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A B S T R A C T

Managing fire ignitions for resource benefit decreases fuel loads and reduces the risk of high-severity fire in fire- 
suppressed dry conifer forests. However, the reintroduction of low-severity wildfire can injure trees, which may 
decrease their growth after fire. Post-fire growth responses could change from first-entry fires to reburns, as first- 
entry fires reduce fuel loads and the vulnerability among trees to fire effects, which may result in trees sustaining 
less damage during reburns. To determine whether trees had growth responses that varied from first-entry fires 
to reburns, we cored 87 ponderosa pine trees in the Gila Wilderness, New Mexico, USA that experienced 3–5 fires 
between 1950 and 2012 following long-term fire-exclusion and 67 unburned control trees from the Gila and 
Apache-Sitgreaves National Forests. We assessed tree growth response to fire by comparing tree-ring growth 
among burned and unburned trees from two years before to two years after fires. We compared growth between 
burned and unburned trees using a bootstrapping procedure to calculate annual median tree-ring width index 
values with 95 % confidence intervals. We compared post-fire growth after first-entry fires and reburns following 
long-term fire-exclusion. Burned trees had similar growth responses following first-entry fires and reburns, with 
lower growth during the fire year through two years post-fire compared to unburned controls. Burned tree 
growth returned to expected rates following these immediate post-fire growth reductions. Interestingly, trees had 
lower growth during the year before and the year of reburns compared to the first-entry fire, reflecting greater 
aridity before reburns. Greater aridity may have contributed to larger-than-expected growth reductions following 
reburns, which could explain similar growth responses to first-entry fires and reburns. Our results indicate that 
trees had consistent short-term growth responses to low-severity fires following long-term fire-exclusion. As trees 
retained vigor after multiple fires, managing fires for resource benefit is an effective approach to reduce the 
likelihood of high-severity fire without long-term negative effects on tree growth.

1. Introduction

Long-term fire-exclusion and increasing aridity has increased the 
intensity and severity of fires that burn dry conifer forests in the 
southwestern United States (Hagmann et al., 2021; Kreider et al., 2024; 
Mueller et al., 2020; Singleton et al., 2019). In response, land manage
ment agencies have implemented forest treatments, such as prescribed 
fire and thinning, to reduce fuel loads and the likelihood of high-severity 
wildfire. However, these treatments are difficult to apply in remote areas 
at the pace and scale necessary to prevent widespread forest loss 
(McDowell et al., 2016; North et al., 2012). Managing fire ignitions for 
resource benefit (hereafter ‘managed wildfire’) is a cost-effective strat
egy to reduce fuel loads over large areas of remote forest (Hunter et al., 

2007; Cleaves et al., 1999; Holden et al., 2007), but can cause short-term 
reductions in growth among surviving trees (Keeling and Sala, 2012). As 
tree-ring growth often relates to tree vigor and portends mortality after 
drought and fire (Camarero et al., 2015; van Mantgem et al., 2018), 
assessing tree growth response to managed wildfire is necessary to 
determine its viability as a management tool for restoring dry conifer 
forests under increasingly hot and dry conditions (Gonzalez et al., 2018).

Fire can cause reductions in growth by inflicting damage to the 
crown, bole, and root structures of surviving trees. Increases in fire in
tensity often increase fire severity, with greater rates of needle scorch, 
necrosis in the cambium, cavitation in the xylem, and loss of roots near 
the soil surface (Hood et al., 2008; Keeley, 2009; Michaletz and Johnson, 
2007; Michaletz et al., 2012; Wagner, 1973). As damage to the tree 
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increases, it generally causes larger reductions in photosynthetic ca
pacity, resource acquisition, and transport of water, nutrients, and 
sugars within the tree, which can lower the rate of growth 
(González-Rosales and Rodríguez-Trejo, 2004; Hood et al., 2018; 
O’Brien et al., 2010). Dry conifer forests contain tree species, such as 
ponderosa pine (Pinus ponderosa), that are adapted to tolerate frequent, 
low-intensity fires (Stevens et al., 2020). However, a century of 
fire-exclusion has resulted in greater stem density, more surface fuels, 
and trees with crowns and roots that are closer to the flaming front 
during fire, increasing their vulnerability to fire (Brown et al., 2019; 
Moore et al., 2004; Swezy and Agee, 1991; Westlind and Kerns, 2017). If 
greater fuel loads and tree and forest structural attributes increase fire 
intensity beyond thresholds trees are adapted to tolerate, the first-entry 
fire following long-term fire-exclusion may inflict more damage and 
cause larger growth reductions among trees than expected in 
fire-maintained forests.

