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Abstract 

Background: Wildfires are increasing in size and severity in forests of the western USA, driven by climate change and 
land management practices during the 20th century. Altered fire regimes have resulted in a greater need for knowl‑
edge on best practices for managing burned landscapes, especially in instances where a return to a previous forested 
ecosystem is desired. We examined a large wildfire from 2018 in southern Colorado to understand how fire severity 
and post‑fire logging influenced stand structure, fuels, vegetation, and soil microsite conditions.

Results: Two years post‑fire and 1 year post logging, there was no difference in understory vegetation response. 
Logged plots demonstrated lower daily average temperature and minimum soil moisture and higher fuel loading 
across most fuel size classes relative to unlogged plots, which also corresponded with a loss of dead standing wood 
and little to no canopy cover. Early post‑fire conifer regeneration was low across all plots, but lower soil moisture and 
higher soil temperature negatively impacted the density of regeneration.

Conclusions: Successful tree regeneration is mediated by multiple factors from the microsite to landscape scale. 
Here, we demonstrate the importance of those microsite conditions such as soil moisture and temperature in predict‑
ing conifer tree establishment in the early post‑fire period. Careful consideration of soil impacts and the associated 
changes to forest conditions should be taken when conducting post‑fire logging to prevent detrimental effects on 
microsite conditions and forest recovery.

Keywords: Salvage logging, Post‑fire logging, Post‑wildfire recovery, Tree regeneration

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Open Access

Fire Ecology

*Correspondence:  c.stevens‑rumann@colostate.edu

2 Forest and Rangeland Stewardship Department, Colorado Forest Restoration 
Institute, Colorado State University, Fort Collins, CO 80523, USA
Full list of author information is available at the end of the article

http://orcid.org/0000-0002-7923-0487
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s42408-022-00133-8&domain=pdf


Page 2 of 16Wooten et al. Fire Ecology           (2022) 18:10 

Background
Forests worldwide are facing unprecedented threats from 
changing disturbance regimes. Throughout the 20th cen-
tury, western US forests were impacted by logging, graz-
ing, and fire suppression (Kaufmann et  al. 2000; Veblen 
et  al. 2000), but the paramount threat affecting these 
forests today is how anthropogenic climate change has 
altered disturbance regimes and post-disturbance recov-
ery (Abatzoglou and Williams 2016). Climate change 
is changing both how fire are burning with increases 
in both severity and extent of wildfires in western USA 
(Abatzoglou and Williams 2016; Parks et al. 2016; Parks 
and Abatzoglou 2020) and impacting post-fire recovery 
trajectories, through limiting tree regeneration (Davis 
et  al. 2019a; Coop et  al. 2020). Where temperature and 
precipitation have shifted beyond seedling tolerances of 
previously dominant tree species, ecosystem conversions 
may already be occurring (Stevens-Rumann et  al. 2018; 
Davis et  al. 2019a; Coop et  al. 2020). Species located at 
trailing edges of their climate envelope are particularly 
vulnerable to conversion to non-forested states or may be 
displaced by other tree species better suited to conditions 
of the changing environment (Parks et al. 2019).

Successful post-fire tree regeneration is controlled by 
a number of factors, from broad-scale climate suitabil-
ity to microsite characteristics. We propose a conceptual 
model for site-specific tree regeneration (Fig.  1). Seed 
availability is the first essential requirement for successful 
tree recruitment to occur. Distance to a living seed tree 
has been shown to be a primary driver of post-fire tree 

regeneration (Chambers et  al. 2016, Kemp et  al. 2016, 
Welch et  al. 2016, Stevens-Rumann and Morgan 2019). 
Given seed trees within dispersal distance, viable cone 
and seed production is necessary and can be episodic 
(Rother and Veblen 2017). Second, where seed trees are 
close enough to provide seed, microsite climate—specifi-
cally soil moisture and soil temperature—are key factors 
driving successful establishment. Many western conifers 
are more sensitive to drought and temperature extremes 
in the germinant stage, with seedling survival largely 
dependent on soil moisture and/or near-surface tem-
perature falling within a narrow favorable range (Kuep-
pers et al. 2017; Petrie et al. 2016; Hankin et al. 2019). Soil 
moisture and temperature are influenced by many factors 
and microsite conditions can vary even within a small 
area. Finally, soil disturbance resulting from logging or 
other human disturbances can result in compaction, run-
off, erosion, and/or topsoil displacement, which may fur-
ther alter conditions at the microsite level (Malvar et al. 
2017). We test aspects of this model by examining site-
level characteristics across a range of forest types, burn 
severities, and post-fire treatments.

We outline four factors that have been shown in the 
literature to specifically influence stand-level tempera-
ture and moisture: canopy cover, topographic factors 
(elevation, aspect), surface fuel cover/loading, and log-
ging. First, wildfires often reduce canopy cover, which 
increases light availability at the surface, and can con-
tribute to increased soil warming and drying (Davis et al. 
2019b; Marcolin et  al. 2019). While canopy cover can 

Resumen 

Antecedentes: Los incendios forestales están incrementándose en tamaño y severidad en los bosques de oeste 
de los EEUU, causados fundamentalmente por el cambio climático y prácticas de manejo durante el siglo XX. La 
alteración de los regímenes de fuego ha resultado en una mayor necesidad de conocimiento sobre las mejores prácti‑
cas para el manejo de paisajes quemados, especialmente en aquellas instancias en las cuales es deseable el retorno a 
ecosistemas forestales previos al fuego. Examinamos un gran incendio de 2018 en el sur de Colorado para entender 
cómo la severidad del fuego y la tala posterior influenciaron la estructura del rodal, los combustibles, la vegetación y 
las condiciones de los micrositios del suelo.

