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Abstract

Increased frequency, severity, and duration of droughts and increased wildfire severity
are impacting many conifer forests globally. Reforestation in these changing disturbance
regimes requires tree seedlings capable of establishing in hotter and drier climates. We
evaluated the morphological and physiological effects of drought conditioning on second-
year ponderosa pine (Pinus ponderosa), western white pine (Pinus monticola), and west-
ern larch (Larix occidentalis) seedlings. Treatments included a well-watered control (75%
of container capacity) and a water-limited (40% of container capacity) drought treatment.
Ponderosa pine exhibited no significant treatment effects to above or below-ground bio-
mass while treatment caused a significant reduction of height and root-collar diameter for
both western white pine and western larch coupled with a significant reduction in root
mass for western larch. The drought treatment resulted in significant reductions of gas
exchange rates across all species, although mid-day water potentials and §'°C indicate lack
of cumulative stress. Drought conditioned ponderosa pine seedlings resulted in decreased
total root nonstructural carbohydrates (NSCs) and droughted western white pine displayed
increased total needle NSCs driven by increased needle soluble sugars. Drought condi-
tioning responses in second-year seedlings in large pots proved to be species dependent
allowing for further investigation of treatment intensity and duration for drought-adapted
stocktypes.
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Introduction

The adaptive capacity of forests depends on successful seedling regeneration following
disturbance. Shifts in disturbance regimes (Moritz et al. 2012) coupled with directional
changes in climate (Moss et al. 2024; Dai 2013) are driving regeneration failure in many
forest ecosystems (Davis et al. 2019; Kemp et al. 2019; Martinez-Vilalta and Lloret 2016;
Will et al. 2013; Simeone et al. 2019). Global reforestation initiatives that involve arti-
ficial regeneration, or planting nursery-cultured seedlings, have been proposed to restore
degraded ecosystems, promote biodiversity, meet ecosystem service needs, and to mitigate
the effects of climate change (IUCN 2011; Newmark et al. 2017; Bastin et al. 2019; Griscom
et al. 2017). However, reforestation efforts face many challenges (Dobrowski et al. 2024;
Fargione et al. 2021) including increased reforestable area due to fire (Dumroese et al. 2019)
and area impacted by drought (Naumann et al. 2018; Dai 2013; Sheffield and Wood 2008),
leading to the idea that climate change will outpace the ability of forest ecosystems to adapt
naturally (Aitken et al. 2008; Keane et al. 2018). Seasonally dry forests represent a particu-
larly vulnerable landscape where soil moisture deficits severely limit seedling establish-
ment (Petrie et al. 2016) and outplanting success, especially after fire (Hanson et al. 2018;
Tepley et al. 2018; Harvey et al. 2016). To encourage successful reforestation and survival
of planted seedlings, there is a need to develop nursey grown seedlings capable of establish-
ing in arid, post-disturbance landscapes. Drought conditioning, the practice of restricting
irrigation during seedling cultivation in the nursery (also termed drought hardening and
drought preconditioning), is a technique hypothesized to enhance survival and performance
of planted seedlings (Puértolas et al. 2024).

Conifer seedlings exhibit a continuum of morphological and physiological mechanisms
to prevent irreversible turgor loss and subsequent mortality due to drought. If atmospheric
water demands exceed the soil moisture supply, plants may experience embolism, hydraulic
failure, and irreversible turgor loss (Tyree and Sperry 1989). Due to inevitable water-loss
through stomata during photosynthesis, plants rely on species-specific traits to cope with
moisture-stress on both short-term (daily) and long-term (drought) time scales. Certain
hydraulic traits can prevent large xylem tensions that lead to embolism, such as decreased
stomatal conductance, decreased sapwood area-to-leaf area ratios (Martinez-Vilalta et
al. 2009), or other traits that enhance water absorption via deep roots (Padilla and Pugnaire
2007) and solute accumulation using carbohydrate reserves (Chapin et al. 1990; O’Brien et
al. 2014; Sala et al. 2012).

Some plants tolerate low water potentials by accumulating solutes allowing for osmotic
adjustment (Martinez-Vilalta and Garcia-Forner 2017). Soluble sugars in the form of sucrose
or other low molecular weight oligosaccharides facilitate osmotic adjustment and influence
a plant’s carbon balance (Morgan 1984; Dietze et al. 2014). Together with starches, these
compounds can be stored as nonstructural carbohydrates (NSCs) and retrieved to support
not only osmoregulation, but also metabolism, biomass accumulation, defense, and recov-
ery from biotic and abiotic stressors (Dietze et al. 2014; Hartmann and Trumbore 2016).
How seedlings regulate these carbon stores during periods of stress could confer drought
resistance traits and mechanisms for growth and survival.

Selecting and cultivating well-adapted plant material is crucial for ensuring seedling
establishment, requiring the evaluation of drought resistance metrics related to morphology,
physiology and performance. Seedling morphological traits are proxies for physiological
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functioning and play a key role in plant architecture and water balance, influencing a plants
survival under drought (McDowell et al. 2008). Easy to measure traits often correlated with
seedling drought resistance, and ultimately survival, include height and root-collar diameter
(RCD) (Pinto 2011). While tall plants with extensive photosynthetic tissue would be best
suited for sites with high competition for light, short stock with extensive root systems could
be better suited to sites with high competition for limited soil moisture (Grossnickle 2012;
Pinto et al. 2012). For this reason, root-to-shoot ratios can be a useful indicator of drought
resistance when culturing seedlings that balance transpirational area (shoot) with water
absorbing area (root) (Haase 2008). Physiological measurements that quantify plant func-
tion related to water, mineral, and carbohydrate transport offer insight into mechanisms of
stress resistance. For example, plant water potential offers an integrative yet instantaneous
physiological measure of plant water status and can also serve as an indirect measurement
of a plant’s water absorbing capabilities (Hsiao 1973), while carbon isotope ratios (5'3C)
can infer cumulative responses of stomata and water use efficiency on longer time scales
(Farquhar et al. 1982). The combination of morphology and physiology are thought to cor-
relate with performance (e.g., growth and survival) of seedlings in the field, and influence
how nursery managers cultivate seedlings (Grossnickle 2018).

While different species have different strategies to cope with drought, plants can exhibit
high levels of plasticity in response to their environment, allowing for increased drought
resistance (Dudley 1996; Alpert and Simms 2002). Plasticity of this nature may be some-
thing that could be exploited through nursery culture. The Target Plant Concept is a frame-
work (Landis et al. 2010; Davis and Pinto 2021) that emphasizes cultivating seedlings under
desired conditional constraints for specific outplanting conditions. One prediction from the
TPC is the hypothesis that exposing seedlings to limited soil moisture regimes in the nursery
could influence growth and water relations, enhancing survival and growth in outplanted
seedlings.

Cultivating stock types for stressful, dry sites by influencing plant water relations, and
carbon acquisition, use, and storage could ultimately promote planted seedling survival
and performance (Puértolas et al. 2024). Irrigation regimes that limit water during growth
phases, known as drought conditioning, are a nursery culturing technique applied to a vari-
ety of native species. The application of this technique to conifer seedlings has shown that
some species can morphologically and/or physiologically adjust (Villar-Salvador et al. 1999;
Royo et al. 2001; Seiler and Johnson 1988; Grossnickle 2012; Pinto et al. 2023), potentially
allowing for survival under unfavorable conditions (Kozlowski et al. 1991; Cregg 1994; van
den Driessche 1991). Previous studies in which irrigation was manipulated during first-year
growth indicated improvement in drought tolerance with changes to pre-dawn water poten-
tials and osmotic potentials in the nursery (Kandiko et al. 2011; Hennessey and Dougherty
1984; Deligoz and Gur 2015). While most research has been conducted on first-year seed-
lings, little has been conducted on second-year stock when seedlings have transitioned from
relying on primary xylem to more embolism-resistant secondary xylem (Miller and Johnson
2017). Exploring the effects of drought conditioning at this stage in growth could allow for
insight into cultivating larger conifer seedling stock types best suited for hot, dry, landscapes
where soil surface temperatures frequently cross lethality thresholds for smaller, younger
seedlings (Rank et al. 2022; Holden et al. 2024; Conlisk et al. 2018).

This study examined how drought conditioning via a restricted irrigation regime during
the second year of growth in containerized ponderosa pine (Pinus ponderosa Lawson &
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Lawson var. ponderosa C. Lawson), western larch (Larix occidentalis Nutt.), and west-
ern white pine (Pinus monticola Douglas ex D. Don) influenced above- and below-ground
biomass, gas exchange rates, carbon isotope composition, and nonstructural carbohydrate
concentrations. Although ponderosa pine is more vulnerable to cavitation than Pseudotsuga
menziesii, it tends to avoid drought stress through tighter stomatal regulation and a higher
sapwood-to-leaf area ratio (Pifiol and Sala 2000). Western white pine may employ similar
drought avoidance strategies, though direct physiological evidence is limited. In contrast,
the deciduous western larch is considered more drought tolerant due to its low vulnerabil-
ity to cavitation, despite exhibiting limited stomatal control in mature trees (Swidrak et
al. 2013; Pifiol and Sala 2000). The three selected species represent a gradient of drought
vulnerability and unique drought tolerance strategies, while all being important species for
reforestation in the Inland Northwest and northern Rocky Mountain regions. The purpose
of this research is to advance the physiological underpinnings of drought conditioning in
conifer seedlings.

We hypothesized that (1) drought-conditioned seedlings would exhibit morphological and
physiological changes associated with drought resistance (e.g., decreased height, increased
root: shoot, osmotic adjustment); and (2) the response would be species-dependent, reflect-
ing the different drought adaptations of the study species. This research is motivated by the
need for improved nursery stock grown to withstand stressful hot and dry sites associated
with climatic change and improved understanding of the ecophysiological responses of tree
seedlings to drought.

