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Abstract: Juvenile tree survival will increasingly shape the persistence of ponderosa pine forests in
the western United States. In contrast to severe pulse disturbances that induce widespread adult
and juvenile tree mortality, moderate periods of low rainfall and warm temperatures may reduce
forest persistence by killing juvenile trees at the seedling stage. Intensification of these periods
in a changing climate could therefore increasingly restrict both natural regeneration and artificial
regeneration of planted seedlings. We conducted a controlled field experiment at a single site in the
Front Range of Colorado, USA, to determine the responses and survival of 3 Colorado subpopulations
of <1 year old potted ponderosa pines to moderately dry conditions, variation in small rainfall events
based on observed patterns, and shaded and unshaded microsite environments. Near surface soil
moisture increased slightly following small rainfall events, but declined over the 45-day experimental
period. Seedling transpiration and associated canopy cooling declined after ∼13 days, and further
declines in transpiration and canopy cooling suggest that the majority of trees in lower rainfall
treatments experienced hydraulic dysfunction between days ∼20–30. After 45 days, mortality across
all subpopulations and treatments, inferred by relative water loss, exceeded 90–95%. Despite some
uncertainty pertaining to the stress tolerance of nursery grown versus naturally germinated conifers,
our results show that planted ponderosa pine seedlings <1 year old are unlikely to survive moderate
dry periods of 20+ days relying on small rainfall events. Although microsite conditions and soil
moisture availability shaped tree hydraulic functioning early in the experiment (days 1–13), later
functioning was shaped predominately by the legacy of rainfall treatments. Our results illustrate the
importance of moderate dry events that occur consistently as part of seasonal variation in climate,
and show how their intensification may constitute a sustained press that limits opportunities for
natural and artificial regeneration.

Keywords: conifer; precipitation; climate; press disturbance; regeneration; management

1. Introduction

The ability of ponderosa pine forests to regenerate in undisturbed and post-disturbance
landscapes will increasingly dictate their persistence in the western United States. Increas-
ing temperatures and water limitation associated with climate change are expected to
increase juvenile tree mortality [1,2], and climate change is expected to intensify distur-
bances including drought and wildfire [3–5]. Regeneration declines have been observed
throughout the western US [4,6], and both natural regeneration and human-assisted ar-
tificial regeneration are often unsuccessful [5,7]. Severe climate and disturbance events
impose environmental conditions that seedlings (<∼ 0–3 y) and juvenile trees are not
adapted to survive, and have the potential to restrict the fundamental niche of ponderosa
pine forests [8].

Focusing solely on severe events may be at odds with the tendency for many pon-
derosa pine seedlings to die as a result of competition, frost heaving, and desiccation,
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which occur within the bounds of average environmental variability [9,10]. Climate and
environmental conditions within the bounds of average variability—which we refer to as
moderate variation—often induces mortality among regeneration cohorts in the first years
following germination, limiting survival to the best situated individuals. Although low
survivorship was sufficient to sustain tree populations historically [11,12], small declines in
survival could severely limit persistence. Petrie et al. [2] predict that reduced frost heaving
will increase favorability for regeneration in the near future, but favorability will decline
later in the 21st century due to enhanced drought and higher air temperatures. Improved
understanding of the growth characteristics of conifer seedlings and juveniles [13] and their
stress tolerance in marginal and disturbed environments [5,14] suggest that Petrie et al. [2]’s
forecasts may overestimate regeneration because their analysis was most attuned to severe
changes in climate. That is, the capacity for moderate events to limit both natural and
human-assisted regeneration is not yet incorporated into regeneration forecasts.

In the southern Intermountain region of the western US, ponderosa pine forests
experience periods of above-average temperatures and low rainfall in spring prior to the
onset of the summer monsoon, and again in early fall when monsoonal rainfall subsides [15].
Unlike the severe drought periods that have induced high adult pine mortality in this
region [16,17], moderate seasonal dry periods are a regular occurrence in these forests and
do not commonly induce stress to adult trees. During these seasonal dry periods, rainfall
events are often small (≤5 mm), relatively infrequent [18], and are the primary source
of moisture recharge in shallow soil layers (0–30 cm depth; Koehn et al. [19]). Naturally
growing ponderosa pine seedlings and juveniles have shallow rooting depths and do not
acclimate growth to environmental variation [13], and it follows that moderate dry periods
are an important component of tree thinning and tree survival [8,20]. Yet there has been
little focus on the mechanisms of regeneration until recently [21], and there is need to
further define the range of conditions under which seedlings can survive.