Resultados: Dos años después del incendio, y un año después de la tala, no hubo diferencias en la respuesta de 
la vegetación del sotobosque. Las parcelas taladas mostraron temperaturas diarias más bajas, humedades de suelo 
mínimas, y mayores cargas de combustible en todas sus clases de tamaño en relación a las parcelas no taladas, que 
también se correspondieron con una pérdida del material muerto en pie y muy poca o nada de cobertura del dosel. 
La regeneración temprana de coníferas en el post fuego fue baja en todas las parcelas, aunque la baja humedad y 
mayores temperaturas del suelo impactaron negativamente la densidad de la regeneración.

Conclusiones: La regeneración exitosa de árboles es mediada por múltiples factores desde los micrositios hasta 
escalas de paisaje. Aquí demostramos la importancia de los las condiciones del micrositio tales como la humedad y la 
temperatura del suelo en la predicción del establecimiento de coníferas en períodos tempranos posteriores al evento 
de fuego. Una consideración especial sobre los impactos en el suelo y de los cambios asociados en las condiciones de 
los rodales cuando se conducen talas post incendio, deben tenerse en cuenta para prevenir efectos detrimentales en 
las condiciones de los micrositios y en la recuperación del bosque.
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help buffer climate changes for the understory (Davis 
et al. 2019b), canopy loss such as that caused by wildfire 
can reduce recruitment (Dobrowski et al. 2015). Canopy 
removal, such as with post-fire logging, can increase solar 
exposure leading to microsite soil temperature and soil 
moisture conditions outside of the window necessary for 
successful germination or seedling survival.

Second, topographic factors can have an outsized role 
in tree seedling recruitment and soil temperature and 
moisture, especially on the trailing edge of forests or 
on the edge of climatic tolerance for a specific species 

(Kemp et  al. 2016, Parks et  al. 2019). Aspect and eleva-
tion have both been shown to be a driving force for tree 
recruitment (Chambers et  al. 2016; Lopez Ortiz et  al. 
2019), but also may influence the soil temperature and 
moisture. Third, initial post-disturbance soil moisture 
and temperature may be ameliorated by conditions cre-
ated by the surface fuel accumulation resulting from tree 
fall and decay (e.g., nurse logs; Castro et al. 2011, Ouzts 
et al. 2015), though excessive fuel loading may also inhibit 
plant growth. Accumulated litter, duff, and understory 
vegetation become ash, altering nutrient inputs, while 

Fig. 1 Proposed model illustrating environmental factors and bottlenecks that must be navigated through for successful conifer regeneration 
to occur. Successful regeneration requires seed availability and soil temperature and moisture conditions suitable for regeneration to occur. Soil 
disturbance can help or hinder regeneration depending on species preferred soil characteristics. Wildfire, climate change, post‑fire logging, and 
other factors may have positive, negative or neutral effects on regeneration
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fire can expose mineral soil and alter edaphic characteris-
tics such as soil structure, water infiltration, and available 
water capacity and increase hydrophobicity and erodibil-
ity of soils (Neary et al. 2005). Similarly, shrubs and early 
successional species may also play a facilitating role in 
later tree recruitment in areas lacking forest canopy by 
providing cover and altering microsite climate (Gómez-
Aparicio et al. 2004; Ettinger and HilleRisLambers 2017).

Finally, post-fire logging can influence tree establish-
ment success by altering numerous factors described 
above including canopy cover, vegetation cover, soil 
disturbance, and woody fuel accumulation potentially 
impacting long-term recovery (Donato et  al. 2006; Key-
ser et al. 2009; Castro et al. 2011; Blair et al. 2016). The 
process of removing trees from a burned area can also 
contribute to soil disturbance, which may further alter 
conditions at the microsite level (Malvar et  al. 2017). 
However, the impact of post-fire logging on ecosystems 
varies with many factors, including forest type, seasonal 
timing, and method of tree harvest, and elapsed time 
since fire (Beschta et al. 2004; Keyser et al. 2009; Leverkus 
et al. 2020). Little is known about post-fire logging across 
a range of forest types within the same fire footprint, and 
how logging affects microsite conditions necessary for 
forest recovery.

To test this conceptual model on early post-fire regen-
eration, and understand the impacts of post-fire logging 
on fuels, microsite conditions, and regeneration across 
an elevational gradient, we focused our study on a 2018 
fire in southern Colorado. Study sites were established 
in low to moderate severity burned areas, high severity 
burned areas, and high severity, post-fire logged sites 
to answer the questions: (1) How does forest structure, 
surface fuels, and canopy characteristics differ amongst 
areas burned at low and high burn severity and those 
areas that experienced post-fire logging? (2) How does 
soil temperature and soil moisture differ among burn 
severities and areas that received post-fire logging and 
what drives these differences? and (3) How does short-
term post-fire vegetation recovery and tree regeneration 
differ among severities with and without logging, and 
what drives these differences?

Methods
Study area
The Spring Creek Fire burned 43,000 ha in 2018 in the 
Sangre de Cristo range and Spanish Peaks Wilderness 
of the Southern Rocky Mountains of Colorado, USA 
(Fig.  2) and was the third largest fire in Colorado his-
tory at the time, and still ranks among the largest in 
the state. The fire burned across an elevational gradient 
from lower elevation shrub and grasslands up to high-
elevation subalpine forests, impacting private, state, and 

