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Reforestation following timber harvests and natural disturbances is an essential
component of sustainable forest management. As disturbances such as drought-
induced mortality and wildland fires spread across many forests of the western
United States, a better understanding of the influences of stand structure on
seedling physiology can foster more effective reforestation efforts. Moreover, as climate
throughout the West is projected to become hotter and drier, it is important to
investigate regeneration under xeric conditions, particularly for species restricted to
mesic habitats. To study the influences of stand structure and climate on regeneration
success, we monitored physiology [water potential (9) and stomatal conductance (gs)],
growth (change in basal diameter and biomass accumulation), and mortality rate of
planted Douglas-fir (Pseudotsuga menziesii) and coast redwood (Sequoia sempervirens)
seedlings for two growing seasons after partial harvesting in inland northern California.
Compared to seedlings in the no-cut and moderate-retention treatments, seedlings in
the gap (100% cut) treatment had the highest 9 and gs, greatest growth, and lowest
mortality. We also found that compared to Douglas-fir, redwood had higher 9 and
gs, greater growth, and lower mortality. Overall, our study indicates that low-retention
silvicultural treatments can minimize water stress and maximize gas exchange, growth,
and survival in regenerating seedlings. Our results also demonstrate that redwood, a
species generally restricted to mesic coastal habitats, can successfully establish in xeric
inland sites when planted after partial harvesting, even during drought conditions.

Keywords: biomass, carbon allocation, forest restoration, silviculture, stomatal conductance, tree mortality,
variable retention, water potential

INTRODUCTION

Global climate change is forecast to have widespread impacts on forested ecosystems (Jia et al.,
2019). The forecasted increase in drier climates worldwide, with increasing exposure to temperature
and rainfall extremes, has the potential to alter forest structure and function (Allen et al., 2010).
Many regions can expect warming of extreme temperatures, some regions can expect increases in
drought intensity or frequency, and drought-prone regions can expect more severe droughts (Jia
et al., 2019). Forest management to foster productive, healthy, resistant, and resilient forests in the
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face of increasing drought frequency and severity is an important
and widespread goal across many land ownerships (Keenan,
2015; Newton and Preest, 1988; Millar and Stephenson, 2015).

Drought-induced forest mortality and subsequent
regeneration patterns are major concerns in the western
United States. In parts of the central and southern Sierra Nevada
mountains of California, epidemic tree mortality has exceeded
50% for some species (Asner et al., 2016; Byer and Jin, 2017;
Young et al., 2017; Stephenson et al., 2019), with millions of
trees having died in response to the recent 2012 – 2015 drought
(Plamboeck et al., 2008; Fettig et al., 2019). As forests are an
important national renewable resource that supply valuable
timber products and support diverse economies, this loss of
resources reduces timber production and carbon sequestration
and also increases the risk of catastrophic wildland fires (Jolly
et al., 2015). Droughts are therefore a major threat to forest health
and perpetuation in the West, as water stress can reduce tree
hydraulic function via excessive xylem cavitation and can reduce
tree carbon uptake via excessive stomatal regulation to conserve
water (McDowell et al., 2008). Following drought-induced tree
mortality in a climate predicted to continue warming and drying
for decades (Allen et al., 2010, 2015), the successful establishment
and regeneration of former forestlands is dubious, as water stress
can threaten successful seedling establishment in Mediterranean
climates with hot, dry summers (Plamboeck et al., 2008). More
specifically, water stress can reduce water potential (9), stomatal
conductance (gs), and photosynthetic rates in seedlings (Ritchie
and Shula, 1984; Warren et al., 2004). Reduced 9 risks cavitating
xylem tissue, thereby lowering plant hydraulic conductance
(Tyree and Sperry, 1989), while reduced photosynthesis
potentially lowers growth rates. Furthermore, seedling growth
rates during establishment can strongly influence later growth
rates in older trees (Newton and Preest, 1988), such that the
establishment phase of a seedling’s life can have lasting impacts
on forest productivity.