The damage from fire fades over time as surviving trees grow new 
needles and roots, return to pre-fire growth rates, and drop needles and 
branches, reinitiating the process of fuel accumulation (Bär et al., 2019; 
Wenderott et al., 2022; Westlind and Kerns, 2017). In dry conifer forests, 
maintaining fuels conditions that cause fires to burn at low-intensity and 
severity requires regular fire (Buma et al., 2020; Parks et al., 2014b; 
Rodman et al., 2023). While reburns may also reduce tree growth, re
ductions in fuel loads, fire intensity, and the susceptibility among trees 
to fire effects should lead to smaller post-fire growth reductions 
compared to the first-entry fire (Brown et al., 2019; Coppoletta et al., 

2016; Holden et al., 2007). However, increases in aridity can reduce tree 
vigor and increase the proportion of live and dead fuels available to burn 
by reducing fuel moisture, which may cause greater-than-expected 
growth reductions after fire relative to the amount of fuel on the land
scape (Goodwin et al., 2021; Kolb et al., 2019; van Mantgem et al., 2018; 
Williams et al., 2019). As an increasing proportion of fires burn forests 
under drier conditions (Abatzoglou et al., 2021), tree growth following 
fire may deviate from expected patterns, creating uncertainty about 
changes in tree response from first-entry fires to reburns after long-term 
fire-exclusion.

Given the uncertainty of tree growth response to fires following long- 
term fire-exclusion, we asked: How does the first low-to-moderate- 
severity fire after long-term fire-exclusion affect tree growth relative 
to reburns at the same location? We hypothesized that the first-entry fire 
following fire-exclusion would cause a larger decrease in tree-ring 
growth during the year of and the year after fire compared to reburns 
because reburns would burn lower fuel loads, have lower fire intensity, 
and cause less damage to the tree. While fire weather at the time a 
particular location burns can influence fire effects at that location, our 
analysis is a multidecade retrospective, which limited data availability 
for potential predictor variables.

Fig. 1. Plot locations across the Gila Wilderness and Gila and Apache-Sitgreaves National Forests, New Mexico, USA. The lower left panel shows the location of the 
Gila within New Mexico. The upper left panel shows the sampling locations of fire-maintained and fire-excluded plots and the number of fires that have burned 
locations in the region. The right panel shows the number of fires that have burned sampling locations in fire-maintained forests. Credits for the basemap include: 
Esri, Maxar, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community.
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2. Materials and methods

2.1. Study sites

We collected data from ponderosa pine forests in the Gila and 
Apache-Sitgreaves National Forests, located in west-central New Mexico 
(Fig. 1). Ponderosa pine forests in the region historically burned at low 
to moderate severity approximately every 5–20 years (Swetnam and 
Baisan, 1996), resulting in stands with low tree density (48–123 trees 
ha− 1; Garrett and Soulen, 1999; Moore et al., 2004; Roccaforte et al., 
2015; Ryan, 2002). Around the turn of the 20th century, widespread 
overgrazing and active fire suppression increased fire-return intervals by 
more than 120 years in some areas (Swetnam and Baisan, 1996), which 
increased the rate of ponderosa pine seedling survival and recruitment 
into the overstory (Covington and Moore, 1994). Increased seedling 
survival and recruitment caused stand density to increase by 5–13-fold 
over the past century, resulting in greater fuel loads on the landscape 
(Holden et al., 2007; Moore et al., 2004). With the establishment of a 
wildland fire use policy in 1975, which allowed managers to manage 
lightning ignitions for resource benefit in wilderness (van Wagtendonk, 
2007), wildfires have burned throughout most of the Gila Wilderness, 
with some locations experiencing surface fires at frequencies that are 
comparable to historical rates (Parks et al., 2023, Fig. 1). However, 
forests outside of designated wilderness have experienced few fires since 
the early 1900s, with many areas remaining fire-excluded.

