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A B S T R A C T

Reforestation success in areas impacted by high-severity wildfire and seasonal moisture limitations require 
nursery-grown seedlings capable of establishing and surviving in harsh environments. Drought conditioning (i.e. 
restricted irrigation regimes) has the potential to improve planting outcomes, although assessments of effec
tiveness based on replicated field trials in operational settings are rare. In 2022, we conducted a drought con
ditioning experiment on second-year stock of ponderosa pine (Pinus ponderosa), western white pine (Pinus 
monticola) and two seed sources of western larch (Larix occidentalis) using well-watered (control) and water- 
limited (drought) treatments. Seedlings were outplanted in the spring of 2023 at two sites (a hot/dry, low 
elevation site and a cool/moist, higher elevation site) within a high-severity burn scar in western Montana, USA. 
To test treatment effectiveness, we measured seedling survival and height growth over three growing seasons 
along with pre-dawn water potential in the first growing season. Survival was not affected by drought condi
tioning (p > 0.05); instead, site and seed source explained seedling survival (p < 0.001). While ponderosa pine 
had high survival at both sites, the hot/dry site resulted in high mortality for western white pine and western 
larch. Average seedling height by the third growing season revealed interesting treatment effects: shorter 
drought conditioned ponderosa pine (5.6–6.2 cm difference), taller droughted western white pine (6.8 cm dif
ference), and while initially shorter, droughted western larch height converged with control seedlings. Our re
sults highlight the importance of following greenhouse experiments with field trials and the value of monitoring 
beyond the first growing season.

1. Introduction

Successful tree seedling establishment and natural regeneration are 
increasingly threatened by shifts in disturbance regimes, including more 
severe and frequent droughts and increasing wildfire activity. Climate 
change coupled with a history of fire suppression in the western U.S. has 
altered fire regimes (Abatzoglou and Williams, 2016) and increased 
severity (Kreider et al., 2024), frequency (Higuera et al., 2021), and fire 
season duration (Balch et al., 2022). High-severity, stand-replacing fire 
can overwhelm forest recovery (Tepley et al., 2017), leading to con
version of forest to non-forest states (Coop et al., 2020; Crausbay et al., 
2017). After such fires, seedling establishment in the first few years 
strongly influences species composition and stand structure 
(Martínez-Vilalta and Lloret, 2016), which is impacted by distance to 

mature seed trees (Vieira et al., 2024). Regardless of the presence or 
absence of fire, seedling recruitment and establishment success is 
dictated by temperature averages and extremes, timing and amount of 
precipitation, and soil moisture availability (Davis et al., 2019; Davis 
et al., 2023; Kolb and Robberecht, 1996; Petrie et al., 2016; Seidel, 
1986) suggesting that dry forest regions are increasingly vulnerable 
(Dodson and Root, 2013; Donato et al., 2016; Kemp et al., 2019; Rother 
and Veblen, 2016). To facilitate reforestation success in water-limited 
landscapes, advanced silvicultural techniques are needed to promote 
adaptation locally and globally (Nagel et al., 2017).

Reforestation efforts that plant native tree seedlings is a strategy to 
resist transition from forest to persistent non-forest states following 
high-severity fires (Larson et al., 2022). In recent analyses of refore
stable area on Forest Service land in the contiguous U.S., post-fire 
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landscapes accounted for 15% in 2007 but increased to 81% after 2017, 
highlighting the increased need for post-fire revegetation (Dumroese 
et al., 2019). While there are many challenges to the reforestation 
pipeline and an increasing amount of area that meet reforestation re
quirements (Fargione et al., 2021), successful tree planting requires 
nursery grown seedlings that match the site conditions into which they 
will be planted (Dumroese et al., 2016). Cultivating stock types for 
water-limited sites by influencing plant water relations, and carbon 
acquisition, use, and storage could ultimately promote planted seedling 
survival and performance (Puértolas et al., 2024).

Drought conditioning is a nursery culturing technique that restricts 
irrigation during growth phases and is hypothesized to improve survival 
and performance of seedlings planted on environmentally stressful sites 
(Grossnickle, 2012; Kozlowski and Pallardy, 2002; Toca et al., 2025). 
The imposed drought stress can cause morphological and physiological 
acclimation (i.e. drought memory) expressed as adaptive traits (Toca 
et al., 2025) that improve stress resistance and establishment (Landis 
et al., 2010). Experiments provide evidence that culturing techniques 
may influence plant functional traits to promote drought resistance, 
although treatment influence varies by species (Ross et al., 2025). 
Nursery experiments have found that drought conditioning can influ
ence plants’ osmotic adjustment (Deligoz and Gur, 2015; Hennessey and 
Dougherty, 1984; Kandiko et al., 1980; Royo et al., 2001), nonstructural 
carbohydrates (Ross et al., 2025), ability to maintain high net photo
synthesis (Pinto et al., 2023; Seiler and Johnson, 1988), and induce 
morphological change (Moler and Nelson, 2021; Ross et al., 2025; Royo 
et al., 2001; Sloan et al., 2020; Vale et al., 2021). While nursery ex
periments provide valuable insights of morphological and physiological 
adjustments due to drought conditioning, assessing treatment effec
tiveness requires operational field trials.

Following nursery experiments with performance-based field trials is 
the most robust test of effectiveness (Johnson et al., 1986; Landis et al., 
2010). Recent meta-analyses of drought conditioning experiments 
reveal a shortage of long-term field validation (Puértolas et al., 2024; 
Villar-Salvador et al., 2026). Of those that include a field trial, studies 
show increased survival (Cregg, 1994; Valliere et al., 2019; van den 
Driessche, 1992), no effect or decreased survival (Grossnickle et al., 
1991; Kitao et al., 2022; O’Reilly et al., 1994; Royo et al., 2001; Vil
lar-Salvador et al., 2013a), and some report improved performance 
without survival (Johnson et al., 1986; Rook, 1973). Further, few have 
outplanted seedlings under operational conditions, with several studies 
instead planting in pots or sand beds (Cregg, 1994; van den Driessche, 
1991; van den Driessche, 1992; Villar-Salvador et al., 2013a). Thus, 
there remains a need for replicated field trials under conditions repre
sentative of operational reforestation practices.