Management of western forests is needed to improve forest
health and productivity and can produce variable responses
depending on treatment prescription, species, climate, and
location (O’Hara et al., 2010; Ryan et al., 2013; Sohn et al.,
2016). Due in part to fire exclusion over the past century, many
forests are overstocked and require thinning and/or prescribed
fire to reduce competition among residual trees. There are many
treatment options available, including prescriptions that enhance
variability and complexity of forest structure such as variable-
density thinning (O’Hara et al., 2010; Dagley et al., 2018) and
variable retention (Berrill and O’Hara, 2007). Through these
types of treatments, trees are retained in a mosaic of patches
with different densities to foster the regeneration of a new cohort
(Berrill et al., 2018). Removing varying numbers of overstory
trees manipulates the understory environment for regenerating
seedlings in numerous ways. Typical shifts include increased
light, throughfall precipitation, understory vegetation growth,
and evapotranspiration (Simonin et al., 2007). While increased
light and precipitation potentially improve seedling success,
increased understory competition, soil water evaporation,
and over- and understory transpiration potentially reduce
seedling success. Understanding how these novel variable-density

prescriptions influence establishment success and development
of regenerating seedlings is important to improve reforestation
efforts and enhance forest productivity and resilience.

Given the trends of warming and drying climate, how new
cohorts will regenerate after various degrees of overstory removal
remains an open question for many forest types. We investigated
seedling success of two important California timber species after
partial harvesting under drought conditions. Coast Douglas-
fir [Pseudotsuga menziesii var. menziesii (Mirbel) Franco] is
a widespread conifer that ranges from British Columbia,
Canada to California, United States and tolerates mesic to dry
environments, while coast redwood [Sequoia sempervirens (D.
Don) Endl.] is a conifer restricted to the mesic fog belt of the
Pacific coast in northern California and southern Oregon (Stuart
and Sawyer, 2001). Using 9 , gs, basal diameter growth, biomass
accumulation, and mortality to evaluate seedling success in
interior northern California during drought, we investigated the
following questions and corresponding hypotheses: (1) How does
thinning treatment influence physiology, growth, and mortality?
We hypothesized that seedlings in moderate treatments would
be the most vigorous in these metrics due to an optimal
increase in light availability buffered with partial shading from
the residual overstory to minimize excessive evapotranspirational
water losses. (2) How do physiology, growth, and mortality differ
between Douglas-fir and redwood seedlings? We hypothesized
that Douglas-fir, a species with an expansive range across many
habitat types, would be more vigorous in these metrics than
redwood, a species with a narrow range restricted to the fog belt of
coastal northern California and Southern Oregon. And (3) How
does seedling physiology vary seasonally? We hypothesized that
9 and gs would decrease across the growing season as winter
water inputs exhausted and temperatures increased.

MATERIALS AND METHODS

Study Site
Our study site was the L.W. Schatz Demonstration Tree Farm
in Maple Creek, CA (N 40◦ 46′ 30.306′′ N, W 123◦ 51′ 58.036′′
W). The soils have an average depth of 2 m, are classified
as sandstone and mudstone and are well-drained gravelly clay
loams, very gravelly loam, or loams that form on mountain
slopes (Soil Survey Staff, 2017). This site is approximately 160
m elevation above sea level and 27 km from the Pacific Ocean.
This area receives the majority of annual precipitation during
the winter months and experiences hot, dry summers. Of the
1640 mm of mean annual rainfall (based on 2013–2018 data),
only 30 mm (2%) fall in the summer months (June, July,
August); mean maximum monthly temperature ranges annually
between 19◦C in December and 39◦C in September1. Field-based
measurements occurred in 2015 and 2016. At this location, 2015
was a relatively dry year (1200 mm precipitation) compared to
2016 (1810 mm precipitation), with both years being considered
drought [Palmer Drought Severity Indices (PDSI) of −2.7 and

1Weatherbase.com
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−1.6, respectively)2. We note that these two dry years were likely
particularly stressful for establishing seedlings, as 2012–2015
represents one of the most severe droughts in California’s history
(Asner et al., 2016). This site is located outside of the Pacific
Coast’s fog belt and the natural range of coast redwood. After
the old-growth Douglas-fir-dominated forest was clear-cut circa
1960, a dense second-growth forest regenerated with an overstory
largely composed of Douglas-fir, grand fir [Abies grandis (Douglas
ex D. Don) Lindl.], tanoak (Notholithocarpus densiflorus
Manos), madrone (Arbutus menziesii Pursh), California bay
(Umbellularia californica Nuttall), and bigleaf maple (Acer
macrophyllum Pursh). Common understory plants include
western sword fern (Polystichum munitum (Kaulf.) C. Presl),
poison-oak [Toxicodendron diversilobum (Torr. and A. Gray)
Greene], evergreen huckleberry (Vaccinium ovatum Pursh), red
huckleberry (Vaccinium parvifolium Sm.), and salal (Gaultheria
shallon Pursh), among many others (Berrill et al., 2018).