Vegetation in the Gila ranges from desert grasslands at lower ele
vations to ponderosa pine forests at mid elevations and subalpine conifer 
forests at upper elevations (Keane et al., 2000). Climate in the study area 
is semi-arid, with a mean annual temperature of 12 ◦C and mean annual 
precipitation of 385 mm between 1990 and 2020 (https://www.ncdc. 
noaa.gov/cdo-web/datatools/normals, Gila Hot Springs station, NM; 
1706.9 m). Precipitation is bimodal, with snow common in the winter 
and rain in the summer monsoonal period (Sheppard et al., 2002). Soils 
in the region are a mixture of Ustalf and Ustoll suborders (NRCS, 2022).

2.2. Data collection

We established plots to collect growth and stand structure data 
across dry conifer forests that contained ponderosa pine and experi
enced no fire or multiple surface fires since the establishment of fire 
suppression policies. We identified forests containing ponderosa pine 
using the LANDFIRE dataset to determine potential areas for data 
collection (Rollins, 2009). Within these forests, we identified areas that 
either have not experienced fire since 1909 or burned multiple times at 
low-to-moderate-severity since 1950 using three sources collectively 
referred to as fire atlas data, including: 1) burn severity data from the 
Monitoring Trends in Burn Severity dataset (MTBS; Eidenshink et al., 
2007), 2) corrected fire boundary data from Parks et al. (2015), and 3) 
historical fire boundary records from Rollins et al. (2002). Within these 
areas, we ground-truthed and sampled locations in the Gila Wilderness 
that experienced at least three surface fires between 1950 and 2019 
(hereafter fire-maintained forests) and places with similar elevation, 
slope, and aspect on the Gila and Apache-Sitgreaves National Forests 
that had no evidence of fire since 1909 (hereafter fire-excluded forests; 
Fig. 1). Prior to establishing plots, we ground-truthed fire-maintained 
areas to confirm that they had burned by visually surveying for char, 
reduced woody debris, differences in stand structure, and increased 
canopy base height compared to fire-excluded forests (Brown et al., 
2019; Holden et al., 2007; North et al., 2009).

We established 22 plots in fire-maintained forest and 20 plots in fire- 
excluded forests to collect stand structure data, from which we identified 
dominant and co-dominant candidate trees to collect growth data. To 
quantify stand structure, we used a 0.20 ha circular plot to measure trees 
>50 cm diameter at breast height (dbh), a nested 0.10 ha plot to sample 
trees 15–50 cm dbh, and a nested 0.02 ha plot to sample trees 5–14.9 cm 
dbh. Within each plot, we recorded dbh and species of all individuals, 

delineating all overstory ponderosa pine trees (dbh > 20 cm) as candi
dates for increment coring. We randomly selected 3–7 candidate trees in 
each plot to core using a 5.15 mm increment borer. We sampled two 
cores from each of 87 trees in fire-maintained plots and 86 trees in fire- 
excluded plots. Field data collection occurred between 2020 and 2022.

