) [49]. We also present the percentage of each model’s
total explained variance or deviance attributable to each term; these percentages sum to 100% for each
model. For GLMs, this percentage is the ratio of the improvement in deviance with each added term to
the deviance of the full, fitted model [49]. The analysis script, data, and metadata are available online
in Supplementary Materials.

3. Results

3.1. Overstory Dynamics: Early–Late Interval (2004–2015)

Post-treatment ingrowth (recruitment of saplings into the overstory) was recorded in 33% of plots
(24 of 72), at a low average density (10 trees/ha; range: 0–70; Figure 3). Ingrowth density was not related
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to OA but was related to thinning and burning history. Ingrowth density was higher in thinned than
in unthinned plots. Early burning (2004) enhanced this effect (significant Thin × Early-fire interaction;
Table 2), but the effect of Late fire was not significant.
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Figure 3. Measures of overstory dynamics after treatment (Early–Late interval, 2004–2015).
Rows differentiate response variables (ingrowth, mortality, and basal area increment [BAI], as defined
in Table 1). Points represent plots with different overstory abundance (OA) values in the Early sample
and different histories of thinning and fire (columns and symbols). Columns distinguish thinning
and Early (2004) prescribed-fire treatments. Symbols represent the most recent fire (′p′ for prescribed
fire and ′w′ for wildfire). Dashed and solid lines are modeled relationships for the Late-fire treatment
based on statistically significant terms (Table 2). For ingrowth, OA and the Late-fire treatment were not
significant, thus single horizontal lines are shown.

Post-treatment mortality greatly exceeded ingrowth (mean: 100 trees/ha; range: 0–510; Figure 3),
especially in plots subjected to late fire. The mortality model represented the data well (R2 = 0.64;
Table 2). Mortality was unaffected by thinning but was positively related to post-treatment OA.
The relationship to OA was steeper in unburned plots than in those that burned early (significant OA
× Early-fire interaction). Mortality was also significantly greater in plots that experienced late fire than
in those that did not.

Basal area increment (BAI), the net growth of overstory trees, was slightly positive on average
(mean: 0.2 m2/ha) but varied widely among plots (range: −14.9–6.8; Figure 3). BAI was unaffected by
thinning, positively related to post-treatment OA in plots that burned early, and negatively related to
OA in plots that did not burn (significant OA × Early-fire interaction) (Table 2). Late burning reduced
BAI irrespective of previous treatment history.
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Table 2. Summary of model results. See Table 1 for explanations of response variables and Tables A1–A6 (Appendix A4) for full model output. For the linear model
of BAI, R2 is the proportion of the variability explained by the full model. Values for individual terms are percentages of explained variability, summing to 100%.
For GLMs (all other responses), R2 is one minus the ratio of the model’s deviance from being the best (perfect) and worst (null, intercept-only) model. Values for
individual terms are percentages of deviance improvement with each added term, summing to 100%. Significant terms (p < 0.05) are underlined and bold. Terms that
were not tested for a particular response are denoted by a dash, ′–′. Sampling dates are Pre (2000/2001), Early (2004/2005), and Late (2015). Results for persistence are
not shown (na) as models did not converge due to low sample size.

Percentage of Explained Variability

Category Response Sampling Date
or Interval R2 OA Thin Early Fire

(EF)
Late Fire

(LF) OA × Thin OA × EF OA × LF Thin × EF Thin × LF EF × LF

Overstory dynamics
Ingrowth Early–Late 0.27 1 28 10 17 9 6 1 20 6 2
Mortality Early–Late 0.64 57 0 2 25 1 7 2 1 2 2

BAI Early–Late 0.36 17 3 12 26 9 25 1 4 1 1

Seedling frequency
(<1 m tall)

Seedlings Pre 0.07 100 – – – – – – – – –
Early 0.24 5 6 18 – 63 5 – 4 – –
Late 0.38 1 7 13 55 5 <1 6 1 1 10

Seedling dynamics

Colonization Pre–Early 0.30 31 2 21 – 36 7 – 4 – –
Early–Late 0.47 10 <1 18 47 4 1 6 1 2 11
Pre–Late 0.49 4 7 18 45 4 2 <1 1 6 12

Persistence Pre–Early na – – – - - - -
Early–Late na – – – – – –
Pre–Late na – – – – – –

Regeneration frequency
(by height class)

Small seedlings Late 0.41 1 8 15 63 2 <1 4 <1 <1 7
Large seedlings Late 0.39 5 18 5 18 38 1 13 <1 1 2

Saplings Late 0.43 35 17 <1 21 18 4 <1 <1 4 2
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3.2. Frequency of Seedlings (<1 m Tall): Pre, Early, and Late Samples (2000/2001, 2005, 2015)

Prior to treatment, seedlings were present in 6% of quadrats (range: 0%–35%; Figure 4).
Frequency declined with OA, although the overall model was weak (R2 = 0.07; Table 2).
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Figure 4. Frequency of seedlings (<1 m tall) in the Pre (2000/2001), Early (2005), and Late (2015) samples.
Values are % of quadrats per plot. Plot values of OA vary by sampling date; horizontal lines indicate
no relationship with OA. See Figure 3 for other details and Table 2 for statistical results.