Seedlings
Prior to planting, seedlings were grown by a local commercial
nursery from local seed zone (092) seeds. Seedlings were planted
within a 0.6 ha study area on a north-facing slope. This study
area was divided into 15 0.04 ha (20 × 20 m) neighboring
treatment squares. Across these 15 squares, one of five treatments
was randomly applied to each square in the Fall of 2014,
such that each treatment had three replicates. The treatments
included: no-cut (control), high-density retention, moderate-
density retention, low-density retention, and gaps (100% cut).
Post-treatment, target stand density index (SDI) was 675, 450,
and 225 in the high-, moderate-, and low-density retention
treatments, respectively, with no-cut treatments naturally having
SDI values of 1000, 1050, and 1600. For more details of the
study layout, see Berrill et al. (2018). Forest structure based on
all treated plots at this site was highly variable, with basal area
ranging from 0 to 110 m2 ha−1 (mean = 22 m2 ha−1), canopy
openness ranging from 0 to 100% (mean = 30%), leaf area index
ranging from 0.75 to 1.90 (mean = 1.28), understory vegetation
cover ranging from 0 to 100% (mean = 30%), and fern cover
ranging from 0 to 100% (mean = 17%) (Berrill et al., 2018).
In early spring 2015, 1-year-old styro-15 containerized Douglas-
fir and redwood seedlings were hand planted in one no-cut
treatment, one moderate-density retention treatment, and one
gap treatment. In each of these three treatments, 15 seedlings
were planted per species, for a total of 90 seedlings. On average,
Douglas-fir seedlings were 51± 1 cm tall with a basal diameter of
3.6 ± 0.1 mm and redwood seedlings were 33 ± 1 cm tall with a
basal diameter of 2.6± 0.2 mm.

Physiology and Light Measurements
Physiology was measured during the 2015 and 2016 growing
seasons (May through October). Throughout each growing
season, field measurements were taken approximately twice a
month. We measured predawn (9PD) and midday 9 (9MD)
water potential to quantify the least and greatest daily water
stress, respectively. To evaluate leaf-level carbon uptake, we

2wrcc.dri.edu

measured leaf-level stomatal conductance of water vapor (gs)
as a proxy, as both gases (water and carbon dioxide) are
exchanged between the leaf and atmosphere through stomata
and the two rates are positively correlated (Skov et al., 2004).
In 2015, we measured 9PD and 9MD, and in 2016 we
measured 9PD, 9MD, and gs. To compensate for seedling
mortality in 2015, replacement seedlings were recruited from
within each treatment plot for 2016 physiology measurements;
these replacements were from the same nursery and planted
at the same time as the original cohort of seedlings. Predawn
measurements were taken approximately 2 h before sunrise and
midday measurements were taken approximately between 1100
and 1300. A pressure chamber (Model 600, PMS Instruments,
Corvalis, OR, United States) was used to measure 9 . Due
to the destructive sampling required for pressure chamber
readings, on each sampling day, only ten (randomly selected)
of the 15 seedlings per species were measured per treatment;
this approach minimized the negative impacts of sampling
on seedlings and also ensured that there was sufficient plant
material for bi-weekly sampling across two growing seasons.
On a given sampling day, gs was measured on the same ten
seedlings used for 9 measurements. For gs measurements, a
leaf porometer (Model SC-1, Decagon Devices, Pullman, WA,
United States) was used to take three midday readings per
seedling (on different leaves) per sampling day; these three
measurements were averaged into a single value for that plant
on that day. For each gs measurement, multiple needles were
carefully laid in parallel to ensure that the porometer aperture
was fully covered. On each field measurement day, maximum
light availability was measured in the center of each treatment at
midday using a light meter (Model LT300, Extech Instruments,
Nashua, NH, United States); for these measurements, the light
meter was left on for ten minutes to record the highest light-
level measured.