federal land. Environmental Site Potential (www. landf 
ire. gov last accessed November 7, 2020) across our study 
area included: Southern Rocky Mountain Mesic (and 
Dry-Mesic) Montane Conifer Forest and Woodland, 
Inter-Mountain Basin Aspen-Mixed Conifer Forest and 
Woodland, Quercus gambelii Shrubland Alliance, and 
Southern Rocky Mountain Ponderosa Pine Woodland. 
Overall, the study areas were mixed-conifer forest with 
dominance of ponderosa pine (Pinus ponderosa Doug-
las ex Lawson & C. Lawson), Douglas-fir (Pseudotsuga 
menziesii (Mirb.) Franco), and white fir (Abies concolor 
Lindl. ex Hildebr.) at lower elevations. Higher elevation 
forests fell within two dominant forest types, the first 
being mixed conifer with predominantly limber pine 
(Pinus flexilis E. James) mixed with white fir, and to a 
lesser extent, Douglas-fir, ponderosa pine, and quaking 
aspen (Populus tremuloides Michx.). The second group of 
higher elevation forest was dominated by lodgepole pine 
(Pinus contorta Loudon) and quaking aspen, with occa-
sional white fir. Plots ranged in elevation from roughly 
2600 to 3000 m and this variability in forest type across a 
relatively small (approximately 400 m) elevational gradi-
ent demonstrates the forest species diversity found in this 
region (Allen and Pete 1990).

Plot selection
Across the study area, thirty-one plots were stratified into 
these three disturbance types: with a low to moderate 
severity fire (<50% tree mortality) without post-fire treat-
ments (LS, n=9), high severity burned areas (90–100% tree 
mortality) without post-fire treatments (HS, n=11), and 
high severity burned sites that were subsequently logged 
(HL, n=11). Plots were established in a block design, in 
close geographic proximity and part of the same contigu-
ous pre-fire stand, with similar forest type and topographi-
cal characteristics for all plots in a given block, including 
elevation, slope, and aspect (Table  1). Blocks were ran-
domly selected within the suitable sites via ArcGIS and 
individual plot locations were randomly assigned in the 
field at a suitable block location. For all plots within a given 
block, the range of elevation amongst plots averaged less 
than 50 m, slope was within 5%, and aspect was within 
45°, though it should be noted that the greatest variation 
in aspect occurred on plots with slopes < 5%. Severity was 
assessed visually according to tree mortality within the 
boundaries of the site, which consisted of a 0.08-ha circu-
lar plot. For plots in aspen/lodgepole forest, no LS burned 
areas were present, and thus two blocks contained only HS 
and HL. A total of 9 plots (3 blocks) were established in 
2019, including 4 plots that were measured before logging 
operations began in 2019 and measured again in 2020. In 
2020, an additional 22 plots were established across the 
three disturbance types. Plots were selected to avoid areas 

http://www.landfire.gov
http://www.landfire.gov


Page 5 of 16Wooten et al. Fire Ecology           (2022) 18:10  

Fig. 2 Map of the Spring Creek Fire of 2018. Stars represent approximate locations of research blocks. Burn boundary derived from BAER soil burn 
severity map
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with significant pre-fire management treatments, such 
as thinning or prescribed fire. We confirmed visually in 
the field and through post hoc analyses that plots within 
a block were similar to one another in terms of pre-fire 
density and species composition. Total basal area was not 
significantly different among LS and HS plots (33.6  m2 
 ha−1 and 26.5  m2  ha−1, respectively, P>0.54), but given the 

extensive logging activity, we were not able to determine 
pre-logging basal area, except for those plots that were 
measured in 2019 prior to logging.

Logging, which was predominantly clear cutting with no 
residual basal area remaining, was commissioned shortly 
after the fire and completed by October 2019 (Fig. 3). Burn 
severity was assessed as a percent of trees dead by 1–2 

Table 1 Topographical and forest type data for all blocks across study area, with mean and standard deviation of elevation, slope, 
aspect, and maximum distance between sites within a block. Blocks 8 and 9 contained no LS treatment due to high severity fire 
in lodgepole/aspen forest type. All other blocks contain one each LS, HS, and HL site. “Mixed‑PIPO” indicates a mixed conifer forest 
dominated by ponderosa pine pre‑fire, “mixed‑PICO” indicates a mixed conifer forest dominated by lodgepole pine, “mixed‑PIFL” is a 
mixed conifer forest dominated by limber pine, “PICO/POTR” was a mixed lodgepole pine and aspen‑dominated forest

Block Forest type Elevation (m) Slope (°) Aspect (°) Max distance 
between sites 
(m)LS HS HL LS HS HL LS HS HL

1 Mixed ‑ PIPO 2624 2702 2670 4 5 6 40 110 52 654

2 Mixed ‑ PIPO 2634 2710 2652 5 10 6 130 112 101 513

3 Mixed ‑ PIPO 2733 2743 2685 7 2 8 233 94 13 252

4 Mixed ‑ PIPO 2661 2746 2674 15 8 7 80 255 65 264

5 Mixed ‑ PICO 2900 2877 2894 5 6 5 280 220 200 213

6 Mixed ‑ PICO 2873 2878 2888 8 6 5 290 220 260 295

7 Mixed ‑ PIFL 2994 2956 2993 16 17 14 50 70 50 172

8 PICO/POTR na 2995 2989 na 3 3 na 270 270 208

9 PICO/POTR na 3007 2998 na 4 5 na 200 290 89

10 Mixed ‑ PIFL 3019 3027 3017 7 10 7 200 230 240 253

11 Mixed ‑ PIFL 3027 3031 3029 5 3 2 15 290 360 168

Fig. 3 Photos before (A, B) and after (C, D) clear cutting logging operations in the Spring Creek Fire. Pre‑logging photos taken by Steve Keppers in 
July 2018. Post logging photos taken by the Jesse Wooten in August 2020



Page 7 of 16Wooten et al. Fire Ecology           (2022) 18:10  

years post-fire on a plot. Logging methods varied slightly 
but were predominantly hand-felling and the use of feller-
bunchers. The goal of all logging operations was to remove 
all standing dead material for commercial use, with remain-
ing fuels largely removed and not left on study sites.