Here, we evaluate the effectiveness of a drought-conditioning 
treatment (i.e., restricted irrigation nursery regime) applied in a 
greenhouse by assessing multi-year performance and survival of seed
lings planted under operational field conditions. We planted seedlings of 
three conifer species that had been cultured under two irrigation re
gimes in their second year (Ross et al., 2025): a well-watered control and 
a water limited drought treatment. While most experiments use 
first-year seedlings, we explored the use of second-year stock when 
seedlings have transitioned from relying on primary xylem (during the 
first year) to more embolism-resistant secondary xylem (Miller and 
Johnson, 2017). Seedlings were outplanted at two severely burned sites 
with contrasting environmental stress (relatively hot and dry vs. rela
tively cool and moist). We sought to answer three questions. Relative to 
well-watered controls, is there evidence that drought-conditioned 
seedlings (i) physiologically acclimate via increased plant water po
tentials, (ii) increase survival, and (iii) exhibit different height growth 
patterns? We evaluated these questions with measurements from the 
first three growing seasons after planting.

2. Methods

2.1. Study species and seed sources

Ponderosa pine (Pinus ponderosa Lawson & Lawson var. ponderosa C. 
lawson), western white pine (Pinus monticola Douglas ex D. Don) and 
western larch (Larix occidentalis Nutt.) are conifer species native to 
western North America and important for reforestation. Additionally, 
these species exemplify a gradient of drought vulnerabilities reflecting 
their ecological niche and disturbance adaptations. Ponderosa pine is 
considered an extremely drought tolerant species capable of surviving 
hot, dry sites where other species might fail to establish (Daubenmire 
and Daubenmire, 1968). Physiological and morphological traits such as 
high stomatal control, high sapwood-to-leaf ratio, a deep rooting strat
egy, and ability to deal with low osmotic potentials are some traits that 
drive survival under dry conditions (Kolb and Robberecht, 1996; Piñol 
and Sala, 2000).

Western white pine is considered a keystone species of moist 
northern Rocky Mountain forests, although it has experienced extreme 
population decline due to timber harvesting, fire exclusion, and, espe
cially, the introduced fungal pathogen white pine blister rust (Cronar
tium ribicola) (Hann et al., 1998; Fins et al., 2001). Western white pine is 
a moderately shade tolerant (Jain et al., 2004) early seral species with 
low drought tolerance (Burns, 1990). Although potentially a vulnerable 
species, western white pine also has traits associated with drought 
resistance such as a deep rooting strategy and high stomatal regulation 
potentially leading to physiological plasticity (Robinson et al., 2023) 
and morphological adaptation (Haig, 1936).

Western larch is a fast-growing deciduous conifer that grows in 
relatively cool and moist forests with species like western white pine 
(Burns, 1990). Western larch is considered drought-intolerant in com
parison to ponderosa pine (Arno, 1976; Steed and Goeking, 2020). 
Though western larch exhibits lower stomatal control relative to 
co-occurring conifers (Zhang and Marshall,1994), this species has 
mechanisms allowing for survival in dry areas such as high resistance to 
xylem cavitation (Steed and Goeking, 2020; Piñol and Sala, 2000).

2.2. Seedling preparation and drought conditioning

In March of 2021, seed and seedlings were sourced from the U.S. 
Forest Service (USFS) Nursery in Coeur d’Alene, Idaho for all seed 
sources (Table 1). Ponderosa pine, western white pine and western larch 
2 were grown in Styrofoam block containers containing 77 cells, each 
cell being 164 ml in volume (Styroblock 77/170, Beaver Plastics, 
Acheson, Alberta, Canada) at the University of Montana Memorial 
Greenhouse in Missoula, Montana. Due to low germination rates of 
western larch 2, a complement of one-year old western larch seedlings 
(western larch 1) was purchased. Western larch 1 grew in an operational 
regime to meet target specifications in Styrofoam block containers 
containing 112 cells (Styroblock V112105EXT, Stuewe & Sons, Inc, 
Tangent, OR, USA) at the nursery in Coeur d’Alene. All seedlings were 
watered using the “manager technique” described by Dumroese et al. 
(2015) and watered when racks dried down to 70–80% of their 
container capacity (CC). In preparation for cold storage, all seedlings 
were exposed to 400 h below 4 ◦C, packaged in wax boxes and stored 
below 0 ◦C from December 2021 to May of 2022. In May, seedlings were 
thawed for two weeks at 3 ◦C before being transplanted in preparation 
for the greenhouse experiment.

In June of 2022, our second-year seedlings were exposed to a 
drought conditioning experiment in a greenhouse at the University of 
Montana Environmental Control for Organismal Research facility (Ross 
et al., 2025; Fig. 1 A). A single container type (TP49 containers, MT49TI 
trays, Stuewe & Sons, Inc, Tangent, OR, USA) was used to grow seedlings 
from May until December 2022 (Fig. 1B). Seedlings were grown in trays 
(16 containers per tray) organized by seed source × irrigation treatment 
combination (Fig. 1 A). Seedlings were well-watered (80–90% of 
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container capacity (CC) using the “scientific technique” described in 
Dumroese et al., 2015) for the first 2–4 weeks, then successively dried 
down at increments of 10% to reach their target treatment CC. Racks 
were randomly assigned an irrigation treatment: a well-watered control 
(75% CC) or a water-limited drought conditioning treatment (40% CC). 
Once a target level was reached for half or more of the racks within a 
treatment group, all racks were irrigated to 100% CC. Fertilizer was 
applied during irrigation in a manner that resulted in seed sources 
receiving similar amounts of total nitrogen. A suite of morphological and 
physiological variables were measured during the greenhouse study 
(Ross et al., 2025). Summary treatment effects of the greenhouse 
drought conditioning experiment are reported in Table 2.