In the Early sample, seedlings were present in 7% of quadrats (range: 0%–30%; Figure 4).
Frequency declined with OA in unthinned plots (as it had before treatment) but increased with OA in
thinned plots (significant OA × Thin interaction) (Table 2). Early burning enhanced seedling frequency.

In the Late sample, seedlings were present in more than twice as many quadrats (16%) as the
Pre or Early samples (range: 0%–55%; Figure 4). Frequency was not related to OA or thinning
(Table 2). Early burning reduced frequency (in contrast to its effect in the Early sample). Late burning
increased frequency, with a greater effect in plots that were burned early (significant Early-fire ×
Late-fire interaction).

3.3. Regeneration Dynamics: Colonization and Persistence of Seedlings (<1 m Tall)

The vast majority of quadrats lacked conifer seedlings (<1 m tall) prior to and after treatment.
Seedling colonization was often balanced by loss, and seedling persistence through or after thinning or
burning was negligible (Figure 5). During the first interval (Pre–Early), seedlings colonized 0–6 quadrats
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per plot (Figure 6). As a percentage of available quadrats—those lacking seedlings at the start of the
interval—colonization averaged 6% per plot (median: 5%; range: 0%–31%). Colonization declined
with pre-treatment OA in unthinned plots but increased with OA in thinned plots (significant OA ×
Thin interaction; Table 2). Colonization was also greater in early-burned than in unburned plots.
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Figure 5. Percentage of quadrats displaying four types of seedling dynamics (absence, colonization,
loss, or persistence) in the (a) Pre–Early and (b) Early–Late and Pre–Late intervals. Each quadrat was
assessed for seedling presence/absence at the start and end of the interval. ′Absent′ represents quadrats
that had no seedlings at either date. ′Colonization′ represents quadrats lacking seedlings at the start
but with one or more seedlings at the end of the interval. ‘Loss’ represents quadrats with one or more
seedlings at the start but no seedlings at the end of the interval. ′Persistence′ represents quadrats with
one or more seedlings at both dates. See Section 2.3 for additional details. Note that no thinned plots
experienced both Early and Late fires.

Colonization was considerably more frequent during the second interval (Early–Late; range:
0–11 quadrats per plot; Figure 6). As a percentage of available quadrats, colonization averaged 15%
per plot (median: 11%; range: 0%–55%). Colonization increased with post-treatment OA but was
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not affected by thinning (Table 2). Colonization was reduced by early burning (in contrast to the
Pre–Early period) but greatly enhanced by late burning, particularly in plots that had burned earlier
(significant Early-fire × Late-fire interaction).
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Figure 6. Colonization of seedlings (<1 m tall) expressed as the number of quadrats per plot into which
seedlings recruited during a sampling interval. Rows distinguish Pre–Early, Early–Late, and Pre–Late
intervals. For each interval, plot values of OA represent the start of the interval. See Figure 3 for other
details and Table 2 for statistical results.

Colonization over the combined interval (Pre–Late) was very similar to that in the second interval
(range: 0–11 quadrats per plot; Figure 6). As a percentage of available quadrats, colonization averaged
15% per plot (median: 11%; range: 0%–55%). Colonization was unrelated to pre-treatment OA,
but was slightly inhibited by thinning and early burning (Table 2). In contrast, late burning
enhanced colonization, promoting greater colonization of unthinned than of thinned plots, and greater
colonization of plots that had burned earlier (significant Thin × Late-fire and Early-fire × Late-fire
interactions; Table 2).