Growth and Mortality Measurements
In April 2015, shortly after planting, the basal diameter of each
seedling was measured near ground level above any swelling
using calipers. In October 2016, these measurements were
repeated to quantify growth during the 2-year study as a function
of percent increase in basal diameter:

Relative Growth Rate =
D2016 − Di

Di
× 100 (1)

where D2016 is basal diameter in October 2016 and Di is initial
basal diameter in April 2015 after planting. We used change
in basal diameter, rather than height, to quantify growth due
to the fact that animal browse and/or destructive sampling
for pressure chamber readings may have influenced seedling
heights. In November 2016, all seedlings were harvested to
quantify biomass accumulation. Seedling mortality within each
treatment was quantified for both species in November of 2015
and 2016 to evaluate mortality in the first and second years,
respectively, following planting. Seedlings were classified as dead
when all foliage was brown and branch xylem was brittle and
dry. When harvesting seedlings, as much of each seedling’s
root system as possible was collected; each seedling was divided
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into above- (stem, branches, and leaves) and belowground
(roots) components. Seedling components were oven-dried for
72 h at 60◦C and then weighed to determine biomass. These
final biomass values were used to evaluate trends in biomass
accumulation. Biomass was evaluated as the percent aboveground
biomass accumulated relative to the total biomass accumulated
to control for the unknown starting dry mass of each seedling,
which was impossible to measure. Additionally, although animal
browse potentially decreased measurable aboveground biomass
accumulation, there were very few (<5) notable instances of
animal (e.g., deer, elk, and rodents) browse on seedlings observed
throughout the study. Basal diameter growth and biomass
calculations only used living seedlings from the original 2015
cohort and are therefore based on a reduced sample size
due to mortality.

Statistical Analyses
All statistical analyses were done using JMP (SAS Institute, Cary,
NC, United States). To evaluate response variables (light, 9 , gs,
biomass, mortality), one- and two-way ANOVAs were done using
treatment, species, month, year, and their interactions as effects.
Repeated measures ANOVA were used to evaluate monthly light,
9 , and gs measurements. Shapiro-Wilk goodness of fit tests were
used to test the assumption that data were normally distributed;
if this assumption was violated, Kruskal-Wallis tests were used to
detect significant differences among groups. Levine and Bartlett
tests were used to test the assumption of equal variance among
groups; if this assumption was violated, Welch tests were used
to detect significant differences among groups. If significant
differences among groups were found, Tukey’s HSD multiple
means comparisons were used to determine how groups differed.
For all statistical analyses, we used α = 0.05.

RESULTS

All results are reported as mean ± standard error and are
summarized in Table 1. There was no difference in light
availability between 2015 and 2016 in plot centers (X2 = 3.5,
df = 1, p = 0.06); data from both years were therefore pooled
for a better estimate of monthly light levels. Neither treatment
(F = 1.4, df = 2,6, p = 0.32) nor month (F = 4.1, df = 5,2,
p = 0.21) were significant effects on light availability. Across
the two growing seasons, mean light (photosynthetic photon
flux density, PPFD) was greatest in the gap (561 ± 99 µmol
m−2 s−1) compared to the moderate-retention (326 ± 74 µmol
m−2 s−1) and no-cut (302 ± 82 µmol m−2 s−1) treatments,
although these differences were not significant (X2 = 4.2, df = 2,
p = 0.13). Across all treatments, monthly mean light between May
and August was significantly reduced in September and October
(X2 = 12.5, df = 5, p = 0.03), with the highest and lowest mean
light levels occurring in July (546 ± 137 µmol m−2 s−1) and
October (111± 33 µmol m−2 s−1), respectively.

Physiology varied with treatment, species, and month. For
9PD, treatment (F = 94.6, df = 2,93, p < 0.0001), species (F = 94.1,
df = 1,93, p < 0.0001), and month (F = 107.7, df = 5,89,
p < 0.0001) were all significant effects. In almost all sampling