In December 2022, all seedlings were irrigated to saturation in 
preparation for cold storage. Seedlings accumulated 400 h below 4 ◦C in 
preparation for storage, given unique identification numbers, removed 
from containers, and packed in boxes based on treatment. Seedlings 

were stored below 0 ◦C from December 2022 until April 2023 at the 
USFS Coeur d’Alene Nursery.

2.3. Planting site selection

This study was replicated at two sites that burned at high severity in 
the Thorne Creek Fire on the Lolo National Forest, Montana, USA. 
Lightning ignited the Thorne Creek Fire on the Plains/Thompson Falls 
Ranger District on July 7th, 2021. Terrain in the burned area is steep and 
rocky with elevations ranging from 762 to 2133 m above sea level. The 
fire burned with varying severity, leaving a mosaic of burn patterns on 
the landscape that ranged from unburned to areas where the canopy was 
completely consumed (Fig. 2).

A Reforestation Assessment was conducted by the U.S. Forest Service 
to evaluate management and post-fire reforestation needs. This assess
ment was based on overlaying RAVG imagery (Fig. 2) and Regenmapper 

Table 1 
Summary of total number of seedlings planted at each site (hot/dry or cool/moist) within each treatment (control or drought) along with seed source geographic 
information. Non-supplemental mass pollination (NSMP) refers to natural pollination versus supplemental mass pollination (SMP).

Seed source Seed lot origin Elevation Seed lot number Treatment Hot/Dry (n) Cool/Moist (n)

Ponderosa pine Bigfork Timber Improvement Area 1417 m 7741–18-NSMP Control 84 84
Drought 86 85

Western white pine Idaho Panhandle National Forest 655 m 7461–16 Control 88 83
Drought 87 84

Western larch 1 Kootenai National Forest 1037–1463 m 7663 Control 84 85
Drought 84 85

Western larch 2 Bigfork Timber Improvement Area 1158 m 7659–14-SMP Control 44 43
Drought 44 43

Fig. 1. (A) Seedlings during drought conditioning experiment at the University of Montana Environmental Control for Organismal Research Facility, (B) a ponderosa 
pine seedling plug about to be planted, (C) a western white pine (control) seedling planted at the cool/moist site, (D) the hot/dry site in May 2023, and (D) the hot/ 
dry at the end of the first growing season in October 2023.
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(a web-based model used to estimate probability of natural regenera
tion) to inform post-fire reforestation management (Holden et al., 2022, 
2025). Two suitable planting sites were identified based on these ana
lyses with additional consultation from the district silviculturist (P. 
Collier, personal communication, March 2023). Planting sites were 
selected at two different elevations within the burned area with differ
ential levels of expected regeneration success. Elevational differences 
allowed for the inclusion of a hot, dry lower elevation site that was 
expected to limit regeneration success (Fig. 1D and E) and a cool, moist 
higher elevation site that typified areas expected to harbor successful 
reforestation (Fig. 1 C).

2.4. Site descriptions and planting procedure

Weber Gulch, hereafter referred to as the hot/dry site, was identified 
as a high-severity patch with 100% tree mortality of its mixed-conifer 
overstory. This site was selected as the low elevation, hot/dry site 
(47.63855◦ N, 115.34605◦ W). It is located on a SW aspect at 1060 m a. 
s.l. Management history includes a shelterwood harvest with helicopter 
yarding followed by broadcast burning in 2009. The broadcast burn 
caused greater than planned overstory tree mortality, resulting in < 1 
live tree/ha in the 40-ha area surveyed after the broadcast burn. An 
assessment conducted 3 years later found less than 10 seedlings had 
naturally regenerated in the examined area, which was attributed to the 
harsh SW exposure and competing vegetation. The site burned again in 
the 2021 Thorne Creek wildfire. Surrounding forest composition was 
dominated by ponderosa pine and Douglas-fir (Pseudotsuga menziesii var. 
glauca) with a small population of western larch within about 150 m of 
the planting site. Soils at this site were classified as Vision-Lick families 
complex with stony, colluvial aprons and alluvial fans (Soil Survey Staff, 
2026).

Liver Peak, hereafter referred to as the cool/moist site, was identified 
as a high-severity patch, although some live overstory western larch 
trees remain adjacent to the planting area. This site occupies a SW aspect 
(47.63040◦ N, 115.20821◦ W) positioned at 1548 m a.s.l. Management 
history included regeneration harvest followed by broadcast burning 
and planting of ponderosa pine, western white pine, and western larch in 
2006. The site then burned in the 2021 Thorne Creek wildfire. Sur
rounding forest composition was dominated by western larch and 

Douglas-fir, with scattered individuals of ponderosa pine, lodgepole 
pine (Pinus contorta ssp. latifolia), and western white pine. Soils at this 
site were classified as Beeskove-Bendahl-Foyslake families complex with 
moderately steep mountain slopes (Soil Survey Staff, 2026).