Sampling design
Each plot was designed as a 0.08-ha circular plot (adapted 
from Schapira et al. 2021) with four, 16.1 m long transects 
oriented in the cardinal directions from the plot center. 
Each plot center was staked, adult trees were tagged, and 
plot measurements such as slope, aspect, elevation, and 
coordinates were recorded. Distance to live seed source 
by species was also recorded up to 150 m from the plot 
center using a Nikon Forestry Pro range finger. Adult tree 
species and relative decay classes, when applicable, were 
noted for all trees within the circular plot. Tree seedling 
regeneration by species was quantified within the entire 
0.08 ha plot. We broke the plot into four sections along 
central transects and walked outward from the plot 
center, tallying seedlings and using pin flags to avoid dou-
ble counting.

At each plot, fine woody fuels were measured using 
modified Brown (1974) transects. One-hour fuels 
(0–0.64cm diameter) were measured along 7 m of each 
transect, while 10- and 100-h fuels (corresponding to 
size classes, 0.65–2.54, 2.55–7.62 cm diameters) were 
measured along 16 m or the full length of each transect. 
Substrate and vegetation ground cover measurements 
were collected at 68 locations along transects, noting 
substrate (litter, bareground, rock) and, if present, plant 
functional group (graminoid, forb, shrub, tree). Litter and 
duff depth measurements were taken three times along 
each of the four transects for a total of 12 measurements 
and averaged per plot. Coarse woody fuels (1000-h fuels; 
>7.62cm) were measured within a 6.9-m radius subplot, 
where any log with a diameter exceeding 7.62 cm was 
recorded as well as the diameter at both ends (Sikkink 
and Keane 2008).

Aerial canopy cover, including both live and dead 
standing material, was estimated with a densitometer 
at 60 points along transects and summed per plot. Dis-
tance to live seed source was measured for the three clos-
est living individuals averaged by species up to 150 m. At 
plots lacking a visible seed source tree or where distances 
exceeded 150 m for relevant species,500 m was recorded 
as the distance for analysis purposes.

Soil temperature, moisture, and disturbance
Two to three temperature sensors were installed in each 
of our 31 plots. The sensors used were a combination 
of “HOBO Pendant Temperature Data Loggers” and 
“8-bit Temperature Smart Sensors,” both from Onset 

Computer Corporation (ONSET, Product ID: #UA-002-
08, #S-TMA-M006). Sensor selection and placement 
was consistent within blocks, e.g., Pendant Sensors were 
placed at one set of LS, HS, and HL plots, and 8-bit Tem-
perature Smart Sensors at another set, however both 
types of temperature sensors were installed at 7 plots 
in order to verify the consistency of collected measure-
ments. All temperature sensors were installed at depths 
of 2.5 cm below soil surface.

Two “Soil Moisture Smart Sensors” were installed at 
depths of 4 cm below soil surface at 4 blocks, or a total of 
12 plots, with measurements for these sensors recorded 
using “HOBO Weather Stations” and “HOBO Micro Sta-
tions” (ONSET, Product ID’s #SMA-M003, #H21-001, 
#H21-002, #H21-USB). All temperature and soil mois-
ture sensors were programmed to record measurements 
at intervals of 30 minutes, beginning with their instal-
lation in the field during the early growing season (May 
2020) and continuing until their removal at the end of 
August and early September. This created a time series 
of soil temperature and soil moisture measurements 
across disturbance treatments for the duration of the 
field season and also allowed for an examination of spe-
cific daily measurements (e.g., max daily temperature, 
minimum daily moisture) for all plots. Data collected by 
HOBO Weather and Micro Stations experienced peri-
odic gaps in the time series collection, ranging from 5 
days to a month, as a result of equipment failure due to 
weather and wildlife interference. As such, a continuum 
of soil moisture and soil temperature data is present for 
all dates throughout the field season, but not all plots are 
necessarily represented on every given date. As sensor 
deployment and removal occurred over a span of sev-
eral days, the dataset was trimmed to remove the initial 
few days while sensors were adjusting to plot specific soil 
conditions, and the final stretch of days spanning sensor 
removal at all plots, for a total record of 95 days extend-
ing from May 24th to August 27th, 2020.

Statistical analysis
All statistical analysis was performed in R version 4.0.3 
(2020-10-10) (RStudio Team 2019) with an α=0.05 as the 
threshold for statistical significance. Surface fuel loadings 
were stratified by fuel size class (1, 10, 100, and 1000-h 
fuels) prior to analysis. Surface fuels, surface substrate, 
vegetation cover, and canopy cover were analyzed using 
a two-way analysis of variance (ANOVA) using block and 
disturbance treatment (LS, HS, HL) as predictor varia-
bles, followed by Tukey’s HSD test when significance was 
determined. We visually tested assumptions of normality 
and equal variance on residuals.

Seedling density plus 1 was log transformed and mul-
tiple plot-specific factors were examined as predictor 



Page 8 of 16Wooten et al. Fire Ecology           (2022) 18:10 

variables (maximum daily soil temperature, minimum 
daily soil temperature, mean daily soil temperature, mini-
mum soil moisture, mean daily soil moisture, log trans-
formed deciduous density, distance to living tree, bare 
ground, canopy cover, aspect, elevation, CWD, and dis-
turbance treatments) in univariate linear models. A mul-
tivariate regression model was not performed given the 
limited degrees of freedom, especially for soil moisture 
variables, as well as the lack of significance in most varia-
bles and the high correlation among variables. We consid-
ered the nesting of factors, such as bare soils and canopy 
cover, within treatment type; however, disturbance treat-
ments occupy different ranges of canopy cover and bare 
soil and cannot be extrapolated beyond these ranges. 
Slope was excluded as slope was generally low across 
all plots (<20%). Aspect was transformed using a Beer’s 
transformation for analysis (Beers et al. 1966). We tested 
assumptions of normality using a Shapiro-Wilk’s test and 
equal variances using a Levene’s test prior to performing 
all linear regressions.