We followed standard dendrochronological methods to dry, mount, 
and sand increment cores in preparation for crossdating and growth 
measurements (Stokes and Smiley, 1968). We scanned sanded cores 
using an Epson 12000XL scanner at high resolution to date and measure 
tree rings. We measured annual tree ring-widths to 0.001 mm using 
WinDENDRO (Regent Instruments, 2018). We statistically cross-dated 
cores between 1900 and 2018 using COFECHA (Holmes, 1983). 
Cross-dated series had intra-site correlation values that averaged 0.76 ±
0.08 standard deviations and inter-site correlation values that averaged 
0.74 ± 0.07 standard deviations. Once cross-dated, we averaged annual 
tree ring-widths between the two cores collected from each tree and 
detrended the resultant values using the modified negative exponential 
detrending method, which removes age-related growth trends (Cook 
and Kairiukstis, 1990). This calculation provided tree-ring width index 
(RWI) values that represented standardized annual growth among trees.

2.3. Data analysis

To determine if tree growth varied following first-entry fires and 
reburns, we compared growth among trees during the years during the 
year of and the two years before and after each fire. We delineated years 
that trees experienced fire by overlaying the footprints of known fires 
from the fire atlas data on plot locations in fire-maintained forests. We 
defined the year a tree experienced a first-entry fire as the year of the 
earliest fire with a footprint that intersected the plot containing the tree. 
We defined years that a tree experienced reburns using the years of all 
fire footprints that intersected the plot after the first-entry fire. As plots 
within fire-maintained forests were located up to 13 km from one 
another (Fig. 1), sampled trees had a variety of fire histories, with trees 
experiencing their first-entry fire in one of five fires between 1950 and 
1997 and two-to-four reburns from a subset of seven fires between 1985 
and 2012 (Table 1).

The variability in fire histories suggested that trees experienced a 
variety of climatic conditions surrounding fires. In dry conifer forests, 
climate influences annual tree growth, fire characteristics, and fire ef
fects, as greater aridity, often quantified by higher vapor pressure deficit 
(VPD), results in lower growth rates, increased heat release during fires, 
and greater fire severity (Goodwin et al., 2021; Kusnierczyk and Ettl, 
2002; Wasserman and Mueller, 2023; Williams et al., 2013). We used 
fire severity to measure and account for variability in the amount of 
damage stands sustained to photosynthetic structures during fire (Parks 
et al., 2014a), which can influence tree growth within the stand after fire 
(Sparks et al., 2023). To quantify variability in fire severity within and 
between fires, we used the relativized burn ratio (RBR) calculated by 
Parks et al. (2015), which calculated RBR values at 30 m resolution for 
all fires beginning in 1984. To quantify variability in aridity during the 

Table 1 
The number of plots and sampled trees burned in the Gila study area, New 
Mexico, USA, in different fire-year sequences.

First-entry fire 
year

Reburn years Number of 
plots

Number of 
trees

1950 1993, 2002, 2007, 
2012

3 16

1950 1993, 2002, 2012 1 4
1950 1997, 2002, 2012 1 7
1979 1985, 1993, 2006, 

2012
6 18

1985 1993, 2006, 2012 1 3
1993 2006, 2012 8 27
1997 2002, 2012 2 12
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study period, we calculated annual mean maximum and 3-year rolling 
means from VPD from 1940 to 2019 using interpolated monthly 
maximum VPD (PRISM, 2023).

Because VPD varied across the study period (Fig. 2), we used a subset 
of trees from fire-excluded forests to control for the effect of climate 
while assessing changes in growth during the year of and years after fire. 
To select control trees, we ran an interseries correlation analysis from 
1948 to 2018 between individual growth series of trees from fire- 
excluded forests and a master growth chronology of the 87 trees from 
fire-maintained forests. We retained 67 of the control trees from fire- 
excluded forests that had interseries correlation values > 0.65. To 
determine if the 67 trees represented reasonable controls, we compared 
their growth response to monthly climate (Meko et al., 2011; Zang and 
Biondi, 2015) and checked their expressed population signal (EPS) with 
trees from fire-maintained forests (Wigley et al., 1984). The 67 control 
trees had similar correlations to precipitation and temperature 
(Supplemental figure S1) and an EPS value of 0.99 with trees from 
fire-maintained forests, indicating that they represented reasonable 
controls for expected growth responses to climate.