Seedlings persisted less often than they colonized. During the Pre–Early interval, seedlings persisted
in 0–2 quadrats per plot (Figure 7). As a percentage of available quadrats–those containing seedlings
at the start of the interval–persistence averaged 23% (median: 0%; range: 0%–100%; Figure 7).
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Persistence was similarly low for the other intervals. Models (Table 2) failed to converge due to small
sample sizes (n = 32–47 plots with seedlings present at the start of an interval) and low variance in
responses (0–3 quadrats with persistence). However, data distributions suggest no relationships to OA,
thinning, or burning history.
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Figure 7. Persistence of seedlings (<1 m tall) expressed as the number of quadrats per plot in which
seedlings were present at both the start and end of the sampling interval. Rows distinguish Pre–Early,
Early–Late, and Pre–Late intervals. For each interval, plot values of OA represent the start of the
interval. See Figure 3 for other details; modeled results are not shown (lack of convergence due to low
sample sizes).

3.4. Frequency of Regeneration by Height Class: Late Sample (2015)

The vast majority (90%) of regeneration in the Late sample (2015) was Douglas-fir. For all height
classes, frequency (% of quadrats or grid cells) and density (#/ha) were highly correlated, particularly in
plots with low frequency (<20%; Figure 8). In plots with higher frequency, the range of small- and
large-seedling densities varied substantially. In most plots, small seedlings (<0.3 m tall) were much
denser than large seedlings (0.3–1.37 m tall) or saplings (>1.37 m tall, <7.6 cm DBH). Size class mean
(and median) densities were 3188 (1500) stems/ha; 94 (10) stems/ha; and 44 (0) stems/ha, respectively.
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In 2015, small seedlings were present in an average of 16% (range: 0%–80%) of the 20, 1-m2 quadrats
per plot (Figure 9). Frequency was unrelated to OA, but was slightly greater in thinned than in unthinned
plots, slightly reduced by early burning, and strongly enhanced by late burning (Table 2).

Large seedlings were present in an average of 8% (range: 0%–53%) of the 40, 5 × 5 m grid
cells per plot (Figure 9). Frequency was unaffected by early burning. In contrast to small seedlings,
frequency was consistently lower in plots that burned late than in those that did not. Relationships with
OA were complex, varying with Thin and Late-fire treatments (significant OA × Thin and OA ×
Late-fire interactions; Table 2): absent late burning, frequency declined with OA in unthinned plots,



Forests 2020, 11, 888 15 of 28

but increased with OA in thinned plots. With late burning, frequency declined more steeply in
unthinned than in thinned plots (Figure 9).

Similar to large seedlings, saplings were present in an average of 5% (range: 0%–35%) of grid
cells (Figure 9), and their frequency was consistently reduced by late burning but unaffected by early
burning. Relationships to OA were strong but dependent on thinning treatment: frequency declined
with OA in unthinned plots but increased with OA in thinned plots (significant OA × Thin interaction;
Table 2).
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Figure 9. Frequency of small seedlings (<0.3 m tall), large seedlings (0.3–1.37 m tall), and saplings
(>1.37 m tall, <7.6 cm DBH) in the Late (2015) sample. Values are the percentage of 20 quadrats per plot
(small seedlings) or percentage 40 grid cells per plot (large seedlings and saplings). For each interval,
plot values of OA represent the start of the interval. See Figure 3 for other details and Table 2 for
statistical results. Note the differences in scale of the vertical axes.

4. Discussion

Few experimental studies of restoration thinning or burning in dry forests have addressed the
long-term dynamics of regenerating trees [15,50–52]. Long-term studies of regeneration are notably
absent in forests of the Pacific Northwest (but see [53]). Our results, spanning more than decade,
highlight the changing relationships of regenerating conifers to fuels treatments, residual forest structure,
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and wildfire. Relationships between regeneration frequency and overstory abundance (OA) shifted
from weakly negative prior to treatment to strongly positive after thinning, both with and without early
burning. Subsequent higher-severity burns severed these relationships, promoting abundant seedling
recruitment while consuming previously established seedlings and saplings. Mortality greatly outpaced
ingrowth, particularly in plots with greater OA (reflecting greater initial density), resulting in little
increase in overstory density or canopy infilling. However, the recent pulse of seedling establishment
could signal more rapid structural change in the future.

4.1. Seedling Relationships with Overstory Structure and Disturbance

We found that thinning temporarily altered the relationship between seedling frequency and
overstory structure. Plots with greater OA tended to have fewer seedlings before thinning, but were
colonized more frequently afterwards. Three factors may have contributed to this changing relationship.
First, greater intensity of thinning in plots with greater initial density may have created more soil
disturbance, enhancing seedbed conditions for germination of Douglas-fir [33,54]. Although plausible,
this explanation runs counter to observations in other systems, wherein the primary effect of thinning
is to add slash or fine litter that inhibits germination and early survival [19–21]. Further, thinned plots
were yarded by helicopter, minimizing soil disturbance. Second, production of seed, which can persist
for 1 to 2 years in the seedbed [33], may have been greater in plots with greater pre-treatment OA.
Finally, seedling survival may have been higher in plots with greater pre-treatment OA—a legacy of
greater overstory suppression of competing understory vegetation.