Seedlings were outplanted on 24 April 2023 at our hot/dry site and 
on 16 May 2023 at our cool/moist site due to later snowmelt at upper 
elevations. Seedlings of a given seed source × treatment combination 
were planted in a single randomly assigned row per block, resulting in 8 
rows per block (4 seed sources × 2 treatments). This planting design was 
replicated in 4 blocks at each planting site. Seedlings were hand-planted 
with tree planting shovels at 1.8 m spacing for all seed sources except 
western larch 2 which had lower seedling-level replication (Table 1) and 
was therefore planted at 3.7 m spacing to cover the same spatial foot
print within blocks as other seed sources. Mesh seedling protectors were 
installed around each seedling (Rigid Seedling Protector Tubes, 17040/ 
17041, Forestry Suppliers, Inc, Jackson, MI, USA) due to heavy ungulate 
browsing in the area.

2.5. Edaphic and atmospheric monitoring

Air temperature, precipitation, and soil moisture were monitored 
from planting (April or May 2023) until October 2025 (Fig. 3). Both sites 
were equipped with weather stations and sensors connected to data 
loggers. Soil sensors (TEROS 11, METER Group Inc., Pullman, WA, USA) 
were placed at two depths of − 15 and − 25 cm to measure soil tem
perature and volumetric water content. Additionally, soil matric po
tential was collected (TEROS 21, METER Group Inc., Pullman, WA, USA) 
at a depth of − 20 cm. Data was recorded hourly with data loggers (ZL6, 
METER Group Inc., Pullman, WA, USA). Atmospheric data was also 
collected hourly using a weather station (ATMOS 41, METER Group Inc., 
Pullman, WA, USA) that measured temperature and precipitation 50 cm 
above ground level.

2.6. Field measurements

Pre-dawn water potential was measured using a pressure chamber 
(Scholander PMS Instrument, Corvallis, OR, USA) on a branch of one 
seedling in each species × treatment combination per block (n = 4 
seedlings per treatment × site × seed source combination) in June 2023 

Fig. 2. Rapid initial assessment of post-fire vegetation conditions displayed as burn severity across the 2021 Thorne Creek Fire, Lolo National Forest, Montana, USA. 
Experimental site locations are indicated (circle = Liver Peak (cool/moist), triangle = Weber Gulch (hot/dry)). Data were provided by the RAVG program and 
managed by the Geospatial Technology and Applications Center (GTAC, part of the USDA Forest Service Geospatial Office).
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and August 2023. Sample sizes in the August measurement decreased 
due to mortality at the hot/dry site for some seed sources.

Survival assessments were conducted in June 2023, August 2023, 
October 2023, October 2024, and October 2025 where seedlings were 
assessed and recorded as live or dead. All live seedling heights were 
measured (measured from root-collar to terminal bud) in August 2023, 
October 2024, and October 2025.

2.7. Statistical analysis

All statistical analyses were conducted using R statistical software (R 
Core Team, 2025; version 4.1.2). Seedling performance responses 
(pre-dawn water potentials and height) were modeled with linear mixed 
effect models (LMMs) using the ‘lme4’ package while seedling survival 
analyses used generalized linear mixed models (GLMMs) with the 
‘glmmTMB’ package. Model significance of fixed effects was assessed 
using a Type III ANOVA via the ‘car’ package, which tests fixed effects 
based on Wald Chi-square statistics. We inspected all models – residuals, 
collinearity, and dispersion– using the ‘performance’ and ‘DHARMa’ 
packages in R. If significant effects or interactions were detected, esti
mated marginal means and pairwise comparisons were examined using 
the ‘emmeans’ package.

Pre-dawn water potentials were analyzed to compare and quantify 

plant moisture stress between treatments and to capture site differences. 
Treatment (control or drought), site (hot/dry or cool/moist), and initial 
height (height at planting) along with the interaction between treatment 
and seed source were included as fixed effects. Height of surviving 
seedlings were included in the height analysis at each survey date 
(August 2023, October 2024, October 2025). Fixed effects included 
treatment, site, and initial height as well as interaction terms between 
treatment and site, and seed source and site. A random effect term to 
account for rows nested within blocks was included along with block in 
our height LMMs, whereas solely block was included as a random effect 
in pre-dawn water potential LMMs.

To analyze if drought conditioning affected seedling survival, 
GLMMs were fit for each end of season survey (October 2023, October 
2024, October 2025) including all seed sources. Models explored how 
treatment, site, initial height, and the interaction of seed source with 
treatment influenced cumulative (i.e., planting to assessment date) 
survival. A random effect term to account for rows nested within blocks 
was included along with block. Further, the binary nature (live or dead) 
of this data allowed for the quantification of proportion surviving of 
each row and the use of a binomial logit-link function.

3. Results

3.1. Edaphic and atmospheric conditions

Environmental conditions differed strongly and in the expected di
rection between our two planting sites (Fig. 3). In 2023, the hot/dry site 
accumulated 224 mm of precipitation during the growing season (April- 
October 2023). Over this growing season, the hot/dry site had average 
temperatures of 16 ◦C (min = − 9 ◦C, max = 40 ◦C). In comparison, the 
cool/moist site accumulated 280 mm of precipitation in 2023 and had 
average temperatures of 15 ◦C (min = − 12 ◦C, max = 34 ◦C). Conditions 
led to minimum soil matric potentials of − 5.7 MPa at the hot/dry site 
and − 0.8 MPa at the cool/moist. In 2024, the hot/dry site accumulated 
241 mm of precipitation during the second growing season (April- 
October 2024). This site had average temperatures of 14 ◦C (min = − 4 
◦C, max = 40 ◦C). The wet/moist site accumulated 264 mm of precipi
tation with average temperatures of 7 ◦C (min = − 34 ◦C, max = 34 ◦C). 
Conditions led to minimum soil matric potentials of − 3.5 MPa at the 
hot/dry site and − 1.2 MPa at the cool/moist. The final growing season 
of 2025 experienced some sensor issues resulting in data gaps at the 
cool/moist site. Please see Fig. 3 for general 2025 environmental 
conditions.