To test if fire altered tree growth while controlling for climate, we 
compared annual growth between burned and control trees during the 
five-year period surrounding fires. We compared annual growth using 
median annual RWI values with 95 % confidence intervals, which we 
calculated using a cluster bootstrap procedure. We used a cluster boot
strap procedure to account for known dependencies in tree growth that 

may have caused autocorrelation within the five-year windows sur
rounding specified fire years (Field and Welsh, 2007; Kohyama et al., 
2005). Specified fire years included every year a burned tree experi
enced a fire and all fire years among unburned controls. The five-year 
windows included the two years before, the year of, and the two years 
after a fire. We limited windows to the five years surrounding an event to 
maintain independence while calculating pre- and post-fire growth 
rates, as some areas burned within five growing seasons of the previous 
fire (Table 1).

To perform the cluster bootstrap procedure, we grouped sets of RWI 
values surrounding an event by first-entry fire or reburn and standard
ized time by the lag year relative to fire. We sampled five sets of RWI 
values by group with replacement to calculate a mean annual RWI value 
for burned and control trees over the five-year period surrounding first- 
entry fires and reburns. We repeated this sampling procedure 1000 times 
to obtain median and 95 % confidence intervals of RWI values by lag 
year using the bootstraps() function in the ‘rsample’ package (Silge 
et al., 2022). To test if tree growth significantly changed after first-entry 
fires or reburns, we compared median and 95 % confidence intervals of 
annual RWI between burned and control trees surrounding the 
first-entry fire and reburns. To test for differences in tree growth 
response between first-entry fires and reburns, we calculated the median 
and 95 % confidence interval of bootstrapped differences in RWI be
tween burned and control trees for first-entry fires and reburns and 
compared the resulting values.

Fig. 2. Vapor pressure deficit (VPD), tree-ring width index (RWI) of burn trees, and the number of sampled trees that experienced fire by year from 1940 to 2019 in 
the Gila study area, New Mexico, USA. Panel a plots annual VPD and a chronology of RWI from 1940 to 2019. Panel b shows the number trees burned in first-entry 
fires and reburns (bars) and the 3-year rolling means for annual VPD ± one standard deviation (blue line and shading). The black dashed line represents average 
annual VPD (17 hPa) over the 80-year period. We calculated the growth chronology using the chron() function from the dplR package in R (Bunn, 2010).
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The cluster bootstrap analysis suggested that annual growth rates 
differed between first-entry fires and reburns during the year before and 
year of fire. These differences in growth may have indicated differences 
in aridity before first-entry fires and reburns that can influence fire 
characteristics and tree growth response after fire (Goodwin et al., 2021; 
Kolb et al., 2019; Kusnierczyk and Ettl, 2002; van Mantgem et al., 2018). 
To compare growth rates between first-entry fires and reburns, we used 
t-tests to assess differences in RWI values by lag year. We included 
burned and control trees to test for differences in growth during the two 
years before fire and control trees for the year of and year after fire. The 
analysis showed that growth rates did not differ between first-entry fires 
and reburns during the growing season two years before or the year after 
fire (p > 0.1). However, all trees grew at slower rates during the year 
before reburns and control trees grew at slower rates during the year of 
reburns.