Early seedling responses to fire were also positive but, unlike thinning, interactions with overstory
structure did not change: these remained negative in unthinned plots and positive in thinned plots.
Despite the patchiness and low severity of early fires [46], burning appeared to stimulate recruitment,
likely by enhancing conditions for germination (e.g., exposure of mineral soil, mineralization of soil
nitrogen, and/or consumption of competing vegetation) [21,22,25,55,56].

By the Late sample, initially positive relationships with thinning and early fire were eclipsed
by effects of later, higher-severity fires, which greatly elevated seedling frequencies. Although our
Late-fire term does not distinguish between the 2006 prescribed fire and 2012 wildfire, plot data indicate
considerably greater colonization after wildfire. Several factors may have contributed to this result. First,
prescribed fire and wildfire occurred in different seasons (spring and fall, respectively). Fall burns tend
to be more severe and less patchy [57–59], resulting in greater exposure of mineral soil, more complete
consumption of plant cover, and greater seedling establishment [21,24,25,60]. Second, Late sampling
occurred sooner after the wildfire than the prescribed fire (3 vs. 9 years), reducing the temporal window
for mortality. Third, annual variation in seed production, temperature, and/or precipitation during
these post-fire periods may have given rise to different patterns of germination and survival [28,35].
Future measurements that extend the temporal record on wildfire sites would help elucidate the relative
importance of burn severity, time since fire, and weather for seedling establishment and persistence.

4.2. Responses to Thinning and Fire History among Regeneration Height Classes

In contrast to small seedlings, taller height classes of regeneration (large seedlings and saplings,
sampled in 2015) have greater potential to influence forest structure and fire behavior in the future.
However, it is more difficult to interpret their development relative to the disturbance histories of
plots given the absence of pre- and early post-treatment data for these height classes. Small seedlings
(<0.3 m tall) likely post-date Late-fire events, but it is less clear when larger seedlings (0.3–1.37 m tall)
or saplings (>1.37 m tall) established. Estimates of height growth from the literature [61–65] suggest
that large seedlings likely established after Early fire (2004), but saplings may comprise both pre- and
post-treatment recruitment.

Large-seedling and sapling responses to thinning varied with overstory abundance (Late OA)
and fire. In the absence of late burning, frequency declined with OA in unthinned plots,
suggesting that overstory trees continue to suppress seedling establishment and growth. Conversely,
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frequency increased with OA in thinned plots, suggesting that thinning disturbance benefits
establishment (similar to the colonization result), but that retained trees have a facilitative effect
(e.g., moderating temperature or drought, or producing seeds) [15,21,54,66,67].

Large seedlings and saplings differed distinctly from small seedlings in their responses to fire.
Early fire had a negative effect on small-seedling frequency, whereas higher-severity late fire had a
strongly positive effect. In contrast, early fire had little effect on larger regeneration classes, but late
fire greatly reduced their frequencies. The loss of larger, established seedlings and saplings to late fire
is consistent with past studies of fire effects [21,53,60,68] and is a motivation for the use of repeated
burning to achieve ecological and fuels-reduction objectives during restoration [25,69,70].

4.3. Implications of Fuels Treatments and Wildfire for Structural Change and Stand Development

We found little infilling of the overstory (ingrowth) more than a decade after fuels treatments.
However, our results suggest that the nature, timing, and frequency of disturbance can affect both
the rate and size structure of regeneration, and therefore can influence future trajectories of structural
change. Saplings recruited to the overstory at low densities and in only one-third of the plots. In fact,
the maximum rate of ingrowth over the 10-year, Early–Late interval was only 70 trees/ha. Tree mortality
played a distinctly greater role in structural change, with an order of magnitude more trees dying
than entering the overstory. Little of this mortality was expressed as a lagged response to early fire:
most death after early burning was immediate and recorded in the Early sample [8]. In contrast, late
burning caused significant tree death, particularly in wildfire plots, with rates of loss proportional
to pre-fire density (greatest in unthinned, previously unburned plots). Although some mortality
may be attributable to factors other than, or in addition to, fire (e.g., post-fire drought or beetle
attack), field observations suggest that these factors played a minor role. Basal area increment (BAI)
varied widely among plots, but was unaffected by thinning, indicating that greater rates of diameter
growth in lower-density thinned plots were balanced by greater densities of slower-growing trees in
unthinned plots.