Methods
First year seedling cultivation

All seeds were sourced from the U.S. Forest Service Nursery in Coeur d’Alene, Idaho.
We used Supplemental Mass Pollinated (SMP) and Non-Supplemental Mass Pollinated
(NSMP) sources for western larch and ponderosa pine, respectively. Western white pine
was an F1 white pine blister rust resistant source with a general elevation seed zone (For-
est Service seed record 7461-16). Two low-mid elevation western larch seed sources were
used: western larch 1 (7663) and western larch 2 (7659-14-SMP). Ponderosa pine was a
mid-elevation seed zone (7741-18-NSMP).

Western white pine, ponderosa pine, and western larch 2 were grown from seed at the
University of Montana Memorial Greenhouse in Missoula, Montana. Prior to sowing, seeds
were stratified in cold-moist conditions. Western larch 2 and ponderosa pine were stratified
for 28 days, whereas western white pine was stratified for 90 days. Seeds were sown in
March of 2021 in styrofoam block containers containing 77 cells, each cell being 164 ml in
volume (Stryoblock 77/170, Beaver Plastics, Acheson, Alberta, Canada). Containers were
filled with media comprised of 85% sphagnum peat moss and 15% vermiculite. When blocks
dried down to 70-80% of their container capacity (CC) (“manager technique” described by
Dumroese et al. 2015), blocks were rehydrated to saturation.

During the 2021 growing season, seedlings were fertilized with multi-purpose liquid
fertilizer (Miracle-Gro 24-8-16, The Scotts Company, USA) while irrigating. In Septem-
ber 2021, hardening of seedlings was initiated using fertilizer (Flora Micro 5-0-1, General
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Hydroponics, Santa Rosa, CA, USA, and Beastie Bloomz 0-50-30, FoxFarm Soil & Fer-
tilizer, Fairhaven, CA, USA) concentrated with nitrate and phosphorus to increase basal
diameter, slow foliar growth, and concentrate root development at the end of the growing
season (Landis et al. 2010; Oliet et al. 2013).

One-year old western larch 1 seedlings were purchased from the USDA Forest Service,
Coeur D’Alene Nursery due to low germination of western larch 2. Western larch 1 seed-
lings were grown in an operational regime to meet target specifications in styrofoam block
containers containing 112 cells (Styroblock V112105EXT, Stuewe & Sons, Inc, Tangent,
Oregon, USA) at the Forest Service Nursery in Coeur D’Alene, Idaho. In preparation for
cold storage, all seedlings were exposed to 400 h below 4 °C. Once hours were accumu-
lated, seedlings (total of 1,344 seedlings) were packaged into plastic bags and placed into
wax boxes. Seedlings were stored in a freezer (—4 to —2° C) from December 2021 to May
2022.

Nursery drought conditioning experiment

In May of 2022, seedlings were slowly thawed for two weeks at 3° C before being trans-
planted and grown in a greenhouse at the University of Montana Environmental Control
for Organismal Research (ECOR) facility. Greenhouse environmental conditions were
maintained around 22.5° C/16.5° C with a relative humidity of 61%/21% (day/night). Each
seedling was transplanted into 1600 ml containers and placed in racks holding 16 containers
(TP49 containers, MT49TI trays, Stuewe & Sons, Inc, Tangent, OR, USA). The planting
media was comprised of 50% sphagnum peat moss and 50% vermiculite. Grit was added
atop the media to discourage weed growth and limit evaporation. Each rack was given a
unique identifier to facilitate statistical analysis. Ponderosa pine, western white pine, and
western larch 1 were each transplanted into 24 racks while western larch 2 was transplanted
into 12 racks due to prior low germination rates.

All seedlings were well-watered (80-90% CC) using the “scientific technique” from
Dumroese et al. (2015) for the first 2—4 weeks after transplanting to facilitate seedling estab-
lishment. Racks were randomly assigned to one of two irrigation levels: a well-watered
control (75% CC) or a water-limited drought conditioning treatment (40% CC). Both treat-
ments for ponderosa pine, western white pine and western larch 1 had a population size of
192 seedlings while western larch 2 had 96 seedlings per treatment. After establishment,
racks were successively dried down to target CC (75% or 40%) at increments of 10% per
week. Racks were weighed daily to determine irrigation needs in accordance with irrigation
treatments. Once a target level was reached for half or more of all racks within a treatment
group, all racks were irrigated to 100% CC. During September of 2022, the target CC for
the drought conditioning treatment (hereafter, drought treatment) was raised to 60% for both
western larch 1 and western larch 2 due to premature needle reddening. Irrigation treatments
concluded on December 10, 2022, when all blocks were irrigated to saturation in prepara-
tion for cold storage.

Fertilizer was applied during irrigation in a manner that resulted in each seed source
receiving similar amounts of total nitrogen (mg N). All fertilizer was applied as an aqueous
solution via a fertilizer injector (R3, Smith Pumps, Newbury Park, CA, USA). Phosphoric
acid was added to increase acidity and to adjust the pH to 5.5. General fertilization target
application rates (ppm) were identified throughout the growing season (establishment, rapid
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growth, hardening) for each species and nutrient balances were set relative to nitrogen (N)
(Ingestad and Agren 1995). Larch, being an N-sensitive species, had a target N of 5-10 ppm,
while ponderosa pine and western white pine had a target of 100 ppm and 150 ppm, respec-
tively. Fertilizer application amounts were tallied throughout the growing season to track N
additions. Nitrogen additions were modified to keep N totals similar for each treatment spe-
cies combination. Needle tissue was sent to Washington State University’s Stable Isotope
Lab for nitrogen content analysis to assess fertilizer amounts post-treatment (Figs. S1-S3).

Morphological and physiological measurements

All morphological measurements were collected at the end of the drought treatment. Height
and root-collar diameter (RCD) were measured on all seedlings while a subset of seven
randomly selected seedlings for each species x treatment combination was selected for
destructive samples, once at target container capacity (40%, 75% or 100%). Destructive
sampling included measurements of total seedling dry mass (g), total root dry mass (g),
and total shoot dry mass (g). Physiological measurements were taken prior to destructive
sampling and included pre-dawn and mid-day water potentials, gas exchange rates, soluble
sugar, and starch concentrations (roots, shoots, and needles), and tissue for carbon isotope
analyses (9'°C). Water potential measurements and gas exchange rates were taken in peak
summer (August/September) while tissue analysis for NSCs, 6/C, and nitrogen content
were collected in December allowing for both instantaneous and cumulative effects of our
drought treatment. To maintain population numbers during the growing season, no water
potential measurements were collected for western larch 2. Needles for both pine species
and branches for larch were collected for 5/3C and nitrogen content analysis.

Morphological characteristics

Total seedling height (measured from root-collar to terminal bud) and RCD (measured 1 cm
above media surface) were measured on each of the seven sub-sampled seedlings. Seedlings
were removed from their containers, roots were washed free from media, and placed in
paper bags and oven-dried at 68° C for 48 h. Root dry mass was measured separately from
needle and shoot biomass. Root:shoot ratios were calculated by dividing the root mass by
the sum of the stem and needle masses for each seedling. After seedlings were destructively
sampled, container weights were updated to reflect correct saturated CC and target CC.

Plant water status

Pre-dawn and mid-day water potentials were measured to quantify plant moisture stress,
allowing for an instantaneous assessment of our drought treatments impact on plant water
status. Measurements were taken once the rack had reached its target weight (75% or 40%
CC) in August/September of 2022. Prior to destructively sampling selected seedlings, each
seedling’s water status was measured using a pressure chamber (Scholander PMS instru-
ment, Corvallis, OR, USA). Mature secondary needles were used for both pine species
whereas a lower branch was chosen for western larch.
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Gas exchange

Gas exchange measurements were used to assess treatment effects on net photosynthesis,
transpiration, and stomatal conductance. In August 2022, measurements were made on a
mid-canopy branch of the seven randomly selected seedlings per experimental treatment
for each seed source. Data was collected at both saturation (100% CC) and target dry down
(75% or 40% CC) for each species. Measurements occurred between 1100 and 1700 h
using a portable photosynthesis system (LI-6800, Li-Cor Biosciences, Lincoln, NE, USA)
equipped with an LED light source (6400-02B, LI-COR, Inc., Lincoln, NE, USA). Instru-
ment settings were as follows: chamber=25 °C, reference CO,=415 ppm, umol mol !, flow
rate=500 pmol s~', and light source=1,500 pmol m 2 s~! photosynthetically active radia-
tion (light-saturating photon flux density). Leaf area (cm?) was obtained by taking photos
of photosynthetic tissue used for measurements and were analyzed using computer imaging
software (Image J Java 1.8.0_345, W.S. Rasband, Bethesda, MD, USA).