months, 9PD was greatest in the gap treatment and lowest in
the no-cut treatment (Figure 1A). Between species, 9PD was
lower in Douglas-fir compared to redwood in almost all sampling
months (Figure 1B). In 2015 and 2016, the lowest 9PD values
were measured in August and September, respectively. Midday
9 followed similar trends as 9PD, with treatment (F = 92.7,
df = 2,96, p < 0.0001), species (F = 99.7, df = 1,96, p < 0.0001),
and month (F = 114.9, df = 5,92, p < 0.0001) all being significant
effects. In almost all sampling months, 9MD was lowest in the
no-cut treatment and was generally highest in the gap treatment
(Figure 1C). Between species, 9MD was lower in Douglas-fir
compared to redwood in most sampling months (Figure 1D). In
2015 and 2016, the lowest 9MD values were measured in August
and September, respectively. For gs, species (F = 6.5, df = 1,16,
p = 0.02) and month (F = 3.3, df = 5,12, p = 0.04) were significant
effects, but treatment was not (F = 2.1, df = 1,16, p = 0.15). Among
treatments, gs was generally highest in the gap plot, although this
was only significant in August (X2 = 12.7, df = 2, p = 0.002) and
September (X2 = 15.0, df = 2, p = 0.001, Figure 2A). Between
species, gs was almost always higher in redwood compared to
Douglas-fir, although this was only significant in July (X2 = 7.3,
df = 1, p = 0.01) and August (X2 = 4.1, df = 1, p = 0.04,
Figure 2B). Generally, gs decreased across the growing season
between May and October.

Seedling growth and mortality between April 2015 and
October 2016 varied among treatments and between species.
Seedling growth was evaluated in two ways: as the percent
increase in basal diameter (Figure 3A) and as aboveground
biomass accumulation relative to total biomass accumulation
(Figure 3B). Both treatment (F = 23.2, df = 2, p < 0.0001) and
species (F = 4.4, df = 1, p = 0.04) were significant effects on
basal diameter growth. For Douglas-fir, diameter growth did not
differ among treatments (F = 1.8, df = 26, p = 0.19), while for
redwood, diameter growth was significantly greatest in the gap
treatment (F = 23.3, df = 28, p < 0.0001). In the no-cut treatment,
diameter growth was greater in Douglas-fir than in redwood
(F = 13.4, df = 12, p = 0.004) and in the gap treatment, diameter
growth was greater in redwood than in Douglas-fir (X2 = 11.5,
df = 1, p = 0.001). Similar to these growth trends, treatment
(F = 38.7, df = 2, p < 0.0001) and species (F = 6.4, df = 1,
p = 0.014) both influenced aboveground biomass accumulation.
The percent of aboveground biomass accumulation (relative to
total biomass accumulation) was greatest in the gap treatment
for Douglas-fir (X2 = 6.1, df = 2, p = 0.047) and redwood
(X2 = 21.6, df = 2, p < 0.0001). In the gap treatment, aboveground
biomass accumulation was greater in redwood compared to
Douglas-fir (X2 = 11.9, df = 1, p = 0.001). Overall, 32 of
the 90 planted seedlings (36%) died (Figure 3C). By species,
18 of the 45 Douglas-fir seedlings died (40%), and 14 of the
45 redwood seedlings died (31%). For both species, seedling
mortality was greatest in the no-cut treatment and lowest in the
gap treatment. Douglas-fir had greater mortality than redwood in
the moderate-retention and no-cut treatments. Because we only
had one plot for each treatment, there are no statistics to report
for mortality, just raw counts. To determine if mortality was
possibly due to drought, we compared 9PD in August 2015 (the
month with the lowest 9 values during the first growing season)
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TABLE 1 | ANOVA Statistics for light, predawn water potential (9PD), midday water potential (9MD), stomatal conductance (gs), basal diameter growth, and
aboveground biomasss accumulation in Douglas-fir and redwood seedlings after partial harvesting treatments in Maple Creek, CA.

Variable Statistics Treatment Species Month Treatment ×

Species
Treatment ×

Month
Species ×

Month
Treatment ×

Species × Month

Light F 1.4 NA 4.10 – 1.0 – –

Df 2,6 NA 5,2 – 10,4 – –

P 0.32 NA 0.21 – 0.56 – –

9PD F 94.6 94.1 107.7 4.7 12.1 12.6 1.7

Df 2,93 1,93 5,89 2,93 10,178 5,89 10,178

P <0.0001 <0.0001 <0.0001 0.01 <0.0001 <0.0001 0.10

9MD F 92.7 99.7 114.9 2.1 8.1 1.9 2.4

Df 2,96 1,96 5,92 2,96 10,184 5,92 10,184

P <0.0001 <0.0001 <0.0001 0.13 <0.0001 0.11 0.01

gs F 2.1 6.5 18.7 0.7 1.4 3.3 0.9

Df 1,16 1,16 5,12 2,16 10,24 5,12 10,24

P 0.15 0.02 <0.0001 0.53 0.23 0.04 0.53

Basal growth F 23.2 4.4 – 16.1 – – –

Df 2 1 – 2 – – –

P <0.0001 0.04 – <0.0001 – – –

Above ground biomass F 38.7 6.4 – 4.3 – – –

Df 2 1 – 2 – – –

P <0.0001 0.01 – 0.02 – – –

Light, 9PD, 9MD, and gs meausurements were made monthly between May and October in 2015 and 2016; repeated measures ANOVAs were used for these variables.
Growth and biomass were measured at the end of the 2-year study; two-way ANOVAs were used for these variables. Treatments included no-cut, moderate-density
retention, and gap.