Overall, long-term changes in overstory structure were driven, in large part, by mortality associated
with later fires. In the absence of late burning, structural changes were more subtle, reflecting the
growth of existing trees rather than recruitment of new stems. Late wildfire also played a key role
in the long-term dynamics of understory conifers, shifting the size structure from a relatively sparse
layer of taller stems to a denser cohort of newly established seedlings. Left untreated, the near-term
consequences for forest structure will hinge on the balance among seedling survival, growth, and
wildfire—processes that may be difficult to predict in a rapidly changing climate [40,71,72].

5. Conclusions

Mechanical thinning and prescribed burning reduce fire risk in the short term,
but fuels-treatment longevity is a function of subsequent forest development, including regeneration.
Long-term experiments are critical to assessing these dynamics and, thus, treatment longevity.
In this study, thinning and prescribed fire interacted with overstory structure and wildfire to
affect the spatial and temporal dynamics of regenerating conifers. Thinning shifted the relationship
with overstory structure from weakly negative (inhibitory) to positive (facilitative) to neutral,
although the strength of these relationships varied with time since treatment and subsequent
disturbance. Low-severity prescribed fire stimulated regeneration in the short term, presumably by
enhancing seedbed conditions for germination. However, the effect was transient. More than a decade
after treatment (without subsequent disturbance), seedling and ingrowth densities remained low,
suggesting that in this system managers do not need to be overly concerned about rapid regeneration
or canopy infilling. Instead, fuels treatments can be tailored to other ecological objectives. However,
we caution that additional work is required to determine whether our results can be extrapolated to
systems dominated by other regenerating tree species or experiencing more severe prescribed fires.
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Wildfires are becoming more prominent as climate change exacerbates summer drought,
fuel conditions, and the susceptibility of dry forests to fire. Our results highlight the importance of
studying how responses to planned management activities (fuels-reduction treatments) are altered
by unplanned disturbances or, conversely, how responses to wildfire are mediated by treatments.
In this experiment, low-severity wildfire erased legacies of pre-treatment overstory structure and
post-treatment regeneration, slowing forest growth in the short term but triggering abundant
recruitment. In the absence of additional disturbance or drought-related mortality of seedlings,
wildfire may set the stage for rapid structural change and elevated fire risk in the future.

Although we were able to offer plausible explanations for the relationships of regeneration to
fuels treatments and wildfire, our results also raise questions that warrant further study. For example,
the possibility that thinning promoted regeneration by exposing mineral soil is not consistent with past
studies or with the expectation that helicopter yarding minimizes ground disturbance. Further work
is needed to understand this relationship. It is also not clear to what extent responses to prescribed
fires (2004 and 2006) and wildfire (2012) reflect variation in fire severity, climatic factors, or time
since disturbance. Demographic studies that incorporate quantitative measures of fire severity and
climate could distinguish effects of disturbance from post-disturbance processes that affect seedling
establishment and survival. Similarly, it is not clear whether regeneration responses to fuels treatment
are mediated indirectly through effects on competing vegetation, or through legacies of overstory
influence on understory. Incorporating metrics of pre- and post-treatment understory abundance into
models of regeneration response may offer insight into the roles of competing vegetation.

In sum, our results suggest that fuels-treatment longevity hinges on complex interactions in
space and time among stand-scale treatments, small-scale variation in forest structure, and unplanned
disturbances. Managers must plan for and respond to this complexity, including future disturbances
that are inevitable but unpredictable in timing and severity. Large-scale, long-term experiments in dry,
fire-dependent forests are susceptible to these confounding disturbances but, in the context of adaptive
management, offer unique opportunities for learning.
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Appendix A

This appendix provides background information for the project. First, we illustrate how overstory
abundance (OA), our primary measure of overstory structure, relates to the two variables that are
combined in its calculation. Next, we demonstrate the variability among plots in pre-treatment
vegetation structure and physical environment. Third, we demonstrate how thinning intensity and
burn severity varied among plots. Finally, we provide detailed output from the linear and generalized
linear models summarized in Table 2 in the main text.
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(2015) post-treatment samples. Values of OA are proportional to symbol size (see legend). 

  

Figure A1. Relationships among overstory abundance (OA) and its underlying components—density
and basal area—among the 72 sample plots. OA, computed as

√
(density × basal area), served as our

primary measure of overstory structure in models of regeneration response. Rows represent plot values
at the three sampling dates: before treatment (Pre, 2000/2001) and the Early (2004) and Late (2015)
post-treatment samples. Values of OA are proportional to symbol size (see legend).