Nonstructural carbohydrates

Root, stem, and needle tissue were collected for NSC analysis to assess cumulative treat-
ment effects on carbon storage after the experiment. Fresh needle, stem, and root tissue
samples were frozen in liquid nitrogen to stop metabolic activity. Tissue samples were then
oven-dried at 70° C for 72 h. Samples were first coarsely ground with a Wiley mill (20-gram
mesh, Thomas Scientific, Swedesboro, NJ, USA) for woody tissue and mortar and pestle
for needles, followed by grinding to a fine powder with a bead mill (TissueLyser III, Qia-
gen, Germantown, MD, USA). Soluble sugars (glucose, fructose, and sucrose) and starch
were quantified enzymatically following Sapes et al. (2021). Approximately 12—-14 mg
of dried plant material was incubated in 1.6 ml ultra-pure water at 100° C for 60 min to
extract soluble sugars. An aliquot of supernatant from the centrifuged extract was treated
with phosphoglucose isomerase (P5381, Sigma-Aldrich, St. Louis, MO, USA) and inver-
tase (14504, Sigma-Aldrich) to convert fructose and sucrose into glucose, respectively. Total
NSC concentration was obtained from a separate aliquot incubated in amyloglucosidase
(10115, Sigma-Aldrich) at 50° C for 16 h followed by phosphoglucose isomerase to con-
vert polysaccharides (starch and sucrose) and fructose to glucose. Glucose concentration
in reacted aliquots was measured as absorbance at 340 nm following hexokinase-glucose
6-phosphate dehydrogenase enzymatic digestion (G3293, Sigma-Aldrich) on a 96-well
plate reader (EL800, BioTek/Agilent, Santa Clara, CA, USA). Resulting glucose concentra-
tions were converted to glucose-equivalent concentrations of soluble sugars, starch, and
total NSC content in the tissue sample and expressed as a percentage of dry mass (mg-mg !,
%). Starch was calculated as the total NSC percentage minus soluble sugars.

Carbon isotope ratio (5'3C)

03C provides a measure of cumulative stress due to stomatal closure over time. For this rea-
son, samples of needle tissue from pines or branch tissue from larch, grown during the 2022
growing season, were gathered at the end of the drought treatment, oven-dried, and finely
ground for analysis at the Stable Isotope Core Laboratory of Washington State University.
The isotopic analysis procedure involves the conversion of samples into CO, using an ele-
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mental analyzer (ECS 4010, Costech Analytical, Valencia, CA), followed by gas separation
utilizing a 3 m gas chromatography (GC) column and subsequent analysis with a continu-
ous flow isotope ratio mass spectrometer (Delta PlusXP, Thermofinnigan, Bremen) (Brenna
et al. 1997; Qi et al. 2003). To ensure accuracy, isotopic reference materials are inserted
intermittently for calibration purposes. The contribution of 7O is adjusted using the San-
trock correction method through the IRMS software (Santrock et al. 1985). Carbon isotope
results were originally reported in permil relative to VPDB (Vienna PeeDee belemnite) by
assigning a value of +1.95 per mill to NBS 19 CaCO; (Coplen 1994). Presently, the NIST
calibration of VPDB relies on NBS 19 and L-SVEC as anchor points (Coplen et al. 2006).

Experimental design and analyses

This experiment was designed and analyzed as four experiments in which each seed source
was randomly assigned one of two irrigation treatments. Seedlings were randomly assigned
an irrigation treatment, and the resulting racks of a seed source x treatment combination
were given a random location in the greenhouse. Statistical analyses and models were con-
ducted using R statistical software (R Core Team 2023) using the ‘lme4’ package. Linear
mixed effect models and linear models were used to understand the influence of treatment
on each seed source. For both height and RCD, racks were the experimental units and thus
rack-level random effects were included when possible. For destructively sampled vari-
ables, seedlings were randomly sub-sampled across racks resulting in sample sizes that
were too small to incorporate random rack effects (n=7). Using the fitted linear models,
ANOVAs were conducted (a=0.05). All model outputs can be found in Supplementary
material (S1-S6).

Results
Seedling morphology

Drought conditioning affected seedling morphology (height, RCD, root:shoot ratio, root
mass and shoot mass), although the degree of treatment effect varied by species (Fig. 1).
Drought conditioning significantly reduced seedling height and RCD for western white
pine (P=0.001, <0.001) western larch 1 (P=0.031) and western larch 2 (P=0.022). While
drought conditioned western white pine and both seed sources of western larch resulted
in shorter and smaller diameter seedlings, drought treated ponderosa pine seedlings main-
tained similar average height and RCD compared to controls (Fig. 1a and b). Root:shoot
ratios did not differ between irrigation treatments for any seed source (S1). Root mass was
significantly reduced for western larch 1 seedlings (P=0.001). Shoot mass was significantly
reduced for both western larch 1 (P=0.025) and western larch 2 (P=0.017), while no signif-
icant effect was observed for either ponderosa pine or western white pine (Fig. 1, Table S1).

Plant water status

Mid-day water potential of ponderosa pine, western white pine and western larch 1 did not
differ between droughted and control groups (Fig. 2; Table S2). Pre-dawn water potential
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Fig. 1 a Height (cm), b RCD (mm), ¢ root: shoot, d root mass (g), and e shoot mass (g) for all seed
sources at the end of the drought treatment. Height and RCD reflect collections on all live seedlings
while destructive samples of root: shoot, root mass, and shoot mass reflect a sample size of n=7. Circles
represent means and error bars represent +/- one standard error. Asterisks indicate a significant treatment

effect (P<0.05)
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Fig. 2 Mid-day and pre-dawn water potentials (MPa) collected in August/September of the 2022 grow-
ing season for both treatments of ponderosa pine, western white pine, and western larch 1 (n=7). Circles
represent means and error bars represent +/- one standard error. Asterisks indicate a significant treatment
effect (P<0.05)

was significantly reduced for droughted ponderosa pine compared to well-watered controls
(Fig. 2; P=0.090). Neither western white pine nor western larch 1 had statistical differences
between treatment groups for pre-dawn water potentials.

Gas exchange

Gas exchange rates responded strongly to restricted irrigation, with significant treatment
effects apparent for all four seed sources at target CC (Fig. 3). At target CC (i.e., the mini-
mum container water content before irrigation to saturation), seedlings in the drought treat-
ment had significantly lower photosynthetic rates than the control group for ponderosa pine
(P=0.002), western white pine (P=0.032), western larch 1 (P<0.001) and western larch 2
(P=0.022) seed sources. However, when control and drought treatment groups were satu-
rated (i.e., freshly irrigated to 100% CC), these differences in mean photosynthetic rate
became negligible for ponderosa pine, western larch 1, and western larch 2. Photosynthesis
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was significantly higher (P=0.007) for droughted western white pine compared to the con-
trol group (Fig. 3a).

Similar trends were seen between rates of transpiration and stomatal conductance
(Fig. 3b and c¢). When watered to saturation, there was no statistical evidence of a treatment
effect. However, when seedlings were dried down to target container capacities, a statisti-
cally significant treatment effect was observed between control and drought seedlings for all
seed sources (Table S3). At target container capacities, rates of transpiration were reduced
significantly for ponderosa pine (P=0.004), western white pine (P=0.002), western larch
1 (P=0.002) and western larch 2 (P=0.006). Similarly, stomatal conductance at target CC
was reduced significantly for droughted ponderosa pine (P=0.005), western white pine
(P=0.003), western larch 1 (P=0.003) and western larch 2 (P=0.004) compared to cor-
responding control groups for the respective seed sources.

Nonstructural carbohydrates
We found no evidence for differences between treatment groups in June, prior to the start of
the experiment, for any seed source x tissue combination (Figs. 4 and 5). This result con-

firms uniform initial conditions in terms of NSC concentrations at the start of the experiment.
Total NSC content in needle tissue for western white pine significantly differed by treatment
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Fig. 4 Soluble sugars, starch, and total NSCs (mg-g") content both pre-treatment (June) and post-treat-
ment (December) in three tissue types for each treatment (control or drought) for a ponderosa pine and
b western white pine. Data represents a sample size of n=7 for each tissue type. Asterisks indicate a
significant treatment effect (P < 0.05)
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Fig. 5 Soluble sugars, starch, and total NSCs (mg-g ") content both pre-treatment (June) and post-treat-
ment (December) in three tissue types for each treatment (control or drought) for a western larch 1 and b
western larch 2. Data represents a sample size of n=7 for each tissue type. Due to the deciduous nature of
western larch, no needles were processed in December; western larch 2 was only destructively sampled
in December due to the smaller initial population size. Asterisks indicate a significant treatment effect (P
<0.05).

(P=0.015) in the post-treatment measurement. The higher mean total needle NSC concen-
tration in droughted western white pine seedlings was driven by a significant increase in
needle soluble sugars (P=0.043) post-treatment; no difference among treatment groups was
detected for western white pine needle starch. No significant treatment effect was observed
for needle starches in ponderosa pine (P=0.984). Needle tissue was only analyzed for pines
due to the lack of needles present in December for the deciduous western larch.

Stem soluble sugar content post-treatment for western white pine proved to be statisti-
cally different among treatments (P=0.003), with stem soluble sugar content elevated in
the post-treatment droughted group relative to controls. No difference between treatment
groups was detected in post-treatment western white pine stem starch content (P=0.720),
along with no difference in total stem NSCs (P=0.072). No significant treatment differences
were found for post-treatment stem soluble sugar, starch, or total stem NSC content for
ponderosa pine, western larch 1, or western larch 2 (Table S4).

Total root NSC content differed significantly between treatments for ponderosa pine
(Fig. 4a, P=0.032) with droughted seedlings having lower root total NSC concentration
compared to post-treatment controls. Root soluble sugar content proved significantly dif-
ferent between treatments for western larch 1 (Fig. 5a, P=0.032) with droughted seedlings
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having lower root soluble sugar concentration compared to post-treatment controls. No sig-
nificant treatment effect was observed in any root tissues for western white pine or western
larch 2 (Fig. 5).

Notably, both treatment groups of ponderosa pine, western white pine, and western larch
1 exhibited a marked increase in root soluble sugar, root starch and total root NSC from
pre- to post-treatment (i.e., from June to December) (Figs. 4a, b and 5a). The magnitude
of seasonal change in NSC concentrations was greater in root tissue than in stem or needle
(evergreen species only) tissue for all seed sources (Figs. 4 and 5). The seasonal accumula-
tion of NSCs in root tissues was consistent across the three species studied.