To determine if aridity and fire severity caused tree growth to vary 
during periods surrounding a fire, we developed a linear mixed model 
with a first-order autoregressive covariance structure. We assessed 
growth response to aridity and severity during years surrounding fires, 
using annual RWI as the response variable, annual mean maximum VPD 
and RBR as predictor variables, and a random effect that included a 
variable denoting plot ID nested by year. We gathered RBR values for all 
fires each tree experienced by overlaying plot locations on RBR raster 
data. We assigned RBR values to plots for each fire by identifying the 
RBR pixel that overlapped with plot center. We distributed plot RBR 
values to trees within the plot for the year of and the two years after 
every fire. We assigned trees an RBR value of zero for all other years and 
excluded data predating 1984 from the analysis, before which fire 
severity data did not exist (Parks et al., 2015).We checked the normality 
of model residuals using a Shapiro-Wilk test and assessed all other as
sumptions graphically. We transformed the response variable with a 
square root transformation and included the growth of 73 trees from 
fire-maintained forests to meet model assumptions. All statistical ana
lyses were performed in R version 4.3.2 (R Core Team, 2020).

3. Results

Burned trees had similar growth reductions after first-entry fires and 
reburns. Burned and control trees had comparable growth rates during 
the years before fire (Fig. 3, Supplemental figures S2–8). Burned trees 
had lower growth than control trees during the year of fire (Figs. 4a and 
4b), as RWI increased among control trees (ΔRWIfirst-entry: 11.08 %; 
ΔRWIreburn: 8.96 %) but decreased among burned trees (ΔRWIfirst-entry: 
− 24.90 %; ΔRWIreburn: − 19.93 %). The difference in growth between 
burned and control trees peaked during the year after fire (ΔRWIfirst- 

entry: − 0.55, ΔRWIreburn: − 0.42; Fig. 4c). Burned tree growth remained 
significantly lower than control trees immediately after fire, but growth 
between the two groups converged within two years after fire. The 
difference in growth between burned and control trees was similar 
before, during, and after the fire (Fig. 4c), indicating similar growth 
responses among burned trees after first-entry fires and reburns.

Aridity increased after the year 2000 and fire severity did not 
change, yet burned trees had similar growth responses after first-entry 
fires and reburns (Fig. 2b). While all first-entry fires occurred prior to 
2000, the majority of reburns occurred after 2000 and had VPD values 
that were 5 % greater (17.34 hPa ± 0.60 standard error, SE) during the 
year before fire compared to the first-entry fire (16.53 hPa ± 0.67 SE). 
The difference increased to 8 % during the year of fire (VPDfirst-entry: 
16.30 hPa ± 0.31 SE, VPDreburn: 17.55 hPa ± 0.63 SE). Higher aridity 
was associated with lower growth during the year before (pcontrol <

0.001; pburned < 0.001) and year of reburns (pcontrol < 0.001) compared 
to first-entry fires, as increases in VPD reduced RWI values (Table 2; 
Fig. 2a). Despite greater pre-fire aridity, fires burned plots at similar low 
severities before and after 2000 (RBRpre-2000 = 35.10 ± 7.82 SE; RBRpost- 

2000 = 28.62 ± 12.75 SE, p = 0.71, Parks et al., 2015) regardless of the 
event (RBRfirst-entry = 49.64 ± 10.64 SE; RBRreburn = 27.95 ± 9.62 SE, p 
= 0.37) and trees had similar reductions in growth after each fire 
(Fig. 4). The recent increases in aridity and reductions in pre-fire growth 
may have contributed to the similarities in post-fire growth response 
following first-entry fires and reburns.

Fig. 3. Growth chronologies of burned (red) and control trees (blue) with 95 % confidence intervals (CI, shading) during the period surrounding fires that occurred 
in 1993 (nburned = 68, ncontrol = 67; panel a) and 2006 (nburned = 48, ncontrol = 67; panel b) in the Gila study area, New Mexico, USA. The solid black line represents 
average growth (RWI = 1) across all trees from fire-maintained and fire-excluded forests used in the study. Growth chronologies and 95 % confidence intervals were 
calculated using tree-ring width index values (RWI) and the chron.ci() function from the dplR package in R (Bunn, 2010).
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4. Discussion

Managed wildfire can reduce fuel loads and decrease the risk of dry 
conifer forests burning at high-severity following long-term fire-exclu
sion, but these fires can also damage trees (Holden et al., 2007; Rodman 
et al., 2023). We hypothesized that trees would have larger growth re
ductions after the first-entry fire than reburns, as greater fuel loads and 
vulnerability to fire effects would increase the amount of damage trees 
sustained during the first-entry fire. However, after controlling for 
climate, both first-entry fires and reburns caused similar reductions in 
growth during the year of and immediately following the fire.