Conifer seedlings and juveniles are influenced by understory microclimates, access
to moisture and light resources, and variation in stress tolerance at the species and popu-
lation level [22,23]. Ponderosa pine seedlings have shown increased survival in sheltered
microsites with high soil moisture availability [24,25]. However, Puhlick et al. [26] found
that canopy cover did not have a significant effect on seedling density, and Pirtel et al. [13]
observed that ponderosa pine juveniles—which require access to light—grew taller in
unsheltered microsites. Additionally, the degree to which physiological differences among
ponderosa pine subpopulations may shape their ability to upregulate photosynthesis
following rainfall pulses and minimize water losses to evaporation is a component of
regeneration success that is not well understood [27]. Hydraulic vulnerability varies be-
tween ponderosa pines of different ages (∼30–245 yr; Domec et al. [28]), and between trees
growing in different environments [29,30]. The hydraulic vulnerability of young juveniles
and seedlings remains unclear, although planted ponderosa pines may be more vulnerable
than naturally growing trees that have experienced significant hardening to environmental
stress and lower growth [22,31]. These studies illustrate uncertainty associated with the
microclimate conditions and stress tolerance differences that support and limit ponderosa
pine regeneration. In a changing climate, it is possible that the low moisture stress and high
light conditions where these trees grow best will diverge, leading to novel and uncertain
regeneration futures.

Increasing mortality of ponderosa pine seedlings during moderate dry periods may
restrict the persistence of ponderosa pine forests in the western United States. In the
Colorado Front Range, these periods are characterized by warm temperatures and elevated
vapor pressure deficit, small and infrequent rainfall events, and low near-surface soil
moisture [15]. There is need to elucidate how precipitation patterns, microsite conditions,
and population level responses shape planted ponderosa pine seedling functioning and
survival during these periods. We conducted a controlled field experiment to ascertain
how variation in small rainfall events during an experimentally-induced 45-day moderate
dry period influenced the hydraulic functioning and inferred mortality and survival of
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3 populations of year-old potted in-ground ponderosa pines, which were located in high
and low canopy cover microsites. Our primary objective was to determine if seedlings
utilized moisture from small rainfall events to survive moderate dry periods. Our secondary
objectives were to: (a) evaluate the impact of small rainfall treatments on near-surface soil
moisture and seedling water utilization; (b) characterize the abiotic properties of shaded and
unshaded microsites during moderate dry periods; (c) quantify how seedling transpiration
differed across rainfall treatments; and (d) to attribute seedling hydraulic functioning and
inferred mortality to experimental treatments and microsite conditions. We hypothesized
that measures of tree hydraulic functioning and survival would be highest for groups
receiving larger rainfall pulses, and that inferred survival would be higher in shaded
compared to unshaded microsites.

2. Methods
2.1. Site Description

The Colorado Front Range—located along the eastern edge of the Rocky Mountains
in the southern Intermountain region of the western United States—supports ponderosa
pine-dominated forests, many of which are located on government managed lands. Histor-
ically, these forests were open woodland with scattered trees and open, grass-dominated
understories [32]. Following extensive logging in the 1800s, these forests regenerated to
have higher tree and canopy densities due to human fire suppression [32]. The Front Range
experiences moderate warm and dry periods in late spring following snowmelt depletion
and prior to the onset of higher summer precipitation, and also in the late summer after
high rainfall periods have subsided (Figure 1; Notaro et al. [15]). Distinct populations and
haplotypes of ponderosa pine are found across the Intermountain region [33], but it is not
yet clear to what degree differences in the physiology and stress tolerance of these subpop-
ulations may influence forest regeneration and persistence [31,34]. We conducted our study
at the USDA Forest Service Manitou Experimental Forest in the Colorado Front Range
(MEF; Figure 1, Supplementary Table S1). This forest has been managed since 1936 to study
range management, human-assisted regeneration, and watershed management [35]. Our
experimental site was located in a ponderosa pine forest and nearby (<200 m distance)
meadow opening at an elevation of 2383 m (39.101103◦ N latitude, 105.105259◦ W longi-
tude). The ponderosa pine location had been thinned to a moderate basal area density
(22–24 m−2 ha−1), which is lower than unmanaged basal area densities of 20–40 m−2 ha−1