3.2. Pre-dawn water potentials (MPa)

Pre-dawn water potentials of seedlings were primarily influenced by 
site, with seedlings planted at the cool/moist site exhibiting higher 
water potential than the hot/dry site in both June and in August 2023 
(Table S1; p <0.001). June pre-dawn water potentials at both sites for all 
seed sources exhibited high values of around − 0.5 MPa (Fig. 4). Results 
from the model in August for the cool/moist site indicated no significant 
treatment effect (Table S1; p = 0.319), but drought conditioned seed
lings maintained apparently higher median pre-dawn water potentials 
than control seedlings (Fig. 4). Examining August 2023 pre-dawn water 
potentials at the hot/dry site proved difficult due to the high mortality 
rates leading to an unbalanced sampling design.

3.3. Survival

The drought conditioning treatment did not affect survival at any 
survey date for any seed source (Table S2; p = 0.608, 0.313, 0.376). 
Seedling survival was strongly dependent on seed source (Table S2; 
p < 0.001) and site (Table S2; p <0.001) at each date whereby survival 
odds were significantly higher for a seedling planted at the cool/moist 
site. Ponderosa pine had the highest survival rates for both treatments 

Table 2 
Summary of treatment effects for variables measured during the greenhouse 
experiment for all seed sources (Ross et al., 2025). Arrows (↓↑) indicate direction 
of significant change (p < 0.05) for the drought treatment compared to control. 
A dash (− ) indicates no data collected while ‘n.s.’ indicates no significant dif
ference. Peak summer (August/September 2022) measurements included 
pre-dawn and mid-day water potentials (MPa), photosynthesis (A) (µmol/m2s), 
transpiration (E) (mol/m2s), and stomatal conductance (gsw) (mol/m2s) 
measured at saturated (100%) container capacity or at target (40% or 70%) 
container capacity. Post-treatment (December 2022) measurements included 
height (cm), root-collar diameter (mm), root:shoot ratio, root mass (g), shoot 
mass (g), and nonstructural carbohydrates (NSCs) (mg⋅g− 1).

Ponderosa 
pine

Western 
white 
pine

Western 
larch 1

Western 
larch 2

Response 
variable

Collection 
period

n.s. ↓ ↓ ↓ Height Post- 
treatmentn.s. ↓ ↓ ↓ Root-collar 

diameter
n.s. n.s. n.s. n.s. Root:shoot
n.s. n.s. ↓ n.s. Root mass
n.s. n.s. ↓ ↓ Shoot mass
↓ n.s. n.s. − Pre-dawn 

water 
potential 
(target)

Peak 
summer

n.s. n.s. n.s. − Mid-day 
water 
potential 
(target)

n.s. ↑ n.s. n.s. A (saturated)
↓ ↓ ↓ ↓ A (target)
n.s. n.s. n.s. n.s. E (saturated)
↓ ↓ ↓ ↓ E (target)
n.s. n.s. n.s. n.s. gsw 

(saturated)
↓ ↓ ↓ ↓ gsw (target)
n.s. ↑ − − Total needle 

NSCs
Post- 
treatment

n.s. ↑ − − Needle 
soluble 
sugars

n.s. ↑ n.s. n.s. Stem soluble 
sugars

↓ n.s. n.s. n.s. Total root 
NSCs

n.s. n.s. ↓ n.s. Root soluble 
sugars
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and both sites (Fig. 5) maintaining 100% survival at the cool/moist and 
above 75% at the hot/dry site. Western white pine also maintained 
nearly 100% survival for both treatments at the cool/moist site but 
experienced high mortality rates at the hot/dry site. This site-specific 

trend also applied to both seed sources of western larch, although 
these seed sources experienced more mortality at the cool/moist site 
than either Pinus species (Fig. 5).

Fig. 3. Air temperature (◦C), precipitation (mm) and soil matric potentials (MPa) over three growing seasons (April 2023-October 2025). Values for soil matric 
potential represent averages from three soil sensors at the cool/moist site and two at the hot/dry. Technical issues at the cool/moist site resulted in data gaps between 
January 2025 and July 2025.

Fig. 4. Pre-dawn water potentials (MPa) of branch tissue measured at establishment (June 2023) and during peak summer drought conditions (August 2023) for 
both treatments and all seed sources. Text indicates median pre-dawn water potential values for each survey date and treatment.
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3.4. Height

The drought conditioning treatment influenced height of surviving 
seedlings in August 2023 (Table 3; p < 0.001) and marginally in October 
2025 (Table 3; p = 0.070). These effects also varied significantly by seed 
source at each survey date (Table 3; p = <0.001, 0.002, 0.007) along 
with the interaction between treatment and seed source (Table 3; 
p = 0.001, <0.001, 0.031). While treatment responses differed between 
seed sources, treatment responses did not differ between sites (Table 3; 
p = 0.196, 0.419, 0.905). Results from the ANOVA revealed that along 
with site, initial height at planting was also highly significant (Table 3; 
p < 0.001).

Although drought conditioned ponderosa pine seedlings had similar 
heights at planting (Table 2), height trends show that droughted seed
lings were generally shorter than control seedlings throughout time 
(Fig. 6). Pairwise comparisons of estimated marginal means found that 
droughted ponderosa pine at both the hot/dry and cool/moist site were 
significantly shorter than controls in August 2023 (Table S3; p = 0.002, 

p = 0.050) and remained shorter in October 2025 (Table S3; p = 0.084, 
p = 0.098).