Tree growth reductions did not vary from first-entry fires to reburns 
as expected, meaning trees had consistent responses to the damage they 
sustained from low-severity fires after long-term fire-exclusion. Consis
tent growth responses to fires with similar effects indicated that, despite 
recognized differences in fuel loads among fire-excluded and fire- 
maintained forests (Chamberlain et al., 2023; Westlind and Kerns, 
2017), first-entry fires and reburns may have inflicted similar amounts 
of damage to surviving trees. Low fire severity can damage the leaves of 
overstory trees, causing needle loss and a reduction in photosynthetic 
capacity (Bär et al., 2019; Parks et al., 2014a; Wagner, 1973). Consistent 
severities among fires indicated that stands experienced similar rates of 
needle scorch during first-entry fires and reburns. Post-fire reductions in 
photosynthetic capacity often decreases basal growth (González-Rosales 
and Rodríguez-Trejo, 2004), suggesting that the negative relationship 
between fire severity and post-fire growth rates may have resulted from 
needle loss and reductions in photosynthetic capacity among burned 
trees.

The first-entry fire may have inflicted less damage than expected by 
burning forests under wetter conditions than reburns. First-entry fires 
occurred during years characterized by greater tree growth and lower 

vapor pressure deficit compared to reburns, signaling lower atmospheric 
water demand that often corresponds to greater fuel moisture 
(Abatzoglou et al., 2021; Biederman et al., 2016). Greater fuel moisture 
reduces fuel consumption and fire intensity (Dickman et al., 2023; Jolly, 
2007; Rothermel, 1972), which coincides with lower fire severity 
(Keeley, 2009). Although several of our first-entry fires pre-date the start 
of the fire severity satellite record in 1984, similar VPD values suggest 
that fuel moisture was probably similar and all of the first-entry fires in 
our data set were more likely than not to have burned at similar se
verities. Greater pre-fire aridity and lower fuel moisture may have 
increased fuel consumption and fire intensity during reburns to cause 
fire effects that resembled those of first-entry fires. If so, changing cli
matic conditions and fuel moisture levels may have caused forests to 
burn at consistent severities over time that resulted in similar growth 
responses after first-entry fires and reburns.

Similarities in post-fire growth reductions following first-entry fires 
and reburns could also be a function of climatic conditions prior to and 
during the fire events. Climatic conditions were more arid prior to and 
during reburns as compared to the first-entry fires (Fig. 2), which may 
have increased tree water stress and reduced photosynthetic output 
among surviving trees (Biederman et al., 2016; Brodribb et al., 2020). 
Growth reductions triggered by aridity can cause trees to have lower 
growth for years after aridity subsides (Peltier et al., 2022). This climate 
memory may have predisposed trees to lower post-fire growth following 
reburns, as drought-stressed trees can have larger growth reductions 
after fire (Li et al., 2023; Sparks et al., 2018). If greater aridity increases 
tree growth response to the damage fires inflict, projected increases in 
aridity may cause larger post-fire growth reductions among trees in 
southwestern forests (Gonzalez et al., 2018). As larger post-fire growth 
reductions coincide with an increased likelihood of post-fire mortality 
(van Mantgem et al., 2018), future research should assess the interactive 
effect of managed wildfire, climate change, and climate memory on tree 
vigor.