FIGURE 1 | Mean (±SE) predawn (9PD) and midday (9MD) water potential measurements during the first two growing seasons (2015 and 2016) for Douglas-fir and
redwood seedlings planted after partial harvesting in Maple Creek, CA. (A) Predawn 9 among treatments for both species pooled, (B) predawn 9 between species
for all treatments pooled, (C) midday 9 among treatments for both species pooled, and (D) midday 9 between species for all treatments pooled. In panels (A,C),
within a month, treatments not sharing the same letter are significantly different; in panels (B,D), asterisks represent a significant difference between species.

between seedlings that survived the 2-year study and seedlings
that died during the study; surviving seedlings had higher 9PD
(−1.24± 0.18 MPa) than seedlings that died (−2.20± 0.16 MPa;
X2 = 14.8, df = 1, p = 0.0001).

DISCUSSION

To answer this study’s research questions, our findings indicate
that (1) seedlings in the gap treatment had the most vigorous

physiology (9 and gs) and growth and showed the lowest
mortality, (2) redwood seedlings had more vigorous physiology
and growth and lower mortality compared to Douglas-fir
seedlings, and (3) 9 was lowest in July/August/September
and gs was lowest in August. While it is well known that
gaps are important for forest regeneration (Gray et al., 2002;
Blair et al., 2010; York et al., 2011; O’Hara et al., 2017), this
demonstration that gap-grown seedlings have high survivability
despite increased amounts of direct solar radiation and soil
water evaporative losses, even during drought, is encouraging
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FIGURE 2 | Mean (±SE) stomatal conductance of water vapor (gs) during the 2016 (second) growing season for Douglas-fir and redwood seedlings planted after
partial harvesting in Maple Creek, CA. (A) Stomatal conductance among treatments for both species pooled, and (B) stomatal conductance between species for all
treatments pooled. In panel (A), within a month, treatments not sharing the same letter are significantly different; in panel (B), asterisks represent a significant
difference between species.

for future forest regeneration and sustainability, as water stress
can be a common cause of seedling mortality (McDowell et al.,
2008; Plamboeck et al., 2008). Further, our demonstration that
redwood seedlings can successfully establish at a relatively hot,
dry site outside of their native range is also encouraging for forest
regeneration and assisted migration efforts. Our documentation
of 9 and gs decreasing across the growing season to reach a
seasonal low around August is likely driven by the depletion
of winter water inputs and increasing temperatures in this
Mediterranean climate. These findings collectively suggest that
forest regeneration following drought-induced mortality and
timber harvests has the potential to be successful, even under hot,
dry conditions. Related to land management, these results show
that reductions in stand density by thinning or patch cutting to
create small gaps can improve seedling establishment and forest
regeneration during drought.

The 2 years of this study, 2015 and 2016, were both dry,
with PDSI values of −2.7 and −1.62, respectively. This drought
was the most severe in both observational and reconstructed
records (Griffin and Anchukaitis, 2014; Swain et al., 2014; Allen
et al., 2015; Diffenbaugh et al., 2015; Williams et al., 2015),