Soil temperature and soil moisture data was collected 
between late May through late August. Temperature sen-
sors produced a time series of maximum daily soil tem-
perature data from all N=31 plots, and soil moisture data 
from N=12 plots. Within blocks, we subtracted the daily 
maximum temperature of HL from LS and also of HS 
from LS, creating two sets of data showing the maximum 
daily temperature difference between logged and low 
severity plots, and the difference between high and low 
severity plots. Maximum daily temperature differences 
(from LS), average daily soil moisture, and minimum daily 
soil moisture were also analyzed using a repeated meas-
ures two-way analysis of variance (ANOVA) using block, 
time, and disturbance treatment (LS, HS, HL) as predictor 
variables, followed by Tukey’s HSD test when significant.

Results
Forest structure, living trees, and surface fuels
Post-fire tree mortality by density averaged 57.5% in LS 
plots, 99.8% in HS plots, and 100% in HL plots. Mean 
canopy cover was highest in LS, which was significantly 
greater than in HS (P= 0.005), which in turn was greater 
than cover at HL (P < 0.001) where canopy cover was 
close to zero (Table  2). Mean total stand density (both 

live and dead trees), was significantly higher in LS and HS 
compared to HL where the majority of stand dead mate-
rial was removed (p<0.0001). There was a significant dif-
ference in live stand density between LS and HS plots (p 
< 0.0001). HL plots had standing trees remaining on only 
1 of 11 plots. Live trees were significantly closer to plot 
centers on LS plots (F = 47.7, p < 0.0001), and there was 
no significant difference in distance to live trees between 
HL and HS plots.

Among areas that burned at high severity, logged 
plots (HL) contained statistically higher surface fuel 
loading than their unlogged counterparts (both LS and 
HS) across all fine woody debris classes (F = 102.4, P< 
0.0001; Fig. 4), with the exception of the 1-h fuel class, 
where there was no significant difference in fuel loads 
between HL and LS plots. Similarly, for 1000-hour 
fuels, logged plots had significantly higher fuel loading 
than unlogged high severity or low severity plots (F = 
8.991, P= 0.001). Surface substrate was grouped into 
two categories: (1) bare ground combined with exposed 
rock or (2) litter combined with woody debris. Plots 
in LS had higher cover of combined litter and woody 
debris than HL, which in turn had greater cover than 
HS (F = 32.66, p < 0.0008). As follows, percent cover-
age of combined bare ground and rock was greatest 
in HS, followed by HL then LS. LS plots had greater 
depths of litter (F = 44.155, p < 0.00001) and duff (F 
= 13.066, p <0.00001) than other plots. While HL plots 
had a greater area covered by litter than HS, there was 
no significant difference in depths of litter of duff and 
litter between plot categories (F = 0.413, P= 0.5266).

Soil temperature, moisture, and disturbance
During the late spring (05/26/20–06/18/20), maximum 
daily soil temperature was lowest in LS plots, and HL 
daily maximum temperatures were significantly higher 
than those in HS plots. During this period, peak daily 
temperature was, on average, 1°C hotter in HL than HS 
(P= 0.0299; Fig. 5). During the hottest part of the sum-
mer (06/24/20–07/17/20), there was no statistical dif-
ference (P= 0.9505) between max daily temperature at 
HL and HS nor when evaluating the season as a whole 
(05/24/20–08/27/20; P= 0.5834). Soil temperatures 

Table 2 Plot categories with canopy cover, stand density of live and dead trees (trees  ha‑1), and mortality means, with standard 
deviations in parentheses

Site code Disturbance Canopy cover (%) Total density (trees 
 ha−1)

Tree mortality (%) # replicates

LS Low‑moderate severity fire 61.5% (15.0%) 565 (220) 57.5% (13.7%) 9

HS High severity fire 40.5% (17.6%) 500 (241) 99.8% (0.7%) 11

HL High severity fire + logging 0.3% (0.9%) 9 (30) 100% (0.0%) 11
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in HS exceeded HL during the later field season 
(07/23/20–8/27/20) and were 0.9°C hotter (P= 0.0234).

LS plots had the highest daily average and daily mini-
mum soil moisture levels throughout the entire field 
season, (P= 0.0044, P< 0.00001, respectively). Our data 
was limited by equipment malfunction, but the trends 
we saw indicated that daily average and daily minimum 
soil moisture levels in HL rose during rainfall events 
above levels in HS.s, However, between rain events, 
HL plots exhibited lower soil moisture than HS plots 
(Fig. 5).

Maximum, minimum, and mean daily soil tempera-
ture was higher in places of little canopy cover (R2>0.2, 
P<0.01, max temp: Fig. 6). Minimum daily soil tempera-
ture also had a positive relationship with increases in 
bare ground cover (R2=0.27, P=0.004). However, mean 
daily soil temperature and maximum daily soil temper-
ature did not have a significant relationship with bare 
ground cover (R<0.09, P>0.1). Soil moisture variability 
was not explained by canopy cover or the percentage of 
bare ground (R<0.05, P>0.3). Neither soil moisture nor 

temperature was significantly correlated with surface 
fuel loads (R<0.01, P>0.4).