Drought conditioned western white pine seedlings were statistically 
similar in August of 2023 at both the hot/dry and cool/moist site, 
respectively (Table S3; p = 0.890, p = 0.180). However, at the cool/ 
moist site droughted western white pine seedlings were 5.5 cm taller 
than controls in October 2024 (Table S3; p = 0.055) and 6.8 cm taller 
than controls in October 2025 (Table S3; p = 0.055).

Drought conditioned western larch 1 seedlings were significantly 
shorter than controls at both sites in August 2023 (Table S3; p < 0.001, 
p = 0.010) and in October 2024 at the cool/moist site (Table S3; 
p = 0.002). Mortality overrode these differences at the hot/dry site in 
October 2024 for western larch 1 (Table S3; p = 0.130). By October 
2025, western larch 1 seedlings at the cool/moist site were not statis
tically different in height (Table S3; p = 0.240). Western larch 2 treat
ment comparisons proved statistically insignificant throughout survey 
dates (Table S3).

Fig. 5. Proportion of surviving seedlings at both sites (cool/moist and hot/dry) for all four seed sources. Survey dates span from planting date (April/May 2023) until 
October 2025. Note that x-axis spacing does not scale with measurement intervals.

Table 3 
Seedling height type III ANOVA (Wald chi-square test) for each LMM at each survey date (August 2023, October 2024, October 2025). Bolded p-values indicate 
significance (p < 0.05).

August 2023 October 2024 October 2025

Fixed effects Chi-sq Df p-value Chi-sq Df p-value Chi-sq Df p-value
Treatment (Drought) 10.84 1 < 0.001 0.52 1 0.472 3.27 1 0.070
Seed source 126.65 3 < 0.001 14.62 3 0.002 11.96 3 0.007
Site 8.23 1 < 0.001 11.53 1 < 0.001 7.01 1 0.008
Initial height 1256.96 1 < 0.001 177.97 1 < 0.001 87.33 1 < 0.001
Treatment:Seed source 14.79 3 < 0.001 18.19 3 < 0.001 8.88 3 0.031
Treatment:Site 1.67 1 0.196 0.65 1 0.419 0.01 1 0.904
Seed source:Site 34.31 3 < 0.001 3.17 3 0.366 5.77 3 0.124
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4. Discussion

4.1. Effect of drought conditioning on seedling survival

Our drought conditioning treatment did not affect seedling survival, 
in agreement with recent meta-analyses (Villar-Salvador et al., 2026). 
Instead, site and seed source (species) had significant impacts on seed
ling survival. The influence of site on seedling survival has long been 
recognized (Del Campo et al., 2007; Hobbs, 1992). We saw a clear 
divergence in outcomes for western white pine and western larch: high 
survival rates at our cool/moist site contrasted sharply with low survival 
rates at the hot/dry site. While both sites had access to adequate soil 
moisture during establishment (June 2023), August 2023 soil matric 
potentials (Fig. 3) and pre-dawn water potentials (Fig. 6) exceeded le
thal thresholds and caused mass mortality of these two species at the 
hot/dry site. On this environmentally stressful site, high surface tem
peratures and summer drought exceeded the hydraulic safety margins of 
western white pine and western larch (Burns, 1990; Zhang et al., 2021). 
The association between south facing slopes and soil temperatures 
resulting in mortality is widely recognized, especially for western larch 
(Chen et al., 2025; Schmidt et al., 1976). While our research study 
design led to high mortality for western larch and western white pine, it 
is worth noting that operationally, these species would not have been 
planted at the hot/dry site due to the harsh, SW aspect (though there is a 
native, regenerating larch population within about 150 m of the 
planting site on locally flat terrain). The inclusion of a third site of in
termediate environmental stress may have helped reveal treatment ef
fects in western white pine and western larch.

Although drought conditioning did not affect seedling survival, the 
ability for ponderosa pine to maintain high survival at the hot/dry site 
with soil matric potentials of − 5 MPa is extraordinary. While some re
ports have argued that older 2 + 0 stock like we use are likely to 
encourage an imbalanced shoot-to-root ratio and thereby increase 
vulnerability to drought (Villar-Salvador et al., 2026), our 2 + 0 pon
derosa pine stock and container selection seemed to have allowed for an 

optimal ratio (1.33; Ross et al., 2025) for both the hot/dry and cool/
moist sites. While balancing shoot-root attributes have long been iden
tified (Burdett et al., 1983), a recent paper proposed optimal values for 
shoot-root ratios for hot, dry sites of western North America along with 
the recommendation of deep growing containers (Grossnickle and 
MacDonald, 2026). These researchers recommend shoot-root ratios of 
1–2 for hot, dry sites along with deep root plugs of 20–25 cm. All our 
seedlings fall within this drought-avoiding stocktype recommendation 
(24.1 cm container depth; TP49 containers, Stuewe & Sons, Inc, 
Tangent, OR, USA).

The lack of treatment effect for ponderosa pine survival is not sur
prising due to morphologically equivalent seedlings at planting with 
regards to height, root-collar diameter, shoot-to-root ratio, root mass 
and shoot mass (Table 2). Drought conditioning has been reported to 
increase survival with planting site aridity, but that effect depends on 
the species’ inherent drought tolerance (Puértolas et al., 2024; Toca 
et al., 2025; Villar-Salvador et al., 2026) as well as the duration and 
intensity of the drought treatment (Toca et al., 2022). Ponderosa pine 
seems to have achieved hydraulic equilibrium with a low shoot-to-root 
ratio, opportunistic use of moisture availability at establishment, and 
highly responsive stomata (Piñol and Sala, 2000) resulting in biomass 
accumulation and survival (Pinto et al., 2023; Zhang et al., 1996, 1997) 
at both sites.