constituting a drought emergency in the State of California
(California Department of Water Resources, United States,
Drought Monitor). Thus, the high amount of observed mortality
(36% of all planted seedlings) could be in part due to water stress
associated with these severe drought conditions, particularly
as seedlings that did not survive the 2-year study had lower
9PD values in the first year compared to surviving seedlings.
In the gap treatment, there developed a remarkable amount of
understory vegetation. While it would seem this vegetation would
inhibit conifer seedlings via increased competition, seedlings
in this treatment had the greatest success by all measures
(9 , gs, growth, biomass accumulation, and mortality rate).
A previous study at this site (Berrill et al., 2018) also did not
detect negative effects of understory vegetation cover on seedling
performance. As plants will often allocate more resources to
root production when belowground resources are limiting (Kerr
et al., 2015; Hansen and Turner, 2019), the fact that gap
seedlings allocated proportionally less biomass to belowground
structures compared to seedlings in other treatments further
suggests that understory vegetation was not likely a significant
source of competition.
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FIGURE 3 | (A) Mean (±SE) change in basal diameter as a percent of initial
basal diameter, (B) mean (±SE) aboveground biomass accumulation as a
percent of total biomass (above- plus belowground), and (C) total mortality as
a percent of initial cohort after 2 years of growth for Douglas-fir and redwood
seedlings planted after partial harvesting in Maple Creek, CA. Seedlings were
planted (15 seedlings per species per treatment) in early spring 2015 and
were harvested, including root systems, in November 2016 for biomass
quantification. The mortality percentages shown here are cumulative for 2015
and 2016. Within a treatment, species not sharing the same lowercase letters
are significantly different; within a species, treatments not sharing the same
uppercase letters are significantly different.

It is possible that the success of gap seedlings during drought
could be due to positive interactions between seedlings and
understory vegetation under high levels of environmental stress
(Gómez-Aparicio et al., 2004). In forest ecosystems around the
globe, this type of facilitation has been fairly well documented
(Bertness and Callaway, 1994). In Montana, ponderosa pine
(Pinus ponderosa Douglas ex Lawson and C. Lawson) seedlings
appeared to facilitate Douglas-fir seedling success under dry
conditions (Fajardo et al., 2006). In Argentina, medium cover
of understory did not negatively impact Douglas-fir regeneration
(Caccia and Ballaré, 1998). In Spain, Spanish juniper (Juniperus
thurifera L.) facilitated holm oak [Quercus ilex L. subsp. Ballota

(Desf.) Samp.] establishment under dry conditions (Gimeno
et al., 2015). It is likely that partial shade cast by understory
plants at our study site reduced soil temperature and soil water
evaporation (Wang et al., 2011), thereby improving seedling
water availability and resulting vigor. Our finding of superior
seedling performance in the gap treatment also could indicate
that in this system, increased evapotranspirational water loss in
heavily thinned stands may be less than competitive stress from
densely spaced residual trees in less aggressive treatments.

The differences in performance between Douglas-fir, a species
native to this site, and redwood, a species not naturally occurring
at this site, were pronounced and interesting. The 9 values
experienced in our study were on par with moderate to severe
drought 9 values for Douglas-fir (Khan et al., 1996) and redwood
(Ambrose et al., 2015). Redwood generally had higher 9 , gs,
basal diameter growth, aboveground biomass allocation, and
survivorship compared to Douglas-fir. This was surprising, as
Douglas-fir is native to this site and redwood is not. These inter-
specific differences in responses to drought and management
likely relate to functional characteristics such as drought
tolerance, shade tolerance, and growth rate. Generally, water
stress reduces trees’ hydraulic function due to excessive xylem
cavitation, carbon uptake due to excessive stomatal regulation to
conserve water, and capacity to translocate photosynthate in the
phloem tissue (McDowell et al., 2008; Choat et al., 2012; Sevanto
et al., 2014). Ultimately, these stressors can decrease tree growth
rates and resistance to pathogens (Stephenson et al., 2019).
Compared to redwood, reduced 9 in Douglas-fir likely limited
growth in this species, as Douglas-fir stops photosynthesizing
at xylem water potential values of −2 MPa (Newton and
Preest, 1988) and redwood maintains photosynthesis under
much lower 9 values (Ambrose et al., 2015). This relatively
isohydric stomatal regulation in Douglas-fir is surprising, as its
xylem anatomy with small lumen diameters suggests that stems
should be relatively resistant to cavitation (Miller and Johnson,
2017). While the higher 9 measured in redwood compared
to Douglas-fir could possibly be explained by greater stomatal
regulation to conserve water, we measured greater gs in redwood
than in Douglas-fir. Further, stomatal regulation in redwood
is relatively anisohydric, maintaining gs even under very low
9 values (Ambrose et al., 2015). Thus, the combination of
higher 9 and higher gs in redwood compared to Douglas-fir
suggests that the former somehow had access to more water
than the latter. We speculate that perhaps redwood more quickly
acquired mycorrhizal symbionts such that it was better able
to mine soil for water and nutrients to support greater vigor
(Plamboeck et al., 2007).