While our results show that trees had similar growth responses to the 
damage they sustained during first-entry fires and reburns, fire also al
ters tree water use, canopy architecture, and stand structure that can 
vary independently from tree growth reductions after fire. Trees can 
sustain damage to xylem during fire that does not reduce photosynthetic 
capacity, resulting in post-fire water use that is decoupled from growth 
rates (Renninger et al., 2013). Fire-maintained forests have trees with 
greater canopy base height and stands with more spatial heterogeneity 
than fire-excluded forests, which increases the resilience of forest 

Fig. 4. Annual tree-ring width index (RWI) and differences in RWI between burned (n = 87) and control trees (n = 67) normalized to years since fire in the Gila study 
area, New Mexico, USA. Panel a represents annual growth rates among burned and control trees surrounding first-entry fires. Panel b represents annual growth rates 
among burned and control trees surrounding reburns. Panel c compares tree growth response after first-entry fires and reburns, calculated by taking the bootstrapped 
difference in RWI between burned and control trees. CI = confidence interval.

Table 2 
Fixed effects on estimates of tree-ring width index for ponderosa pine trees in the 
Gila study area, New Mexico, USA.

Parameters Estimates SE

(Intercept) 3.3745* 0.1023
Vapor pressure deficit − 0.1383* 0.0058
Relativized burn ratio − 0.0014* 0.0002
Observations 2529
Marginal R2/conditional R2 0.4093/0.6340

* represents p < 0.001.
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structure to future fires (Brown et al., 2019; Chamberlain et al., 2023). 
However, tree growth response may not reflect greater structural resil
ience if increases in pre-fire aridity cause trees to sustain consistent 
growth reductions after fire. Therefore, future studies should also assess 
changes in post-fire water use efficiency, canopy base height, and spatial 
heterogeneity of horizontal forest structure to determine if other phys
iological, structural, and ecological responses differ from first-entry fires 
to reburns.

Fire is a management tool that reduces fuel loads at a consistent 
short-term cost to forest productivity. While prescribed fire is a popular 
method for returning low-severity fire to fire-adapted systems, the 
accompanying legal requirements and restrictions, coupled with logis
tical difficulties, limit its application in remote areas (North et al., 2012). 
Managing natural ignitions for resource benefit can overcome many of 
these limitations (USDA/USDI, 2005), providing an alternative mecha
nism for managers to reintroduce low-to-moderate-severity fire in 
remote forests. Our results demonstrate that managed wildfires cause 
multiyear reductions in tree growth, which resembles tree growth 
response to prescribed fire (Peterson et al., 1994; Wenderott et al., 
2022). Unlike most prescribed fire programs where resources limit burn 
frequency, though, natural ignitions often burn forests at frequencies 
that approximate historical fire regimes, resulting in forests with 
50–70 % fewer trees than untreated stands (Cleaves et al., 1999; Holden 
et al., 2007; Parks et al., 2023). As the reduction in stand density meets 
thinning recommendations for southwestern ponderosa pine forests 
(McCauley et al., 2022; Reynolds et al., 2013), managing natural igni
tions for resource benefit can meet treatment goals in remote dry conifer 
forests with acceptable effects on tree growth.

Although managed wildfires temporarily reduce forest productivity, 
the short-term cost may act as an investment in the long-term retention 
of dry conifer forests. Dry conifer forests have increasingly burned at 
high-severity across the southwest because of high fuel loads and recent 
increases in aridity (Singleton et al., 2019). Higher aridity has concur
rently reduced conifer regeneration in high-severity patches, resulting in 
ecosystem conversions to non-forested landscapes (Coop et al., 2020). 
Managed wildfires decrease the risk of high-severity fire and ecosystem 
conversion by reducing fuel loads in remote forests that are otherwise 
inaccessible for treatment (Rodman et al., 2023). As managed wildfires 
can burn frequently over large areas (Parks et al., 2023), managing 
natural ignitions for resource benefit reduces the risk of widespread 
forest loss. Preventing forest loss often represents an important man
agement objective in southwestern forests, meaning the increased like
lihood of long-term forest retention can compensate for short-term 
growth reductions after managed wildfires.
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