The traits measured and influenced by our greenhouse experiment 
did not confer a survival benefit for western white pine. Our greenhouse 
experiment resulted in significant morphological and physiological 
differences although effectively similar shoot-to-root ratios (Table 2). In 
addition, western white pine accrued measurable traits by the end of the 
greenhouse drought conditioning treatment that could hypothetically 
improve survival and establishment (increased root mass and enriched 
needle NSC’s; Table 2). Instead, we saw nearly 100% survival of both 
treatments of western white pine at our cool/moist site and no signifi
cant treatment effect. The climatic environment of this cool/moist site 
seems to match well with our nursery grown stocktype with regards to 
shoot-to-root ratios along with the seed source used (Table 1). A 

Fig. 6. Height (cm) of all surviving seedlings at each survey date. Boxplots display treatment distributions with horizontal lines as median values, boxes extend from 
25th percentile to the 75th percentile while vertical lines denote the most extreme values within 1.5 interquartile range of the 25th and 75th percentile.
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noteworthy legacy of our experimental study design is that we effec
tively moved our western white pine seed source from its original seed 
zone of 655 m (Table 1) to 1548 m, a 893 m transfer. Evaluating the 
effects of nursery growing regimes and resulting stocktype while 
matching seed source to future climates (Bower et al., 2024; McKenney 
et al., 2009) will be important when engaging in reforestation adapta
tion strategies.

Similar to western white pine, drought conditioning western larch 
did not improve or reduce survival. Growth patterns (slow or fast) reflect 
trade-offs between survival and growth (Reich, 2014) whereby plants 
with rapid growth often have higher rates of mortality than slow 
growing species (Rose et al., 2009). Western larch is a fast-growing 
conifer that was particularly sensitive to our drought treatment and 
resulted in seedlings that were significantly shorter, smaller in 
root-collar, and with generally less root mass and shoot mass (Table 2). 
The resulting drought conditioned western larch seedlings, while 
morphologically different, had similar shoot-to-root ratios at planting. 
Results from our study imply that adequate soil moisture was accessed in 
each treatment, prompting evaluation of the significance of deep pots. 
Recent analyses concluded that large seedlings within the same species 
and age increase outplanting survival globally (Andivia et al., 2021; 
Puértolas et al., 2024). Establishing roots and adequate root architecture 
is critical for seedling survival (Grossnickle, 2005a; Grossnickle, 2012; 
Padilla and Pugnaire, 2007), a process potentially aided by our 
container type.

4.2. Effect of drought conditioning on seedling height

Initial seedling height (height at planting) can forecast growth 
(Grossnickle 2005b; Pinto et al., 2011). Rapid and sustained height 
growth following planting is crucial for seedlings due to competing 
vegetation and need for light (Hobbs, 1992; Grossnickle and MacDon
ald, 2018; Rose and Ketchum, 2003). Drought conditioning generally 
reduces seedling size (Puértolas et al., 2024; Toca et al., 2022; Villar-
Salvador et al., 2026) while also shifting biomass allocation (Toca et al., 
2025). Reductions specifically regarding height and root-collar diameter 
have been reported in response to drought conditioning (Deligoz and 
Gur, 2015; Pinto et al., 2023; Royo et al., 2001; Ross et al., 2025), with 
increases in root development (Moler and Nelson, 2021; Vale et al., 
2021) in conifer species. The long-term nature of our dataset provides 
interesting insights with regards to the direction and magnitude of 
height growth increments after drought conditioning. While ponderosa 
pine and western white pine experienced persistent treatment effects on 
height growth due to the drought treatment, western larch treatment 
groups converged over time indicating more rapid growth in drought 
treated seedlings.

Drought conditioned ponderosa pine seedlings experienced a 
reduction in height increment once outplanted. Interestingly, our 
greenhouse experiment resulted in ponderosa pine seedlings with 
similar shoot heights (Table 2; Ross et al., 2025). This shoot-growth 
conserving strategy displayed by drought conditioned ponderosa pine 
seedlings points to potential drought-memory (Toca et al., 2025) and a 
trade-off between growth and resistance to drought and high tempera
tures (Kerr et al., 2015). While our drought conditioned ponderosa pine 
seedlings experienced a 11.9% (hot/dry) and 5.6% (cool/moist) 
reduction to height growth compared to control seedlings by the end of 
the third growing season, whether this reduction will impact long-term 
seedling survival or competitive interactions remains to be seen. In 
general, seedlings of shorter or intermediate heights (10–25 cm) are 
recommended for hot, dry reforestation sites as they have less photo
synthetic surface area vulnerable to transpiration water loss 
(Grossnickle and MacDonald, 2026). Additionally, on the slow-fast 
continuum, slower growing seed sources of Pinus sylvestris were found 
to be more drought tolerant (Cregg and Zhang, 2001). If drought 
conditioned seedlings can partition growth to roots while minimizing 
leaf mass area, long-term performance could be improved with drought 

conditioning.
Drought conditioned western white pine seedlings displayed an 

impressive height growth increment that surpassed controls by the end 
of the second season, widening even further to 11.9% difference by 
October 2025. Western white pine has been observed to possess the 
potential for high levels of physiological (Robinson et al., 2023) and 
phenological plasticity (Chuine et al., 2006). Chuine et al. (2006) found 
that shoot elongation in western white pine was determined by the 
number of internodes set from the previous growing season. Drought 
conditioned Douglas-fir seedlings expressed drought memory through 
earlier bud break and higher biomass allocation to new foliage (Toca 
et al., 2025). It is possible the treatment primed seedlings with enriched 
needle nonstructural carbohydrates (Ross et al., 2025), enabling a sus
tained carbon assimilation feedback loop. Potential increases of in
ternodes, prompt use of available water during establishment, and high 
rates of photosynthesis could lead to early bud break (longer growing 
window) and energy for greater shoot elongation. While we did not 
assess metrics related to phenology, the demonstrated increased height 
growth could improve performance with relation to competition (Rob
inson et al., 2022). While there is a possibility that rapid growth reduces 
cold tolerance (Rehfeldt, 1980; Rehfeldt et al., 1984), these seedlings 
survived temperatures as low as − 34◦C at the cool/moist site. This 
surprising result highlights the importance of long-term field trials.