Following similar trends as measured in seedling physiology,
growth and survival were also lower in Douglas-fir compared
to redwood. Although another study at this site found that
Douglas-fir seedlings were taller than redwood seedlings and that
the two species had comparable basal diameters, this study did
not consider initial seedling size metrics (Berrill et al., 2018).
Our evaluation of seedling growth relative to measured starting
dimensions provides a more accurate assessment of growth.
The lack of difference in Douglas-fir basal diameter growth
among treatments could indicate that the gap treatment was too
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shaded due to the northern aspect and shading from adjacent
treatments to support variable growth responses in this shade-
intolerant species that exhibits some tolerance to shade when
young (Caccia and Ballaré, 1998; Stuart and Sawyer, 2001). Our
light measurements confirm that although light availability was
greatest in the gap treatment, overall levels were still relatively
low (PPFD <1000 µmol m−2 s−1). The fact that we measured
reduced basal diameter growth, reduced proportional allocation
of biomass aboveground, and greater water stress in Douglas-fir
compared to redwood makes sense, as the former likely invested
more resources into root production to increase water uptake
capacity, given its consistently lower 9 values. Additionally,
although we observed almost no evidence of animal browse on
seedlings, it is possible that undetected animal browse may have
reduced aboveground seedling biomass; preferential browsing
could have contributed to the reduced aboveground biomass
allocation measured in Douglas-fir. While our measured 64%
seedling survivorship is low, we note that this establishment
success rate occurred during a notably severe drought (Asner
et al., 2016) and that under more typical conditions, the success
rate would likely be higher. As such, this type of partial
harvesting likely represents an economically viable combination
of treatments and species for forest regeneration in this region
(Fleming et al., 1998; Talbert and Marshall, 2005).

There are two noteworthy limitations with this small study.
First, the small treatment plot size (0.04 ha) and the immediate
adjacency of plots make it difficult to isolate specific treatment
effects, as neighboring plots were surely influencing one another.
The relatively low light levels measured in the gap treatment
likely provide confirmation of this confounding issue, although
these low light levels in the gap could also be due to the site’s
northern aspect. We highlight that due to the close proximity
of treatments, there were almost assuredly interactions (e.g.,
shading and competition for water and nutrients) between
seedlings and neighbor trees in other treatments; this was a design
feature of the partial harvesting study to test spatial variability
of tree spacing at small spatial scales. Future studies with larger
plots and greater inter-plot spacing are needed to more effectively
assess seedling responses to different levels of thinning and
patterns of overstory tree retention. Nevertheless, we feel that
this study provides important preliminary findings about the
dynamic relationships between partial harvesting silvicultural
prescriptions and the regenerating cohort. Second, the north-
facing slope of this study may have dampened stressors (e.g.,
increased solar radiation and evapotranspiration) typical of open
stands. As such, if this study were expanded to include a south-
facing slope, our findings may have differed. We therefore note
that these findings are specific to this location, these treatments,
and these species, and that due to the lack of treatment replication
in this study and treatment proximity, these findings may not
hold true if extended to larger scales or other ecosystems. These
inherent limitations in study design and statistical analysis need
to be considered when evaluating our findings.

In summary, findings from this study show that the removal
of competitor trees to create small openings (20 × 20 m) creates
an environment conducive to the successful establishment
of planted seedlings, even during drought. Our results also
demonstrate the potential to successfully establish species

threatened by climate change in locations outside of their
current range. More broadly, this work highlights the efficacy of
active management to foster forest persistence in the face of
warming and drying climate. Our combined measurements
of physiological performance, morphological performance,
and mortality to better understand seedling establishment
success during drought provide valuable information for
future reforestation plans in western North America and in
Mediterranean climates and other drought-prone locations
worldwide. Globally, widespread drought-induced forest
mortality (Allen et al., 2010, 2015) reduces carbon sequestration
and timber production and increases the likelihood of
catastrophic wildland fires (Jolly et al., 2015; Abatzoglou and
Williams, 2016; Hessburg et al., 2019). In a climate predicted to
continue warming and drying for decades to come (Mastrandrea
et al., 2011), the successful establishment and regeneration of
forests is not guaranteed (Hansen and Turner, 2019). Through a
combined evaluation of physiology, growth, and mortality, this
study demonstrates that active forest management can increase
seedling establishment success during drought, and that tree
species originating from elsewhere can be less water-stressed and
outperform locally-adapted species.
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