Vegetation responses and tree regeneration
Graminoids had significantly higher cover at LS plots 
than either HL or HS (F = 8.25, P= 0.0016), but no other 
differences were observed in the cover of functional 
groups (forbs, shrubs or resprouting trees, or all vegeta-
tion cover combined F<1.00, P>0.20) among treatments. 
Both Gambel oak (Quercus gambelii Nutt. var. gambelii) 
and quaking aspen demonstrated comparable regenera-
tion across all disturbance treatments, with seedlings or 
re-sprouts present in 100% of plots that previously con-
tained the species. While we did not distinguish between 
resprouts and new germinants, many appeared to be 
resprouting out of top-killed individuals. Mean densities 
of Quercus gambelii at LS, HS, and HL plots were 14,500, 
6250, and 10,000 stems  ha−1, respectively. Mean densities 
of Populus tremuloides at LS, HS and HL plots were 3500, 
7500, and 3250 stems  ha−1, respectively. Between LS, HS 
and HL, there was no significant difference in the density 
of resprouting Gambel oak (F = 2.2169, P= 0.1714) or 

Fig. 4 Surface fuel loading in plots, with significance from a Tukey’s HSD test among disturbance types in 2020 indicated by lowercase letters 
above boxplots. Note: for HL plots, 2019 boxplots represent fuel loading prior to logging
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quaking aspen (F = 1.1839, P= 0.3331) nor when totals 
for both species were combined (F = 0.3999, P= 0.6743). 
Gambel oak was only found on lower elevation plots with 
no Gambel oak above 2743m, meanwhile aspen is found 
across the range of our plots with increasing density at 
higher elevation (R2=0.15, P=0.03).

Conifer seedlings were present on 19 of the 31 plots 
two years post-fire (Table 3). Mean conifer seedling den-
sity across all sites was 1980 trees  ha−1, however exclud-
ing the 12 plots without any regeneration mean density 
almost doubles to 3230 trees  ha−1 for the remaining 19 
plots. Lodgepole pine seedlings dominated, occurring on 
90% of the plots that had lodgepole as a part of the pre-
fire overstory, and densities on these plots ranged from 
487 to 21,375 trees  ha-1. Of the 12 plots with non-lodge-
pole seedlings, 6 were LS plots, 4 were HS plots, and 2 
were HL plots. Douglas-fir seedlings occurred on 43% of 
sites with Douglas-fir pre-fire and were found on sites of 
all disturbance types. Four LS sites had a mean Douglas-
fir seedling density of 72 trees  ha−1, while the three HS 
sites had a mean density of 25 trees  ha−1, and the two HL 
sites with Douglas-fir seedling had a mean density of 18 
trees  ha−1. White-fir was present on 15% of sites, one of 
these four plots was a HL disturbance history, while the 
rest of the white-fir was only present on LS plots (n=3). 
Only one limber pine seedling was observed across all 

plots. Though mature pre-fire ponderosa pine was pre-
sent at 22 plots, no seedlings were observed.

Total transformed conifer tree regeneration was nega-
tively correlated with maximum, minimum, and mean 
daily summer soil temperatures (R2>0.14, P<0.03, Fig. 6). 
Minimum daily soil moisture was positively correlated 
with conifer tree regeneration (R2 0.41, P=0.03), though 
not the mean daily soil moisture (R2=0.20, P=0.16). Dis-
tance to seed source trended toward significance with a 
slight negative relationship (P=0.087). Bare ground cover, 
aspect, elevation, log deciduous seedling/resprout den-
sity, CWD, and mean daily soil moisture did not differ 
among plot types (R2<0.01, P>0.2). Log transformed coni-
fer seedling density did not significantly vary between 
HL, LS, and HS (F=0.21, P=0.81).

Discussion
We were able to examine the majority of the factors 
described in our model (Fig. 1) to describe the mechanisms 
by which fire severity and post-fire logging affect tree seed-
ling germination. Distance to seed source appears to be an 
important limit on tree regeneration, consistent with many 
other studies (e.g., Kemp et al. 2016, Chambers et al. 2016). 
Distance to live seed source presents a significant obsta-
cle to recruitment for obligate seeding conifers in burned 
areas (Kemp et al. 2016), particularly species with heavier 

Fig. 5 A Dots represent the maximum daily temperature recorded at a plot, averaged between sensors present at the plot. Lines above 
temperature readings indicate periods of statistical significance. HL plots were significantly hotter than HS plots during early season (May 26th–
June 18th) and HS plots were significantly hotter than HL plots during later season (July 23rd–August 27th). B Dots represent the minimum daily 
moisture recorded, averaged between sensors at each plot. Line above moisture readings indicates periods of statistical significance. Minimum daily 
soil moisture was trending lower in HL than HS and LS plots throughout the duration of the data collection period (May 24th–August 27th), though 
this trend only approached statistical significance in periods after some time had elapsed since rainfall
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Fig. 6 A Maximum soil temperature in relation to canopy cover. A similar relationship was observed for minimum and mean soil temperatures so it 
was not displayed here. B Minimum soil temperature in relation to bare ground surface. C Log transformation of seedlings per hectare in relation to 
minimum soil temperature. D Log transformation of seedlings per hectare in relation to minimum soil moisture

Table 3 Dominant pre‑fire conifer species observed, number of plots these species were detected and the number of plots seedlings 
were observed. Percentage represents proportion of plots that had a species pre‑fire where they were also observed post‑fire, and the 
mean density of seedlings by species on those sites where at least one seedling as observed (sites with no regeneration of that species 
are excluded)

Species Observed overstory 
presence
(# of plots)

Seedling 
presence
(# of plots)

Percentage of plots with species pre-fire where 
seedlings were present post-fire

Mean density for sites 
with seedlings (trees 
 ha−1)

Lodgepole pine 10 9 90% 6718

Douglas‑fir 21 9 43% 44

White fir 27 4 15% 122

Limber pine 9 1 11% 12

Ponderosa pine 22 0 0% 0

All species 31 19 61% 3230
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seeds (e.g., ponderosa pine, limber pine) that are less likely 
to benefit from long-distance wind-dispersal (Chambers 
et al. 2016). However, on our sites, there was only a weak 
relationship between early post-fire conifer tree establish-
ment and distance to a living tree, likely driven by both the 
large lodgepole pine dominance in these early seedlings 
and our blocked study design that favored relatively close 
distances to a living tree in all plots, as well as the short 
post-fire window of observation.