By the third growing season, western larch seedling height differ
ences converged across treatments. Yet at planting, drought conditioned 
western larch seedlings were shorter than control seedlings (Table 2). 
This convergence in heights indicates increased growth rates in drought 
treated western larch seedlings. As the fastest growing conifer in the 
Inland Northwest (Parent and Mahoney, 2008), and a seral species 
significantly impacted by competition (Pinto et al., 2018), shoot growth 
is crucial for survival. In milder areas, like the cool/moist site, higher 
growth rates could increase performance by enhancing competitive 
ability (Onofrio et al., 2021). In provenance and common garden trials 
on height growth in western larch, researchers have found low popu
lation differences, suggesting a reliance on phenotypic plasticity over 
local adaptation (Roskilly and Aitken, 2024). Simultaneously, tree 
breeding programs selecting for enhanced growth in western larch have 
not been found to reduce drought resistance (Roskilly et al., 2025). 
Studies have found that the most influential predictors of height growth 
for planted western larch seedlings are initial seedling height (Chen and 
Nelson, 2020), soil temperature, and aspect (Chen et al., 2025). These 
findings call into question the ideal target stocktype for western larch, 
which traits are most important for seedling survival and performance, 
all while highlighting the importance of site selection for this species.

4.3. Effect of drought conditioning on plant water status

Our study was designed to include two sites with strongly contrasting 
environmental stress, to ensure planted seedlings were challenged by 
drought. Our sites proved to significantly affect plant water status with 
higher values (i.e., less moisture-stress) at our cool/moist site compared 
to the hot/dry site. Though mortality resulted in smaller sample sizes for 
some species, there is some evidence of physiological acclimation in 
drought conditioned seedlings provided by our pre-dawn water poten
tial data (Fig. 4). Johnson et al., (1986) postulated that an osmotic 
adjustment greater than − 0.3 MPa is probably significant enough to 
affect seedling performance. Drought conditioned seedlings at the 
cool/moist site appeared to have higher pre-dawn water potential than 
controls (Fig. 4), although not statistically significant. Plants are capable 
of osmotically adjusting in many ways including through the accumu
lation of osmo-protectant solutes (Kozlowski and Pallardy, 2002) and 
soluble sugars (Martínez-Vilalta and Garcia-Forner, 2017), or by 
developing roots deeper in the soil profile (Cregg and Zhang, 2001). 
Future assessments on planted seedling water status under field condi
tions should be a priority to further inform the effect of drought 
conditioning.
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4.4. Implications for future research and adaptive management

Our experimental evidence is not compelling enough to advocate for 
widespread adoption of drought conditioning as an operational nursery 
practice. However, our results are promising enough that we encourage 
continued basic ecophysiology research as well as practical applied 
research to evaluate drought conditioning effectiveness relative to a 
wider range of reforestation techniques, such as seedlings of varying 
ages and container sizes.

Common nursery practice is to outplant seedlings at the end of the 
first cultivation season, but there have been confounding perspectives 
on whether an older/larger seedling would increase (Cuesta et al., 2010; 
Pinto et al., 2011; Pinto et al., 2012) or reduce survival (Rose et al., 
1993; Trubat et al., 2011) on dry sites. Grossnickle and MacDonald 
(2026) have concluded that shoot-to-root ratios of 1–2 along with deep 
pots are best for harsh sites. While studies have shown strong correlation 
between seedling size and increasing seedling container volume 
(Carlson and Endean, 1976; Dominguez-Lerena et al., 2006; Sutherland 
and Day, 1988), our ability to disentangle the effect of using older, 
second-year stock and the use of large growing containers, is impossible 
to parse apart due to the study design. To disentangle this effect, we 
recommend field trials that compare drought treatments with both 1 + 0 
and 2 + 0 seedlings grown in the same container. Such a design would 
provide important information about the relative effect size (and cost 
effectiveness) of nursery conditioning experiments while refining 
stocktypes for environmentally constrained outplanting sites.

Planting trials under field conditions are the ultimate assessment of 
treatment effectiveness and we have demonstrated the importance of 
monitoring beyond the first growing season. Operational field trials are 
an important opportunity for partnerships between researchers and 
forest managers using active adaptive management (Larson et al., 2013). 
Long-term (decadal scale) field trials are needed to evaluate if our 
observed treatment effects on height persist, and if they are ecologically 
and operationally meaningful over time scales relevant to forest struc
tural development, and to management objectives like habitat devel
opment and wood fiber production. Modeling studies may help explore 
these questions over the short term while empirical data accumulate.

5. Conclusion

Post-fire landscapes under future and current climates face a 
gradient of recovery trajectories, especially for large-high severity fires 
that burn topographically diverse terrain like the Throne Creek wildfire. 
Our field study revealed intriguing effects of drought conditioning on 
three ecologically and economically important conifer species native to 
western North America. Drought conditioning did not significantly 
affect planted seedling survival, in agreement with current reviews and 
meta-analyses of global literature (Toca et al., 2022; Villar-Salvador 
et al., 2026). However, we found effects on seedling height growth 
over three growing seasons, and those effects differed across species. 
Results from our study indicate that land managers can use planting to 
resist ecosystem change and meet management objectives in areas 
vulnerable to regeneration failure, and that drought conditioning can 
influence seedling performance over multiple growing seasons after 
planting.
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