Seasonal trends of stem tissue NSC concentrations were species specific. Ponderosa pine
total stem NSC concentration decreased from pre- to post-treatment, potentially driven by a
decrease in stem soluble sugar concentration (Fig. 4a). In contrast, total stem NSC concen-
tration in western larch 1 increased from pre- to post-treatment, corresponding to increases
of both stem soluble sugar and stem starch concentration (Fig. 5a). Strong seasonal trends
in stem NSC concentrations were not apparent for western white pine.

Seasonal trends in needle tissue NSC concentration differed between the two pine spe-
cies. Ponderosa pine total needle NSC concentration trended modestly lower from pre- to
post-treatment, tracking a similar decrease in ponderosa pine needle starch concentration
(Fig. 4a). In contrast, western white pine total needle NSC concentration trended modestly
higher from pre- to post-treatment, tracking a similar increase in western white pine needle
soluble sugar concentration (Fig. 4b). Needle tissue NSC concentration was not analyzed
for the deciduous western larch seed source.

Carbon isotope ratios

There was no significant treatment effect on carbon isotope ratios for any seed source
(Fig. 6a, b; Table S5).

Discussion

Drought conditioning seedlings in nurseries via restricted irrigation regimes have been
hypothesized to induce morphological and physiological adaptations advantageous for
drought resistance (Puértolas et al. 2024). Our experiment—conducted on containerized
second-year stock of ponderosa pine, western white pine and two seed sources of western
larch—induced significant morphological and instantaneous physiological effects, although
responses varied by species. Ponderosa pine exhibited no significant changes to above- or
below-ground biomass, whereas western white pine and both seed sources of larch showed
notable morphological responses to the drought conditioning treatment. Given the contain-
erized nature of our study, it should be noted that root development may have been lim-
ited. Physiologically, our data indicates that our drought conditioning treatment sufficiently
stressed ponderosa pine as seen in the significantly lower pre-dawn water potentials. Inter-
estingly, neither western white pine nor western larch 1 exhibited this response. All drought
conditioned species and seed sources experienced a significant reduction in gas exchange
rates at target CC, but once rehydrated, gas exchange rates rebounded to levels similar to
controls. Although the drought treatment reduced gas exchange rates for all seed sources
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Fig.6 a Ponderosa pine and western white pine needle tissue 3'>C and b western larch branch tissue §'3C
collected post-treatment for both control (grey) and drought (black) with a sample size of n=7. Circles
represent means while error bars represent +/- one standard error. (Color figure online)

and induced plant moisture stress in ponderosa pine, the short-term stress imposed by the
treatments during maximum dry-down did not induce significant changes in carbon isotope
ratios, indicating a lack of cumulative or significant stress throughout the growing season.
Our findings demonstrate that drought conditioning can induce morphological and instan-
taneous physiological responses and reveals differential sensitivity to restricted irrigation
regimes across the study species.

Response of Pinus seedlings to drought conditioning

Our drought treatment resulted in significant morphological changes to western white pine
while droughted ponderosa pine seedlings remained morphologically unaffected. We had
hypothesized that seedlings would exhibit morphological plasticity beneficial for adapting
to moisture-limitation by decreasing above ground biomass and increasing below ground
biomass, thereby increasing root:shoot ratios (Toca et al. 2022). Increased root:shoot ratios
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could be advantageous for moisture-limited sites where the plant has less photosyntheti-
cally active tissue vulnerable to water loss, and increased water absorption capabilities with
increased root mass (Hasse 2008). While our study found almost no difference to ponder-
osa pine morphology, droughted western white pine experienced a significant reduction to
RCD. This was similar to findings of Pinto et al. (2023) who found no effect of their reduced
irrigation treatment on root mass or shoot mass of ponderosa pine seedlings but did find
reductions in height and RCD. Other drought conditioning studies conducted on Pinus spe-
cies also found reductions height and RCD, but like Pinto et al. (2023), the seedlings used
were all conditioned within their first year (Royo et al. 2001; Deligoz and Gur 2015; Pinto
et al. 2023). While ponderosa pine remained unaffected, the decrease in height and RCD in
western white pine coupled with maintenance of root masses equivalent to controls, could
prove beneficial once outplanted.

The response of western white pine is likely driven by the comparatively small stature
and slow growth rates combined with the relatively large container size. Container type will
influence moisture availability and the potential for root growth (Pinto 2011). Droughted
western white pine experienced significant reductions in height and RCD relative to con-
trols. Droughted western white pine maintained similar root mass with reduced RCD. While
it was hypothesized that western white pine would be sensitive to the drought treatment,
the treatment was not severe enough to induce strong responses. The lack of separation
seen in mid-day water potentials indicate seedlings were under similar amounts of mois-
ture stress in both treatments. The inherent morphology of this species with a significantly
smaller shoot mass compared to ponderosa pine, accompanied by similar root masses, may
have been advantageous. Though this species was morphologically sensitive, potentially
the combination of having less photosynthetic tissue susceptible to water loss paired with a
deep pot allowed western white pine sufficient access to water, effectively avoiding hydrau-
lic stress under the drought treatment.

As soil moisture decreases, photosynthesis, transpiration, and stomatal conductance
decrease simultaneously (Farquhar et al. 1989). The recovery of gas exchange rates for the
droughted ponderosa pine seedlings once rehydrated to saturation coupled with minimal
changes to morphology indicate that ponderosa pine was able to opportunistically use water
when available while accumulating biomass (Marshall and Zhang 1994; Zhang et al. 1996,
1997; Pinto et al. 2023). Although gas exchange rates at target CC indicate an instantaneous
response to the drought treatment, the lack of significant carbon isotope ratio differences
among treatments, especially for the pines, indicate a lack of cumulative stress over the
growing season.

While there may be opportunity to further limit irrigation as indicated above, both Pinus
species presented some effects to NSC concentrations. Droughted ponderosa pine signifi-
cantly reduced root total NSC driven by a decrease in starch and soluble sugar concentra-
tions. A reduction in root NSCs has been reported in 1-year ponderosa pine left un-watered
for 76 days (Woodruff et al. 2024), > 1-year-old Pinus halepensis with 20 day drying cycles
(Royo et al. 2001), and with studies on more mature Pinus halepensis under atmospheric
drought (Klein et al. 2014). Additionally, this was mirrored in Picea abies with decreased
root NSC content coupled with homeostatic concentrations in stems and needles (Hartmann
et al. 2013). This decrease could reflect decreased carbon assimilation via photosynthe-
sis and reliance on these stores due to decreased stomatal conductance, or mobilization to
maintain osmotic balance. Whether the decrease in total root NSC was allocated to growth,
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respiration, or osmotic adjustment, this reduction may be disadvantageous as seedlings will
require resources to invest in photosynthesis (Burdett 1990) largely allowing for growth
(Grossnickle 2012), especially root development (Grossnickle and Iveti¢ 2022).

In contrast, droughted western white pine seedlings displayed no significant change to
root NSC’s but experienced an increase in soluble sugar concentrations in both needles and
stems, along with an increase in total needle NSC. This is consistent with a study that found
increased needle soluble sugars in Pinus yunnanensis seedlings under light and moderate
drought (Xiao et al. 2024), in addition to studies on mature trees in the Mediterranean which
found drought-stressed trees had lower NSCs in roots but not in shoots (Klein et al. 2014).
In general, studies have found that drought can impair the transportation of NSC’s from
leaves to roots (Sala et al. 2010; Sevanto 2014; Savage et al. 2016) due to physiological
restraints on phloem transport (Hartmann et al. 2013; Sevanto 2018). Our morphological
data supports this as the seedlings experienced reduced growth coupled with high rates of
photosynthesis once watered. While our drought treatment may reflect the plants’ impaired
ability to transport NSCs from sources (leaves) to sinks (roots) (McDowell 2011), there is a
possibility that these sugars in needles and shoots also reduced osmotic potential allowing
for turgor maintenance (Sala et al. 2012; Dietze et al. 2014) or could indicate an increase
in cold tolerance. Studies have found that NSC dynamics are linked to phenological tim-
ing (Blumstein et al. 2024; Luo et al. 2024) along with temperature (D’ Andrea et al. 2021)
leading to the idea that trees can convert starches to soluble sugars for cold hardiness and/or
stress tolerance (Kozlowski 1992).

Given the complex, dynamic nature of NSC’s that are still under investigation, theorizing
the specific mechanisms leading to our results remains difficult. Ultimately, if these enriched
values of needle and stem NSCs remained available to the plant for use once planted, this
could provide a survival advantage as seen in increased survival of NSC enriched tropical
plants (O’Brien et al. 2014). Although drought-adaption of this sort is possible, the long-
term biological availability of these enriched values is debated as research indicates a short
residence time of NSCs in needles (Asao et al. 2024) along with potential NSC depletion
during over-winter storage (Ritchie 1982).

Response of Larix seedlings to drought conditioning

Western larch exhibited the most significant morphological response to the drought treat-
ment, with significant decreases in height and RCD as well as decreases in root and shoot
mass. Lower root mass might not be beneficial for dry field sites, although the mirrored
shoot mass reduction allowed for similar root: shoot ratios balancing root mass and tran-
spirational area. Both larch seed sources experienced similar treatment effects on morphol-
ogy, gas exchange rates, and carbon isotope ratios. Higgins et al. (1987) found that above
—1.5 MPa, no effect to gas exchange was observed in Larix decidua and inferred that Larix
may exhibit high rates of photosynthesis over the growing season. As a deciduous species,
needle shedding would be expected to decrease carbon demand and improve carbon balance
(Reich et al. 2009) which was seen in the premature needle reddening of western larch 1 in
September 2022, which we interpret as a response to the drought treatment. However, our
mid-day water potentials conducted in August did not indicate severe stress caused by our
drought treatment.
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In this drought conditioning experiment, our droughted western larch seedlings were
exposed to short-term yet severe stress with a target CC of 40% of their saturated CC from
June until September, then raised to 60% from September to December of 2022. Other
drought conditioning studies conducted on 6.5-week-old western larch seed sources used
similar irrigation methods but three different regimes: Low (50-65% CC), Moderate (70—
75% CC) and High (75-100% CC) (Moler and Nelson 2021; Vale et al. 2021). The results
from these studies indicated a significant increase in new root tissue mass as a ratio of new
foliar tissue in the Low and Moderate treatments. Vale et al. (2021) also found a significant
increase in the proportion of root mass contained in deep lateral roots compared to upper lat-
eral roots. Although these experiments included different seed sources at different ages, their
results are consistent with the idea that optimal irrigation regimes for drought conditioning
may be >50% CC for larch seedlings.