Logging resulted in higher surface fuel loadings across 
nearly all fuel size classes and resulted in greater fuel 
continuity (Donato et  al. 2013). Fuel loads increased 
from pre- to post-logging on the same plots, though this 
change in fuel loading did not exceed recommended 
loadings nor influence soil temperature or moisture. 
Soil temperature and moisture varied between LS, HS, 
and HL plots at different times throughout the growing 
season, and together served as another filter on h tree 
regeneration. Soil temperature had a negative relation-
ship with canopy cover and a positive relationship with 
bare ground cover. Across all plots, seedling density was 
highly variable in this early post-fire period, with several 
conifer species showing little to no early post-fire regen-
eration. The largest plant response observed was from 
resprouting deciduous species, indicating the potential 
for transition, at least in the near term, from conifer to 
deciduous dominance.

Influencing factors of soil moisture and soil temperature
Soil moisture and soil temperature varied between dis-
turbance types at specific times throughout the growing 
season. Our research showed that HL plots demonstrated 
reduced daily minimum soil moisture and daily aver-
age soil moisture between May and August. Soil tem-
perature varied between HS and HL plots during these 
months but did not vary significantly across the season 
as a whole, contrary to what has been shown in previous 
studies (Maher et  al. 2005; Rother et  al. 2015). Canopy 
cover and standing and downed fuels varied by distur-
bance type and influenced soil temperature, which may 
have long-term implications for plot suitability for tree 
regeneration (Donato et al. 2006; Keyser et al. 2009; Mar-
colin et al. 2019), but did not strongly drive early post-fire 
tree regeneration trends. Especially at higher percentages 
of canopy cover, canopy cover helped moderate soil tem-
perature (Maher et al. 2005; Davis et al. 2019b), but not 
soil moisture at two cm depths. As the canopy becomes 
sparser, moderating effects decrease (von Arx et al. 2013), 
leading to greater solar exposure of the surface and leads 
to subsequent soil heating and drying (Marcolin et  al. 
2019). Thus in areas that experienced a clear cut these 
changes in site conditions may play a stronger driving 

role in driving recovery compared to areas with some 
dead and living standing trees.

Some studies have shown the sheltering effects of 
coarse woody debris to be more important in promoting 
establishment than the amount of solar exposure from 
canopy gaps (Gray and Spies 1997; Hill and Ex 2020), 
with some studies indicating retained downed timber 
and slash resulting from logging can offset higher tem-
peratures and moisture deficits in microsites (Castro 
et al. 2011; Marcolin et al. 2019). CWD did not influence 
soil temperature or soil moisture. We did not strategically 
place probes under fuel versus in open areas, nor did we 
analyze the proximity of seedlings to CWD. Surface fuels 
naturally accumulate as standing dead material begins 
to fall with longer time since fire, as others have found 
across the intermountain west (e.g., Roccaforte et  al. 
2012; Fornwalt et al. 2018; Stevens-Rumann et al. 2020), 
thus we may expect a stronger relationship between load-
ing and soil temperature and moisture in the years to 
come.

The role of soil moisture, temperature, and competing 
vegetation on regeneration
The seedbed conditions at a microsite, including the spe-
cific soil moisture, temperature, and forest floor substrate 
(i.e., the microsite), at a given location and can influence 
the ability of germination of tree seedlings (Rother et al. 
2015, Fig.  1). Our study confirms that seedlings were 
more prevalent under moderate soil temperatures and 
increased soil moisture (Petrie et  al. 2016). Both higher 
maximum and mean daily soil temperatures resulted in 
lower establishment rates, as did lower minimum soil 
moistures. Low soil moisture during the summer months 
is also associated with recruitment failure (Davis et  al. 
2019a), but on our sites, the best moisture driver was 
single daily minimum soil moisture, rather than a sea-
sonal minimum. There are likely other important drivers 
of soil moisture and temperature that we were unable to 
observe given a relatively small sample size, especially for 
soil moisture. Wildlife interference with soil moisture and 
temperature data logging equipment led to occasional 
equipment failure, reducing sample size during certain 
periods of data collection throughout the field season.

Lower soil moisture in HL plots may exacerbate the 
harsh post-fire climatic conditions that are particularly 
pronounced at low elevations that others have shown 
(Coop et  al. 2020). Furthermore, the reduced soil mois-
ture in HL plots may undermine planting efforts if mois-
ture deficits and drought stress exceed the tolerance of 
planted seedlings. Early conifer tree regeneration dem-
onstrates vulnerability to extremes, whether that is sin-
gle day minimum soil moisture or maximum summer 
temperatures (Rother et al. 2015), thus reducing extreme 
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fluctuations through canopy presence, surface fuels load-
ing, or reducing planting regeneration efforts to more 
moderate, mid-elevation plots may be critical for long 
term regeneration success.

Tree regeneration was highly variable, in part because 
we captured a wide range of forest types in this study. 
Lodgepole seedlings, Gambel oak, and quaking aspen 
resprouts were prevalent at most plots where they 
occurred pre-fire, which aligns with research examin-
ing other recent fires in the region (Rodman et al. 2020). 
Non-lodgepole conifer seedlings were observed in less 
than half of the plots. The absence of other conifer seed-
lings is not necessarily surprising, given that this study 
occurred two years post-fire, and others have found 
it may take 5–10 years for 50% or more of seedlings to 
establish (Stevens-Rumann et al. 2018).