Appendix A.2. Pre-Treatment Vegetation Structure and Environment

We conducted a Principal Components Analysis (PCA) to assess the variability among plots
(n = 72) in pre-treatment vegetation structure and physical environment. Variables included initial tree
density, basal area, OA, mean shrub cover, mean herb cover, and adjusted heat load [73]. The analysis
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revealed considerable spread in ordination space among plots representing the same experimental
units (Figure A2).
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Figure A2. First two principal components from a PCA of an environmental variables (aHLI; an index
of heat load) and five pre-treatment vegetation variables: tree density (dens.plot_pre), basal area
(BA.plot_pre), OA (OA.plot_pre), mean herb cover (Herb_pre), and mean shrub cover (Shrub_pre).
Plots are color-coded by experimental unit.

Appendix A.3. Thinning Intensity and Burn Severity

Although we modeled thinning and burning treatments as categorical variables, thinning intensity
and burn severity varied widely among plots.

Thinning intensity, expressed by the percentage change in OA over the Pre–Early interval, had a
bimodal distribution, with a relatively narrow range of values in unthinned plots (−7.4% to 5.2%) and
a much broader range in thinned plots (−77.1% to −29.5%) (Figure A3).

Among 21 plots experiencing early fire (i.e., 2004 prescribed fires), burn severity—expressed by
the percentage of trees charred within a plot—ranged from 3% to 97% (Figure A4a). Among 36 plots
experiencing late fire (2006 prescribed fires or 2012 wildfire), burn severity ranged from 62% to 100%
(Figure A4b). Three plots in prescribed-fire units did not experience early fire and were designated
as unburned.



Forests 2020, 11, 888 21 of 28

Forests 2020, 11, x FOR PEER REVIEW 20 of 29 

 

Appendix A3. Thinning Intensity and Burn Severity 

Although we modeled thinning and burning treatments as categorical variables, thinning 

intensity and burn severity varied widely among plots. 

Thinning intensity, expressed by the percentage change in OA over the Pre–Early interval, had 

a bimodal distribution, with a relatively narrow range of values in unthinned plots (−7.4% to 5.2%) 

and a much broader range in thinned plots (−77.1% to −29.5%) (Figure A3). 

Figure A3. Histogram of percent change in overstory abundance (OA) from the pre-treatment 

(2000/2001) to Early post-treatment sample (2004). Plots are color-coded by thinning treatment.  
Figure A3. Histogram of percent change in overstory abundance (OA) from the pre-treatment
(2000/2001) to Early post-treatment sample (2004). Plots are color-coded by thinning treatment.

Forests 2020, 11, x FOR PEER REVIEW 21 of 29 

 

Among 21 plots experiencing early fire (i.e., 2004 prescribed fires), burn severity—expressed by 

the percentage of trees charred within a plot—ranged from 3% to 97% (Figure A4a). Among 36 plots 

experiencing late fire (2006 prescribed fires or 2012 wildfire), burn severity ranged from 62% to 100% 

(Figure A4b). Three plots in prescribed-fire units did not experience early fire and were designated 

as unburned. 

 

(a) Early fire 

 
 

(b) Late fire 

 

Figure A4. Histograms of percentage of live overstory trees within a plot showing charring after (a) 

Early fire (spring 2004 prescribed fires) and (b) Late fire (spring 2006 prescribed fires or fall 2012 

wildfire). Char data were recorded in summer 2004 (Early fire) and summer 2015 (Late fire). Plots are 

color-coded by burn status (burned/unburned). These binary designations were used for ‘Early fire’ 

and ‘Late fire’ explanatory variables in applicable models (see Table 2, main text). 

  

Figure A4. Histograms of percentage of live overstory trees within a plot showing charring after
(a) Early fire (spring 2004 prescribed fires) and (b) Late fire (spring 2006 prescribed fires or fall 2012
wildfire). Char data were recorded in summer 2004 (Early fire) and summer 2015 (Late fire). Plots are
color-coded by burn status (burned/unburned). These binary designations were used for ‘Early fire’
and ‘Late fire’ explanatory variables in applicable models (see Table 2, main text).
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Appendix A.4. Detailed Model Results

Table A1. Contents of Tables A2–A6, which contain detailed results of individual linear or generalized
linear models. For a comparative summary of model results, see Table 2 (main text).