Given the deciduous nature of larch, they may respond to the drought treatment via
osmoregulation of solutes (Badalotti et al. 2000), however there are few studies reporting
NSC dynamics in western larch. Western larch 1 exhibited increased soluble sugar concen-
trations in roots while no response was displayed for western larch 2. Instead, an increase
in total root NSCs largely driven by starch reflects the allocation to storage carbohydrates
(Fig. 5). This strong seasonal accumulation of NSCs may have outweighed any drought
treatment effect. A study using mature Larix principis-rupprechtii indicated that temper-
ature was the primary environmental factor influencing NSC concentrations (Yang et al.
2023). Another study using one-year Larix kaempferi and Larix olgensis seedlings indicated
that elevated nitrogen fertilization reduced drought tolerance and suggested growing seed-
ings under water- and nitrogen-limited regimes (Kitao et al. 2022).

Conclusions and implications for future research

Developing seedlings with novel nursery culturing techniques provides an opportunity
for nursery managers, land managers, and researchers to improve reforestation success by
anticipating planting sites previously disturbed by wildfire and increasingly limited by soil
moisture. We add to the understanding of how restricted irrigation regimes influence seed-
ling morphology and physiology of conifer seedlings with differing functional traits with
our investigation of responses to restricted irrigation by second year ponderosa pine, west-
ern white pine and western larch seedlings. Based on our results and findings from a recent
review (Toca et al. 2022) and meta-analysis (Puértolas et al. 2024), drought conditioning
treatments will have species-specific outcomes, and their intensity, duration and magnitude
must be tailored accordingly.

We recommend future studies calibrate restricted irrigation regimes to the species stud-
ied. Puértolas et al. (2024) found that more intense drought conditioning applications tended
to improve outplanting survival. Based on our results, we suggest investigating more restric-
tive irrigation regimes for ponderosa pine and western white pine (i.e., reduce target CC
to below 40%). In contrast, more sensitive and/or deciduous species such as western larch
may require less restrictive irrigation regimes (i.e., increase target CC to above 40%) to
achieve drought conditioning outcomes without incurring acute stress and premature needle
reddening and loss. Another avenue to explore is manipulation of the duration of drought
by implementing a sustained restricted irrigation regime, rather than the dry down and re-
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wetting cycles used in our experiment (Valliere et al. 2019). At maximum dry down, all
three of our study species exhibited reduced gas exchange and photosynthesis. Yet, when
rewetted these parameters rebounded to levels equivalent to those in well-watered controls,
and we found little evidence for long-term drought-induced physiological acclimation in
the carbon isotope, NSC, or pre-dawn water potential measurements. Thus, we suggest that
a restricted irrigation regime that maintains chronic, constant moisture stress rather than
cycles of repeated dry down and rewetting may induce a stronger acclimation response.
Toca et al. (2022) found that manipulation of water and nutrient regimes have the great-
est potential to manipulate root development, so assessing additive and interactive effects
of water and nutrient manipulations may be useful in future studies. Finally, experimental
assessment of the relative performance of one-year-old and two-year-old stock would pro-
vide insight into the tradeoffs associated with using older and larger containerized stock-
types for drought conditioning.

Supplementary Information The online version contains supplementary material available at https://doi.org
/10.1007/s11056-025-10121-w.

Acknowledgements We thank Anna Sala for mentorship, advice and support with nonstructural carbohy-
drate sampling, analysis and results. We also thank ECOR manager October Moynahan for providing green-
house facilities, the Montana Department of Natural Resources and Conservation in Missoula, MT and the
U.S. Forest Service nursery in Coeur D’Alene, ID for seedling storage. Christopher Keyes oversaw the first
year of seedling culturing in the University of Montana Memorial Greenhouse for three seed sources.

Author contributions A.C.R: Writing-original draft, Conceptualization, Methodology, Formal analysis;
J.R.P: Writing-review & editing, Conceptualization, Methodology, Resources, Funding acquisition; J.S.C:
Writing-review & editing, Conceptualization, Methodology, Resources; A.G: Writing- review & editing,
Investigation; C.R.N; Writing-review & editing; D.L.R.A: Writing-review & editing, Methodology; A.J.L;
Writing-review & editing, Conceptualization, Methodology, Funding acquisition, Project administration.

Funding Funding was provided by US Forest Service agreements 20-JV-11221633-197 and
22-CS-11221632-156.

Data availability Data is provided within the manuscript or supplementary information files.

Declarations

Conflict of interest The authors declare no competing interests.

References

Aitken SN, Yeaman S, Holliday JA, Wang T, Curtis-McLane S (2008) Adaptation, migration or extirpation:
climate change outcomes for tree populations. Evol Appl 1(1):95-111. https://doi.org/10.1111/j.1752-4
571.2007.00013.x

Alpert P, Simms EL (2002) The relative advantages of plasticity and fixity in different environments: when
is it good for a plant to adjust? Evol Ecol 16(3):285-297. https://doi.org/10.1023/A:1019684612767

Asao S, Way DA, Turnbull MH, Stitt M, McDowell NG, Reich PB, Bloomfield KJ, Zaragoza-Castells J,
Creek D, O’Sullivan O, Crous KY, Egerton JJG, Mirotchnick N, Weerasinghe LK, Griffin KL, Hurry
V, Meir P, Sitch S, Atkin OK (2024) Leaf nonstructural carbohydrate residence time, not concentration,
correlates with leaf functional traits following the leaf economic spectrum in woody plants. New Phytol.
https://doi.org/10.1111/nph.20315

@ Springer


https://doi.org/10.1007/s11056-025-10121-w
https://doi.org/10.1007/s11056-025-10121-w
https://doi.org/10.1111/j.1752-4571.2007.00013.x
https://doi.org/10.1111/j.1752-4571.2007.00013.x
https://doi.org/10.1023/A:1019684612767
https://doi.org/10.1111/nph.20315

54 Page 20 of 24 New Forests (2025) 56:54

Badalotti A, Anfodillo T, Grace J (2000) Evidence of osmoregulation in Larix decidua at alpine treelike
and comparative responses to water availability of two co-occuring evergreen species. Ann For Sci
57(7):623-633. https://doi.org/10.1051/forest:2000146

Bastin JF, Finegold Y, Garcia C, Mollicone D, Rezende M, Routh D, Zohner CM, Crowther TW (2019) The
global tree restoration potential. Science 365(6448):76-79. https://doi.org/10.1126/science.aax0848

Blumstein M, Oseguera M, Caso-McHugh T, Des Marais DL (2024) Nonstructural carbohydrate dynamics’
relationship to leaf development under varying environments. New Phytol 241(1):102—-113. https://doi
.org/10.1111/nph.19333

Brenna JT, Corso TN, Tobias HJ, Caimi RJ (1997) High-precision continuous-flow isotope ratio mass spec-
trometry. Mass Spectrom Rev 16(5):227-258.

Burdett AN (1990) Physiological processes in plantation establishment and the development of specifications
for forest planting stock. Can J For Res 20(4):415-427. https://doi.org/10.1139/x90-059

Chapin FS, Schulze E-D, Mooney HA (1990) The ecology and economics of storage in plants. Annu Rev
Ecol Syst 21:423-447

Conlisk E, Castanha C, Germino MJ, Veblen TT, Smith JM, Moyes AB, Kueppers LM (2018) Seed origin
and warming constrain lodgepole pine recruitment, slowing the pace of population range shifts. Glob
Change Biol 24(1):197-211. https://doi.org/10.1111/gcb.13840

Coplen TB (1994) Reporting of stable hydrogen, carbon, and oxygen isotopic abundances (technical report).
Pure Appl Chem 66(2):273-276. https://doi.org/10.1351/pac199466020273

Coplen TB, Brand WA, Gehre M, Groning M, Meijer HAJ, Toman B, Verkouteren RM (2006) New guide-
lines for 613C measurements. Anal Chem 78(7):2439-2441. https://doi.org/10.1021/ac052027¢c

Cregg BM (1994) Carbon allocation, gas exchange, and needle morphology of Pinus ponderosa genotypes
known to differ in growth and survival under imposed drought. Tree Physiol 14(7-8-9):883-898. https
://doi.org/10.1093/treephys/14.7-8-9.883

Cregg BM, Zhang JW (2001) Physiology and morphology of Pinus sylvestris seedlings from diverse sources
under cyclic drought stress. For Ecol Manage 154(1):131-139. https://doi.org/10.1016/S0378-1127(0
0)00626-5

D’Andrea E, Scartazza A, Battistelli A, Collalti A, Proietti S, Rezaie N, Matteucci G, Moscatello S (2021)
Unravelling resilience mechanisms in forests: role of non-structural carbohydrates in responding to
extreme weather events. Tree Physiol 41(10):1808—1818. https://doi.org/10.1093/treephys/tpab044

Dai A (2013) Increasing drought under global warming in observations and models. Nat Clim Change 3:52—
58. https://doi.org/10.1038/nclimate1633