As reinforced here, post-fire dominance of deciduous 
resprouting species has been observed in multiple studies 
(Roccaforte et al. 2012; Coop et al. 2016; Stoddard et al. 
2020). Gambel oak and quaking aspen recruits or re-
sprouts occurred both 1 and 2 years post-fire at 100% of 
plots where they had been present previously, with Gam-
bel oak averaging 10,000 stems  ha−1, and aspen averaging 
over 5000 stems  ha−1. Research on the Leroux Fire in Ari-
zona, which burned through similar forest types as the 
Spring Creek Fire, found vigorous aspen response in the 
first year after fire, but observed that densities declined to 
below pre-fire levels over the following decade in all burn 
severity classes (Stoddard et  al. 2018). While long-term 
patterns on the Spring Creek Fire will require repeated 
observations in the years to come, short-term transitions 
to dominance of these deciduous species are likely to 
persist without the prevalence of conifer regeneration or 
heavy ungulate browsing.

While no relationship between shrub cover or 
resprouting species density and tree seedlings was 
observed, other research has found mixed relation-
ships, with some studies indicating increased compe-
tition between seedlings and post-fire shrub response 
(Welch et  al. 2016), and others showing positive asso-
ciations with tree recruitment (Davis et  al. 2019a). Of 
course, tree regeneration depends not only on seed 
availability and competition, but also climate condi-
tions conducive to recruitment (Davis et  al. 2019a). 
The effects of increased warming and reduced soil 
moisture are already being felt in some forest types or 
for some species, where burned forests reveal climate 
conditions no longer conducive to tree regeneration 
(Parks et al. 2019; Coop et al. 2020). Here, we see evi-
dence that increasing soil temperatures and decreases 
in soil moisture is driving lower conifer tree regenera-
tion establishment. Longer-term studies are needed to 
understand the long-term trajectory of these forests, 

especially as cone and seed production can be episodic 
in this region (Rother and Veblen 2017).

Management implications
Increased fuel loading in high severity, logged plots are 
similar to findings in other studies (e.g., Donato et  al. 
2006; Peterson et al. 2015; Leverkus et al. 2020). Though 
CWD increased in logged plots, mean loading falls 
within the optimum range of CWD for balancing fire risk 
with ecological benefits of downed materials as identified 
by Brown et  al. (2003). Logging should not be used for 
short-term surface fuel reduction, but is likely to reduce 
long-term fuel accumulation compared to burned-only 
sites. Logging treatments may still be useful for plot 
preparation for restoration actions and may be desired to 
recoup lost timber value, but careful attention should be 
paid to the effects of soil compaction and organic mat-
ter removal that accompanies these actions (Powers et al. 
2005). If land managers seek to restore burned areas to 
a forested state and intend to implement a logging treat-
ment, minimizing heavy equipment usage and altering 
implementation to include snag retention is important 
for maintaining canopy and improving soil conditions 
(DeLong and Kessler 2000, Lindenmayer and Noss 2006).

Greater snag retention may not reduce long-term 
fuel loads, but the retained canopy cover, in the short 
term, can reduce soil moisture loss from solar expo-
sure, increase favorable microsites for tree regenera-
tion, and provide wildlife habitat. While the logging 
methods in this study were clear cuts with large-scale 
fuel removal during the summer and fall, some studies 
indicate reduced ecological impact when logging occurs 
during the winter (Wolf et  al. 2008). Other methods of 
logging, including cable or helicopter-based tree harvest-
ing methods, reduce fuel deposition and may also reduce 
soil disturbance, but are cost-prohibitive in areas with 
low timber value (Lindenmayer and Noss 2006, Leverkus 
et al. 2020).

Resprouting of deciduous species dominated this 
early post-fire period with variable conifer regeneration. 
Where conifer dominance is desired post-fire, planting 
may be warranted to assist in early recovery to conifer 
dominant forest. This may be especially helpful in areas 
subject to frequent drought or located at the lower ele-
vational or latitudinal ranges of desired tree species, 
where increased soil temperatures and moisture deficits 
may not be favorable for unassisted regeneration. Future 
research is needed to explore if the canopy created by 
early seral plant species (particularly by resprouting 
quaking aspen and Gambel oak) may offset soil moisture 
deficits and stabilize temperature differences in logged 
plots, potentially creating more favorable conditions for 
conifer regeneration. Monitoring seedling densities at 
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5 and 10 years post-fire may offer valuable insights into 
recovering forest trajectories across plot categories, 
potentially indicating if conifer forest recovery is likely 
or if a strong initial response of resprouting species may 
foreshadow transition to deciduous-dominant states.

Conclusions
This study examined soil microclimate and tree regen-
eration in areas that burned at low severity, high severity, 
and areas burned at high severity that were subsequently 
logged. Soil temperature and moisture are driven, in part, 
by canopy cover and the proportion of bare ground cover, 
which in turn impact conifer tree regeneration. Early post-
fire species establishment was dominated by resprouting 
species and serotinous conifers. Across all conifer spe-
cies, temperature and moisture did impact early post-fire 
seedling establishment. Canopy cover, especially live can-
opy cover found on low severity burned plots, increased 
soil moisture and decreased soil temperature during the 
growing season. Changes in plot conditions that occur 
during post-fire logging may further affect plot microcli-
mate and therefore regeneration success. As forests expe-
rience novel and perhaps harsher climatic conditions, 
post-fire logging requires increased planning and consid-
erations to offset potential negative ecological impacts.

Abbreviations
LS: Low to moderate severity; HL: High severity fire and logged; HS: High 
severity; CWD: Coarse woody debris; ANOVA: Analysis of variance.
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