Category Response Sampling Date or Interval Table

Overstory dynamics
Ingrowth Early–Late A2
Mortality Early–Late A2

BAI Early–Late A3

Seedling frequency (<1 m tall) Seedlings
Pre A4

Early A4
Late A4

Seedling dynamics Colonization
Pre–Early A5
Early–Late A5
Pre–Late A5

Regeneration frequency
(by height class)

Small seedlings Late A6
Large seedlings Late A6

Saplings Late A6

Table A2. Model results for ingrowth and mortality, two aspects of overstory dynamics, during the
Early to Late interval (n = 72 plots). Each response was analyzed with a GLM with a negative binomial
distribution. Total deviance was 73.85 for ingrowth and 209.60 for mortality. Coefficients are not
back-transformed to original units. Statistical significance was evaluated using a chi-square test of the
deviance explained by the term (df = 1 for all terms).

Response Term Coefficient Deviance p

Ingrowth Intercept −2.293
Overstory Abundance (OA) 0.146 0.13 0.723

Thin 1.999 5.56 0.018 *
Early Fire (EF) −4.817 2.06 0.151
Late Fire (LF) 1.849 3.36 0.067

OA x Thin −0.059 1.89 0.169
OA x EF 0.398 1.17 0.28
OA x LF −0.158 0.14 0.704

Thin x EF 1.761 4.08 0.043 *
Thin x LF −2.498 1.13 0.289
EF x LF −1.125 0.42 0.515

Mortality Intercept 0.643
Overstory Abundance (OA) 0.098 76.33 <0.001 ***

Thin −2.481 0.55 0.459
Early Fire (EF) 0.154 2.47 0.116
Late Fire (LF) 0.025 33.16 <0.001 ***

OA x Thin 0.136 1.37 0.241
OA x EF −0.107 9.99 0.002 **
OA x LF 0.064 3.27 0.071

Thin x EF 2.28 1.02 0.313
Thin x LF 1.945 2.95 0.086
EF x LF 1.029 2.32 0.128

* 0.01 < p ≤ 0.05, ** 0.001 < p ≤ 0.01, *** p ≤ 0.001.

Table A3. Model results for basal area increment (BAI), an aspect of overstory dynamics, during the
Early to Late interval (n = 72 plots). BAI was analyzed with a LM. The total sums of squares for the
model was 19.53.

Term Coefficient Sums of Squares F Value p

Intercept 0.236
Overstory Abundance (OA) −0.008 1.22 6.0 0.017 *

Thin −0.055 0.21 1.0 0.317
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Table A3. Cont.

Term Coefficient Sums of Squares F Value p

Early Fire (EF) −0.2 0.86 4.2 0.045 *
Late Fire (LF) 0.024 1.84 9.0 0.004 **

OA x Thin 0.035 0.65 3.2 0.079
OA x EF 0.038 1.75 8.6 0.005 **
OA x LF −0.042 0.09 0.4 0.517

Thin x EF −0.374 0.32 1.6 0.217
Thin x LF −0.14 0.07 0.3 0.559
EF x LF 0.23 0.08 0.4 0.537

* 0.01 < p ≤ 0.05, ** 0.001 < p ≤ 0.01.

Table A4. Model results for seedling (<1 m tall) frequency at each sampling date (n = 72 plots).
Each response was analyzed with a GLM with a negative binomial distribution. Total deviance was
73.76, 112.65, and 125.79 for the Pre, Early, and Late sampling dates, respectively. Coefficients are not
back-transformed to original units. Statistical significance was evaluated using a chi-square test of the
deviance explained by the term (df = 1 for all terms).

Sampling Date Term Coefficient Deviance p

Pre Intercept 1.339
Overstory Abundance (OA) −0.095 5.03 0.025 *

Early Intercept 1.171
Overstory Abundance (OA) −0.087 1.45 0.228

Thin −2.053 1.56 0.212
Early Fire (EF) 0.166 4.7 0.030 *

OA x Thin 0.249 16.68 <0.001 ***
OA x EF 0.041 1.21 0.271

Thin x EF −0.488 1.04 0.309
Late Intercept 1.287

Overstory Abundance (OA) −0.089 0.53 0.468
Thin −0.34 3.52 0.061

Early Fire (EF) −3.764 6.06 0.014 *
Late Fire (LF) 0.407 26.19 <0.001 ***

OA x Thin 0.048 2.34 0.126
OA x EF 0.154 0.17 0.676
OA x LF 0.073 2.64 0.104

Thin x EF 2.311 0.48 0.488
Thin x LF 0.013 0.42 0.517
EF x LF 2.308 4.97 0.026 *

* 0.01 < p ≤ 0.05, *** p ≤ 0.001.