Davis AS, Pinto JR (2021) The scientific basis of the target plant concept: an overview. Forests 12(9):1293

Davis KT, Dobrowski SZ, Higuera PE, Holden ZA, Veblen TT, Rother MT, Parks SA, Sala A, Maneta MP
(2019) Wildfires and climate change push low-elevation forests across a critical climate threshold for tree
regeneration. Proc Natl Acad Sci U S A 116(13):6193-6198. https://doi.org/10.1073/pnas.1815107116

Deligoz A, Gur M (2015) Morphological, physiological and biochemical responses to drought stress of stone
pine (Pinus pinea L.) seedlings. Acta Physiol Plant 37(11):243. https://doi.org/10.1007/s11738-015-19
98-1

Dietze MC, Sala A, Carbone MS, Czimczik CI, Mantooth JA, Richardson AD, Vargas R (2014) Nonstructural
carbon in woody plants. Annu Rev Plant Biol 65(1):667—687. https://doi.org/10.1146/annurev-arplan
t-050213-040054

Dobrowski SZ, Aghai MM, Chichilnisky du Lac A, Downer R, Fargione J, Haase DL, Hoecker T, Kildisheva
OA, Murdoch A, Newman S, North M, Saksa P, Sjoholm M, Baribault T, Buonanduci MS, Chambers
ME, Gonzales-Kramer L, Harvey BJ, Hurteau MD, Sloan J (2024) ‘Mind the Gap’—reforestation needs
vs. reforestation capacity in the western United States. Front For Glob Change. https://doi.org/10.338
9/ffgc.2024.1402124

Dudley SA (1996) Different selection on plant physiological traits in response to environmental water avail-
ability: a test of adaptive hypotheses. Evolution 50(1):92—102. https://doi.org/10.1111/j.1558-5646.19
96.tb04475.x

Dumroese RK, Pinto JR, Montville ME (2015) Using container weights to determine irrigation needs: a
simple method. Native Plants J 16(1):67-71

Dumroese RK, Balloffet N, Crockett JW, Stanturf JA, Nave LE (2019) A national approach to leverage the
benefits of tree planting on public lands. New Forest 50(1):1-9. https://doi.org/10.1007/s11056-019-0
9703-2

Fargione J, Haase DL, Burney OT, Kildisheva OA, Edge G, Cook-Patton SC, Chapman T, Rempel A, Hur-
teau MD, Davis KT, Dobrowski S, Enebak S, De La Torre R, Bhuta AAR, Cubbage F, Kittler B, Zhang
D, Guldin RW (2021) Challenges to the reforestation pipeline in the United States. Front Forests Glob
Change. https://doi.org/10.3389/ffgc.2021.629198

Farquhar G, O’Leary MHO, Berry J (1982) On the relationship between carbon isotope discrimination and
the intercellular carbon dioxide concentration in leaves. Aust J Plant Physiol 9:121-137

@ Springer


https://doi.org/10.1051/forest:2000146
https://doi.org/10.1126/science.aax0848
https://doi.org/10.1111/nph.19333
https://doi.org/10.1111/nph.19333
https://doi.org/10.1139/x90-059
https://doi.org/10.1111/gcb.13840
https://doi.org/10.1351/pac199466020273
https://doi.org/10.1021/ac052027c
https://doi.org/10.1093/treephys/14.7-8-9.883
https://doi.org/10.1093/treephys/14.7-8-9.883
https://doi.org/10.1016/S0378-1127(00)00626-5
https://doi.org/10.1016/S0378-1127(00)00626-5
https://doi.org/10.1093/treephys/tpab044
https://doi.org/10.1038/nclimate1633
https://doi.org/10.1073/pnas.1815107116
https://doi.org/10.1007/s11738-015-1998-1
https://doi.org/10.1007/s11738-015-1998-1
https://doi.org/10.1146/annurev-arplant-050213-040054
https://doi.org/10.1146/annurev-arplant-050213-040054
https://doi.org/10.3389/ffgc.2024.1402124
https://doi.org/10.3389/ffgc.2024.1402124
https://doi.org/10.1111/j.1558-5646.1996.tb04475.x
https://doi.org/10.1111/j.1558-5646.1996.tb04475.x
https://doi.org/10.1007/s11056-019-09703-2
https://doi.org/10.1007/s11056-019-09703-2
https://doi.org/10.3389/ffgc.2021.629198

New Forests (2025) 56:54 Page 21 of 24 54

Farquhar GD, Ehleringer JR, Hubick KT (1989) Carbon isotope discrimination and photosynthesis. Annu
Rev Plant Biol 40(1):503-537. https://doi.org/10.1146/annurev.pp.40.060189.002443

Griscom BW, Adams J, Ellis PW, Houghton RA, Lomax G, Miteva DA, Fargione J (2017) Natural climate
solutions. Proc Natl Acad Sci U S A 114(44):11645-11650

Grossnickle SC (2012) Why seedlings survive: influence of plant attributes. New Forest 43(5):711-738.
https://doi.org/10.1007/s11056-012-9336-6

Grossnickle SC (2018) Seedling establishment on a forest restoration site: an ecophysiological perspective.
REFORESTA. https://doi.org/10.21750/REFOR.6.09.62

Grossnickle SC, Iveti¢ V (2022) Root system development and field establishment: effect of seedling quality.
New Forest 53(6):1021-1067. https://doi.org/10.1007/s11056-022-09916-y

Haase DL (2008) Understanding forest seedling quality: measurements and interpretation. Tree Planters
Notes 52(2):24-30

Hansen WD, Braziunas KH, Rammer W, Seidl R, Turner MG (2018) It takes a few to tango: changing cli-
mate and fire regimes can cause regeneration failure of two subalpine conifers. Ecology 99(4):966-977.
https://doi.org/10.1002/ecy.2181

Hartmann H, Trumbore S (2016) Understanding the roles of nonstructural carbohydrates in forest trees —
from what we can measure to what we want to know. New Phytol 211(2):386—403. https://doi.org/10.
1111/nph.13955

Hartmann H, Ziegler W, Kolle O, Trumbore S (2013) Thirst beats hunger — declining hydration during
drought prevents carbon starvation in Norway Spruce saplings. New Phytol 200(2):340-349. https://
doi.org/10.1111/nph.12331

Harvey BJ, Donato DC, Turner MG (2016) High and dry: post-fire tree seedling establishment in subalpine
forests decreases with post-fire drought and large stand-replacing burn patches. Glob Ecol Biogeogr
25(6):655-669. https://doi.org/10.1111/geb.12443

Hennessey TC, Dougherty PM (1984) Characterization of the internal water relations of loblolly pine seed-
lings in response to nursery culture treatments: implications for reforestation success. Seedl Physiol
Refor Success 14:225-243

Higgins SS, Black RA, Radamaker GK, Bidlake WR (1987) Gas exchange characteristics and water relations
of larix occidentalis. Can J For Res 17(11):1364—1370. https://doi.org/10.1139/x87-211

Holden ZA, Dobrowski SZ, Swanson A, Hoylman Z, Lyons D, Warren A, Maneta M (2024) Low-eleva-
tion forest extent in the Western united States constrained by soil surface temperatures. Nat Geosci
17(12):1249-1253. https://doi.org/10.1038/s41561-024-01577-0

Hsiao TC (1973) Plant responses to water stress. Annu Rev Plant Biol 24(1):519-570. https://doi.org/10.114
6/annurev.pp.24.060173.002511

Ingestad T, Agren GI (1995) Plant nutrition and growth: basic principles. Plant Soil 168(1):15-20. https://d
0i.org/10.1007/BF00029309

International Union for the Conservation of Nature (IUCN) (2011) The global restoration initiative and the
Bonn challenge: restoring 150 million hectares by 2020. IUCN, Washington. https://www.bonnchalle
nge.org/
Kandiko R, Timmis R, Worrall J (2011) Pressure—volume curves of shoots and roots of normal and drought
conditioned Western Hemlock seedlings. Can J For Res 10:10-16. https://doi.org/10.1139/x80-003
Keane RE, Mahalovich MF, Bollenbacher BL, Manning ME, Loehman RA, Jain TB, Holsinger LM, Larson
AJ, Webster MM (2018) Effects of climate change on forest vegetation in the northern rockies region.
Climate change vulnerability and adaptation in the northern rocky mountains-part 1. RMRS-GTR-374,
Fort Collins, pp 128-273

Kemp KB, Higuera PE, Morgan P, Abatzoglou JT (2019) Climate will increasingly determine post-fire tree
regeneration success in low-elevation forests. North Rock USA Ecosphere 10(1):€02568. https://doi.o
rg/10.1002/ecs2.2568

Kitao M, Agathokleous E, Harayama H, Kitaoka S, Uemura A, Yazaki K, Tobita H (2022) Tolerance of
Japanese larch to drought is modified by nitrogen and water regimes during cultivation of container
seedlings. Eur J For Res 141(4):699-712. https://doi.org/10.1007/s10342-022-01470-8

Klein T, Hoch G, Yakir D, Korner C (2014) Drought stress, growth and nonstructural carbohydrate dynamics
of pine trees in a semi-arid forest. Tree Physiol 34(9):981-992. https://doi.org/10.1093/treephys/tpu071

Kozlowski TT (1992) Carbohydrate sources and sinks in woody plants. Bot Rev 58(2):107-222. https://doi.
org/10.1007/BF02858600

Kozlowski TT, Kramer PJ, Pallardy SG (1991) The physiological ecology of woody plants. Tree Physiol
8(2):213. https://doi.org/10.1093/treephys/8.2.213

Landis TD, Dumroese RK, Haase DL (2010) The container tree nursery manual: volume 7, seedling process-
ing, storage, and outplanting. Agric. Handbook No. 674. Washington, DC: U.S. Department of Agricul-
ture, Forest Service. 674(7):199. https://www.srs.fs.usda.gov/pubs/35195

@ Springer


https://doi.org/10.1146/annurev.pp.40.060189.002443
https://doi.org/10.1007/s11056-012-9336-6
https://doi.org/10.21750/REFOR.6.09.62
https://doi.org/10.1007/s11056-022-09916-y
https://doi.org/10.1002/ecy.2181
https://doi.org/10.1111/nph.13955
https://doi.org/10.1111/nph.13955
https://doi.org/10.1111/nph.12331
https://doi.org/10.1111/nph.12331
https://doi.org/10.1111/geb.12443
https://doi.org/10.1139/x87-211
https://doi.org/10.1038/s41561-024-01577-0
https://doi.org/10.1146/annurev.pp.24.060173.002511
https://doi.org/10.1146/annurev.pp.24.060173.002511
https://doi.org/10.1007/BF00029309
https://doi.org/10.1007/BF00029309
https://www.bonnchallenge.org/
https://www.bonnchallenge.org/
https://doi.org/10.1139/x80-003
https://doi.org/10.1002/ecs2.2568
https://doi.org/10.1002/ecs2.2568
https://doi.org/10.1007/s10342-022-01470-8
https://doi.org/10.1093/treephys/tpu071
https://doi.org/10.1007/BF02858600
https://doi.org/10.1007/BF02858600
https://doi.org/10.1093/treephys/8.2.213
https://www.srs.fs.usda.gov/pubs/35195

54 Page 22 of 24 New Forests (2025) 56:54

Luo Y, Zohner C, Crowther TW, Feng J, Hoch G, Li P, Richardson AD, Vitasse Y, Gessler A (2024) Internal
physiological drivers of leaf development in trees: understanding the relationship between non-struc-
tural carbohydrates and leaf phenology. Funct Ecol. https://doi.org/10.1111/1365-2435.14694

Marshall JD, Zhang J (1994) Carbon isotope discrimination and water-use efficiency in native plants of the
North-Central Rockies. Ecology 75(7):1887—1895. https://doi.org/10.2307/1941593

Martinez-Vilalta J, Garcia-Forner N (2017) Water potential regulation, stomatal behaviour and hydraulic
transport under drought: deconstructing the iso/anisohydric concept. Plant Cell Environ 40(6):962-976.
https://doi.org/10.1111/pce.12846

Martinez-Vilalta J, Lloret F (2016) Drought-induced vegetation shifts in terrestrial ecosystems: the key role
of regeneration dynamics. Glob Planet Change 144:94-108

Martinez-Vilalta J, Cochard H, Mencuccini M, Sterck F, Herrero A, Korhonen JFJ, Llorens P, Nikinmaa E,
Nol¢ A, Poyatos R, Ripullone F, Sass-Klaassen U, Zweifel R (2009) Hydraulic adjustment of Scots pine
across Europe. New Phytol 184(2):353-364. https://doi.org/10.1111/j.1469-8137.2009.02954.x

McDowell NG (2011) Mechanisms linking drought, hydraulics, carbon metabolism, and vegetation mortal-
ity. Plant Physiol 155(3):1051-1059. https://doi.org/10.1104/pp.110.170704

McDowell NG, Pockman WT, Allen CD, Breshears DD, Cobb N, Kolb T, Plaut J, Sperry J, West A, Williams
DG, Yepez EA (2008) Mechanisms of plant survival and mortality during drought: why do some plants
survive while others succumb to drought? New Phytol 178(4):719-739. https://doi.org/10.1111/j.1469
-8137.2008.02436.x

Miller ML, Johnson DM (2017) Vascular development in very young conifer seedlings: theoretical hydraulic
capacities and potential resistance to embolism. Am J Bot 104(7):979-992. https://doi.org/10.3732/aj
b.1700161

Moler ERV, Nelson AS (2021) Perspectives on drought preconditioning treatments with a case study using
Western larch. Front Plant Sci. https://doi.org/10.3389/fpls.2021.741027

Morgan JM (1984) Osmoregulation and water stress in higher plants. Annu Rev Plant Biol 35(1):299-319. h
ttps://doi.org/10.1146/annurev.pp.35.060184.001503

Moritz MA, Parisien M-A, Batllori E, Krawchuk MA, Van Dorn J, Ganz DJ, Hayhoe K (2012) Climate change
and disruptions to global fire activity. Ecosphere 3(6):1-22. https://doi.org/10.1890/ES11-00345.1

Moss WE, Crausbay SD, Rangwala I, Wason JW, Trauernicht C, Stevens-Rumann CS, Sala A, Rottler CM,
Pederson GT, Miller BW, Magness DR, Littell JS, Frelich LE, Frazier AG, Davis KT, Coop JD, Cart-
wright JM, Booth RK (2024) Drought as an emergent driver of ecological transformation in the twenty-
first century. Bioscience 74(8):524-538. https://doi.org/10.1093/biosci/biac050

Naumann G, Alfieri L, Wyser K, Mentaschi L, Betts RA, Carrao H, Spinoni J, Vogt J, Feyen L (2018) Global
changes in drought conditions under different levels of warming. Geophys Res Lett 45(7):3285-3296.
https://doi.org/10.1002/2017GL076521

Newmark WD, Jenkins CN, Pimm SL, McNeally PB, Halley JM (2017) Targeted habitat restoration can
reduce extinction rates in fragmented forests. Proc Nat Acad Sci 114(36):9635-9640. https://doi.org/1
0.1073/pnas.1705834114

O’Brien MJ, Leuzinger S, Philipson CD, Tay J, Hector A (2014) Drought survival of tropical tree seedlings
enhanced by non-structural carbohydrate levels. Nat Clim Change 4:710-714

Oliet JA, Puértolas J, Planelles R, Jacobs DF (2013) Nutrient loading of forest tree seedlings to promote
stress resistance and field performance: a mediterranean perspective. New Forest 44(5):649—669. https
://doi.org/10.1007/s11056-013-9382-8

Padilla FM, Pugnaire FI (2007) Rooting depth and soil moisture control Mediterranean woody seedling sur-
vival during drought. Funct Ecol 21(3):489—495

Petrie MD, Wildeman AM, Bradford JB, Hubbard RM, Lauenroth WK (2016) A review of precipitation and
temperature control on seedling emergence and establishment for Ponderosa and lodgepole pine forest
regeneration. For Ecol Manage 361:328-338. https://doi.org/10.1016/j.foreco.2015.11.028

Pifiol J, Sala A (2000) Ecological implications of xylem cavitation for several Pinaceae in the Pacific North-
ern USA. Funct Ecol 14(5):538-545. https://doi.org/10.1046/j.1365-2435.2000.t01-1-00451.x

Pinto JR (2011) Morphology targets: what do seedling morphological attributes tell us? In: Riley LE, Haase
DL, Pinto JR (eds) National proc: forest and conservation nursery associations—2010. RMRS-P-65.
USDA Forest Service, Portland, pp 74-79

Pinto JR, Marshall JD, Dumroese RK, Davis AS, Cobos DR (2012) Photosynthetic response, carbon isotopic
composition, survival, and growth of three stock types under water stress enhanced by vegetative com-
petition. Can J For Res 42(2):333-344. https://doi.org/10.1139/x11-189

Pinto JR, Sloan JL, Ervan G, Burney OT (2023) Physiological and morphological responses of Pinus pon-
derosa seedlings to moisture limitations in the nursery and their implications for restoration. Front Plant
Sci 14:1127656

@ Springer


https://doi.org/10.1111/1365-2435.14694
https://doi.org/10.2307/1941593
https://doi.org/10.1111/pce.12846
https://doi.org/10.1111/j.1469-8137.2009.02954.x
https://doi.org/10.1104/pp.110.170704
https://doi.org/10.1111/j.1469-8137.2008.02436.x
https://doi.org/10.1111/j.1469-8137.2008.02436.x
https://doi.org/10.3732/ajb.1700161
https://doi.org/10.3732/ajb.1700161
https://doi.org/10.3389/fpls.2021.741027
https://doi.org/10.1146/annurev.pp.35.060184.001503
https://doi.org/10.1146/annurev.pp.35.060184.001503
https://doi.org/10.1890/ES11-00345.1
https://doi.org/10.1093/biosci/biae050
https://doi.org/10.1002/2017GL076521
https://doi.org/10.1073/pnas.1705834114
https://doi.org/10.1073/pnas.1705834114
https://doi.org/10.1007/s11056-013-9382-8
https://doi.org/10.1007/s11056-013-9382-8
https://doi.org/10.1016/j.foreco.2015.11.028
https://doi.org/10.1046/j.1365-2435.2000.t01-1-00451.x
https://doi.org/10.1139/x11-189

New Forests (2025) 56:54 Page 23 of 24 54

Puértolas J, Villar-Salvador P, Andivia E, Ahuja I, Cocozza C, Cvjetkovi¢ B, Devetakovi¢ J, Diez JJ, Floistad
IS, Ganatsas P, Mariotti B, Tsakaldimi M, Vilagrosa A, Witzell J, Iveti¢ V (2024) Die-hard seedlings. A
global meta-analysis on the factors determining the effectiveness of drought hardening on growth and
survival of forest plantations. For Ecol Manag 572:122300. https://doi.org/10.1016/j.foreco.2024.122
300

Qi H, Coplen TB, Geilmann H, Brand WA, Boéhlke JK (2003) Two new organic reference materials for del-
tal3C and deltal SN measurements and a new value for the deltal3C of NBS 22 oil. Rapid Commun
Mass Spectrom 17(22):2483-2487. https://doi.org/10.1002/rcm.1219