Table A5. Model results for colonization, an aspect of seedling dynamics, during each sampling
interval (n = 72 plots). Each response was analyzed with a GLM with a negative binomial distribution.
Total deviance was 115.4, 132.8, and 139.2, for the Pre-Early, Early-Late, and Pre-Late intervals,
respectively. Coefficients are not back-transformed to original units. Statistical significance was
evaluated using a chi-square test of the deviance explained by the term (df = 1 for all terms). Results
are not shown for persistence (another aspect of seedling dynamics) as those models did not converge.

Sampling Interval Term Coefficient Deviance p

Pre-Early Intercept −2.527
Overstory Abundance (OA) −0.046 10.44 0.001 ***

Thin −2.721 0.63 0.426
Early Fire (EF) 1.15 7.2 0.007 **

OA x Thin 0.195 12.25 <0.001 ***
OA x EF −0.02 2.25 0.134

Thin x EF −0.689 1.45 0.228
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Table A5. Cont.

Sampling Interval Term Coefficient Deviance p

Early-Late Intercept −2.394
Overstory Abundance (OA) −0.037 6.22 0.013 *

Thin −0.307 0 0.99
Early Fire (EF) −38.482 11.62 0.001 ***
Late Fire (LF) 0.712 29.79 <0.001 ***

OA x Thin 0.095 2.6 0.107
OA x EF 0.148 0.75 0.387
OA x LF 0.054 3.58 0.059

Thin x EF 36.583 0.43 0.513
Thin x LF −0.284 1.19 0.275
EF x LF 36.802 6.81 0.009 **

Pre-Late Intercept −2.138
Overstory Abundance (OA) −0.043 2.97 0.085

Thin −0.583 4.87 0.027 *
Early Fire (EF) −36.185 12.03 0.001 ***
Late Fire (LF) 0.612 30.73 <0.001 ***

OA x Thin 0.069 2.54 0.111
OA x EF 0.137 1.49 0.223
OA x LF 0.049 0 0.945

Thin x EF 33.267 0.78 0.377
Thin x LF −0.513 3.97 0.046 *
EF x LF 34.651 8.35 0.004 **

* 0.01 < p ≤ 0.05, ** 0.001 < p ≤ 0.01, *** p ≤ 0.001.

Table A6. Model results for regeneration frequency by height class on the Late sampling date
(n = 72 plots). Each response was analyzed with a GLM with a negative binomial distribution. The total
deviance was 129.4 for small seedlings, 112.0 for large seedlings, and 105.6 for saplings. Coefficients are
not back-transformed to original units. Statistical significance was evaluated using a chi-square test of
the deviance explained by the term (df = 1 for all terms).

Height Class Term Coefficient Deviance p

Small seedlings Intercept 1.196
Overstory Abundance (OA) −0.093 0.54 0.461

Thin −0.336 4.01 0.045 *
Early Fire (EF) −3.573 7.69 0.006 **
Late Fire (LF) 0.411 32.87 <0.001 ***

OA x Thin 0.037 1.04 0.307
OA x EF 0.151 0.09 0.77
OA x LF 0.092 2.19 0.139

Thin x EF 2.134 0.18 0.676
Thin x LF 0.234 0.06 0.802
EF x LF 2.162 3.81 0.051

Large seedlings Intercept 3.577
Overstory Abundance (OA) −0.187 2.15 0.142

Thin −2.997 7.63 0.006 **
Early Fire (EF) 0.951 1.97 0.161
Late Fire (LF) −0.221 8.01 0.005 **

OA x Thin 0.365 16.65 <0.001 ***
OA x EF −0.088 0.35 0.552
OA x LF −0.233 5.58 0.018 *

Thin x EF −0.22 0.01 0.928
Thin x LF 0.464 0.33 0.568
EF x LF −1.133 0.68 0.409
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Table A6. Cont.

Height Class Term Coefficient Deviance p

Saplings Intercept −1.512
Overstory Abundance (OA) 0.207 15.76 <0.001 ***

Thin −0.484 7.52 0.006 **
Early Fire (EF) 0.796 0.06 0.811
Late Fire (LF) 1.859 9.49 0.002 **

OA x Thin 0.264 7.9 0.005 **
OA x EF −0.047 1.79 0.181
OA x LF −0.27 0.11 0.738

Thin x EF −1.711 0 0.954
Thin x LF −2.633 1.71 0.191
EF x LF −1.469 0.8 0.371

* 0.01 < p ≤ 0.05, ** 0.001 < p ≤ 0.01, *** p ≤ 0.001.
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