R Core Team (2023) R: A language and environment for statistical computing. R Foundationfor Statistical
Computing, Vienna, Austria. https://www.R-project.org/

Rank R, Maneta M, Higuera P, Holden Z, Dobrowski S (2022) Conifer seedling survival in response to high
surface temperature events of varying intensity and duration. Front Forests Glob Change. https://doi.o
rg/10.3389/ffgc.2021.731267

Reich PB, Falster DS, Ellsworth DS, Wright 1J, Westoby M, Oleksyn J, Lee TD (2009) Controls on declin-
ing carbon balance with leaf age among 10 woody species in Australian woodland: do leaves have zero
daily net carbon balances when they die? New Phytol 183(1):153-166. https://doi.org/10.1111/j.1469
-8137.2009.02824.x

Ritchie GA (1982) Carbohydrate reserves and root growth potential in Douglas-fir seedlings before and after
cold storage. Can J For Res 12(4):905-912. https://doi.org/10.1139/x82-132

Royo A, Gil L, Pardos JA (2001) Effect of water stress conditioning on morphology, physiology and field
performance of Pinus halepensis mill. seedlings. New Forest 21(2):127-140. https://doi.org/10.1023/
A:1011892732084

Sala A, Piper F, Hoch G (2010) Physiological mechanisms of drought-induced tree mortality are far from
being resolved. New Phytol 186(2):274-281

Sala A, Woodruff DR, Meinzer FC (2012) Carbon dynamics in trees: feast or famine? Tree Physiol 32:764-775

Santrock J, Studley SA, Hayes JM (1985) Isotopic analyses based on the mass spectra of carbon dioxide.
Anal Chem 57(7):1444-1448. https://doi.org/10.1021/ac00284a060

Sapes G, Demaree P, Lekberg Y, Sala A (2021) Plant carbohydrate depletion impairs water relations and
spreads via ectomycorrhizal networks. New Phytol 229(6):3172-3183. https://doi.org/10.1111/nph.1
7134

Savage JA, Clearwater MJ, Haines DF, Klein T, Mencuccini M, Sevanto S, Turgeon R, Zhang C (2016)
Allocation, stress tolerance and carbon transport in plants: how does phloem physiology affect plant
ecology? Plant Cell Environ 39(4):709-725. https://doi.org/10.1111/pce.12602

Seiler JR, Johnson JD (1988) Physiological and morphological responses of three half-sib families of loblolly
pine to water-stress conditioning. Sci 34(2):487—495

Sevanto S (2014) Phloem transport and drought. J Exp Bot 65(7):1751-1759. https://doi.org/10.1093/jxb/e
rt467

Sevanto S (2018) Drought impacts on phloem transport. Curr Opin Plant Biol 43:76-81. https://doi.org/10.
1016/j.pbi.2018.01.002

Sheffield J, Wood EF (2008) Projected changes in drought occurrence under future global warming from
multi-model, multi-scenario, IPCC AR4 simulations. Clim Dyn 31(1):79—105. https://doi.org/10.1007
/300382-007-0340-z

Simeone C, Maneta MP, Holden ZA, Sapes G, Sala A, Dobrowski SZ (2019) Coupled ecohydrology and
plant hydraulics modeling predicts Ponderosa pine seedling mortality and lower treeline in the US
Northern Rocky mountains. New Phytol 221(4):1814-1830. https://doi.org/10.1111/nph.15499

Swidrak I, Schuster R, Oberhuber W (2013) Comparing growth phenology of co-occurring deciduous and
evergreen conifers exposed to drought. Flora - Morphology Distribution Funct Ecol Plants 208(10):609—
617. https://doi.org/10.1016/j.flora.2013.09.004

Tepley AJ, Thomann E, Veblen TT, Perry GLW, Holz A, Paritsis J, Kitzberger T, Anderson-Teixeira KJ (2018)
Influences of fire—vegetation feedbacks and post-fire recovery rates on forest landscape vulnerability to
altered fire regimes. J Ecol 106(5):1925-1940. https://doi.org/10.1111/1365-2745.12950

Toca A, Moler E, Nelson A, Jacobs DF (2022) Environmental conditions in the nursery regulate root system
development and architecture of forest tree seedlings: a systematic review. New Forest 53(6):1113—
1143. https://doi.org/10.1007/s11056-022-09944-8

Tyree MT, Sperry JS (1989) Vulnerability of xylem to cavitation and embolism. Annu Rev Plant Physiol
Plant Mol Biol 40:R19-R38. https://doi.org/10.1146/annurev.pp.40.060189.000315

Vale A, Moler E, Nelson A (2021) Two studies of the potential of drought preconditioning to enhance deep
root production in seedlings of western larch (Larix occidentalis). REFORESTA. https://doi.org/10.21
750/REFOR.12.02.94

Valliere JM, Zhang J, Sharifi MR, Rundel PW (2019) Can we condition nativeplants to increase drought
tolerance and improve restoration success? Ecol Appl29(3):e01863. https://doi.org/10.1002/eap.1863

@ Springer


https://doi.org/10.1016/j.foreco.2024.122300
https://doi.org/10.1016/j.foreco.2024.122300
https://doi.org/10.1002/rcm.1219
https://www.R-project.org/
https://doi.org/10.3389/ffgc.2021.731267
https://doi.org/10.3389/ffgc.2021.731267
https://doi.org/10.1111/j.1469-8137.2009.02824.x
https://doi.org/10.1111/j.1469-8137.2009.02824.x
https://doi.org/10.1139/x82-132
https://doi.org/10.1023/A:1011892732084
https://doi.org/10.1023/A:1011892732084
https://doi.org/10.1021/ac00284a060
https://doi.org/10.1111/nph.17134
https://doi.org/10.1111/nph.17134
https://doi.org/10.1111/pce.12602
https://doi.org/10.1093/jxb/ert467
https://doi.org/10.1093/jxb/ert467
https://doi.org/10.1016/j.pbi.2018.01.002
https://doi.org/10.1016/j.pbi.2018.01.002
https://doi.org/10.1007/s00382-007-0340-z
https://doi.org/10.1007/s00382-007-0340-z
https://doi.org/10.1111/nph.15499
https://doi.org/10.1016/j.flora.2013.09.004
https://doi.org/10.1111/1365-2745.12950
https://doi.org/10.1007/s11056-022-09944-8
https://doi.org/10.1146/annurev.pp.40.060189.000315
https://doi.org/10.21750/REFOR.12.02.94
https://doi.org/10.21750/REFOR.12.02.94
https://doi.org/10.1002/eap.1863

54 Page 24 of 24 New Forests (2025) 56:54

van den Driessche R (1991) Influence of container nursery regimes on drought resistance of seedlings fol-
lowing planting. I. Survival and growth. Can J For Res 21(5):555-565. https://doi.org/10.1139/x91-077

Villar-Salvador P, Ocafa L, Pefiuelas J, Carrasco 1 (1999) Effect of water stress conditioning on the water
relations, root growth capacity, and the nitrogen and non-structural carbohydrate concentration of Pinus
halepensis mill. (Aleppo pine) seedlings. Ann For Sci 56(6):459-465. https://doi.org/10.1051/forest:1
9990602

Will RE, Wilson SM, Zou CB, Hennessey TC (2013) Increased vapor pressure deficit due to higher tempera-
ture leads to greater transpiration and faster mortality during drought for tree seedlings common to the
forest—grassland ecotone. New Phytol 200(2):366—-374. https://doi.org/10.1111/nph.12321

Woodruff DR, Meinzer FC, McCulloh KA, O’Keefe K, Kerr KL, Ulrich DEM, Crandall JG (2024) Drought-
related mortality, growth and non-structural carbohydrate dynamics in two conifer species during early
stages of development. Trees 38(6):1491-1508. https://doi.org/10.1007/s00468-024-02568-9

Xiao J, Zhao Z, Deng X, Hu H, Liu Y, Sun J, Fu X, Wu J (2024) Non-structural carbohydrate dynamics of
Pinus yunnanensis seedlings under drought stress and re-watering. Front Ecol Evol. https://doi.org/10.
3389/fevo.2024.1343258

Yang X, Jiang Y, Xue F, Ding X, Cui M, Dong M, Kang M (2023) Effects of environmental factors on the
nonstructural carbohydrates in larix principis-rupprechtii. Forests. https://doi.org/10.3390/f14020345

Zhang J, Marshall J, Fins L (1996) Correlated population differences in dry matter accumulation, allocation,
and water-use efficiency in three sympatric conifer species. For Sci 42:242-249

Zhang JW, Feng Z, Cregg BM, Schumann CM (1997) Carbon isotopic composition, gas exchange, and
growth of three populations of Ponderosa pine differing in drought tolerance. Tree Physiol 17(7):461—
466. https://doi.org/10.1093/treephys/17.7.461

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under a

publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted manu-
script version of this article is solely governed by the terms of such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1139/x91-077
https://doi.org/10.1051/forest:19990602
https://doi.org/10.1051/forest:19990602
https://doi.org/10.1111/nph.12321
https://doi.org/10.1007/s00468-024-02568-9
https://doi.org/10.3389/fevo.2024.1343258
https://doi.org/10.3389/fevo.2024.1343258
https://doi.org/10.3390/f14020345
https://doi.org/10.1093/treephys/17.7.461

	﻿Morphological and physiological response of conifer seedlings to drought conditioning
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿First year seedling cultivation
	﻿Nursery drought conditioning experiment
	﻿Morphological and physiological measurements
	﻿Morphological characteristics
	﻿Plant water status
	﻿Gas exchange
	﻿Nonstructural carbohydrates
	﻿Carbon isotope ratio (δ﻿13﻿C)


	﻿Experimental design and analyses
	﻿Results
	﻿Seedling morphology