found across the larger Intermountain region [13]. At the study site, prevailing winds from
the west and south limited edge effects of the meadow to the north. Soils in both experi-
mental sites were classified as gravelly sandy loam (0–30 cm; [36]), and partially shaded
environments in both the forest and meadow supported a high level of natural ponderosa
pine regeneration. Based on MEF weather station data from 1950–2018, mean monthly
high temperatures at MEF ranged from 6.7 ◦C (January) to 26.8 ◦C (July). Estimated from
PRISM from 1978–2018 [37], mean monthly rainfall totals range from 18.6 mm (January) to
87.3 mm (August), with a mean annual rainfall total of 570.1 mm (Figure 1). Nearly half of
annual precipitation falls during the summer (June to August), in many cases associated
with the North American Monsoon System. The elevation and climate of MEF is consistent
with that of ponderosa pine forests in the southern Intermountain region of the western
United States, although MEF has sandier soils than are found in other locations [2,13].

2.2. Experimental Design and Implementation

We obtained 290 ponderosa pine seedlings grown from seed in 2019–2020 at an outdoor
facility at the USDA Forest Service Charles E. Bessey Tree Nursery in Halsey, Nebraska,
USA. Seed were sourced from 3 Colorado subpopulations: Arapaho-Roosevelt National
Forests (AR; Seedlot PIPO-10-05-491-0720-09; 102 individuals), Pike and San Isabel National
Forests (PS; Seedlot PIPO-12-11-494-0760-11; 102 individuals), and San Juan-Rio Grande
National Forests (SR; Seedlot PIPO-13-05-247-0720-15; 86 individuals; Supplementary
Table S1, Figure 1). Trees were germinated in October, 2019, and grown outdoors in
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containerized styrofoam by USFS personnel (Styro-block 112, Stuewe & Sons, Inc., Tangent,
OR, USA). Upon the initiation of our experiment in August, 2020, seedlings were 10 months
old, which corresponds to juvenile tree age entering their first full summer following
previous-year germination. During a 45-day period in August-October, 2020, we employed
a fully-crossed experimental manipulation of precipitation timing · precipitation magnitude
between partially shaded and unshaded environmental microsites. The partially shaded
microsite was located within the forest canopy in an area with existing ponderosa pine
regeneration (47% canopy cover), whereas the nearby unshaded microsite was in an open,
grass-dominated area with no overstory and no regeneration (1% canopy cover).
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Figure 1. Map of seed sources (AR: Arapaho-Roosevelt National Forests, PS: Pike & San Isabel
National Forests, and SR: San Juan-Rio Grande National Forests) and study site (Manitou Experi-
mental Forest) in Colorado (Panel (a)), and boxplots of monthly precipitation totals at the Manitou
Experimental Forest from 1978–2018, estimated from PRISM (PRISM Climate Group at Oregon State
University [37]; Panel (b)). In Panel (b), estimates of mean monthly precipitation are shown for
each month, and months used to design precipitation treatments for this study (using both PRISM
estimates and meteorological data) are highlighted.

Treatments were conducted under complete rain-out shelters, constructed using 90%
transmission SUNTUF panels. High wind mixing in sheltered and unsheltered microsites
minimized microclimate impact of the shelters. Fences were constructed around shelters
to prevent herbivory, which did not occur during the experiment. Trees were planted in
9 × 23 cm pots (MT39, Stuewe & Sons, Inc., Tangent, OR, USA) and included the soil media
trees were growing in. Soil from the top 30 cm of the soil profile was mixed and used to fill
the pots. The experimental pot size completely enveloped the root profile (ca. 3 × 20 cm) at
all times during the experiment, and the percolation water addition treatments was not
influenced by the sides of the tree pots. Pots were located in back-filled holes to minimize
unnatural soil heating. We acclimated planted trees for 7 days prior to the onset of the
experiment, and did not observe signs of tree stress (needle browning, wilting) during the
acclimation period. The experiment was conducted from 17 August to 30 September 2020.

2.3. Rainfall Treatments

We developed watering treatments from daily precipitation at MEF, specifically fo-
cusing on the two moderate seasonal dry periods that this location experiences in early
summer (May-June) and early fall (September–October; Figure 1). To develop rainfall
treatments we used a statistical framework described in Petrie et al. [38]. Precipitation
events <3.56 mm day−1 during warm and dry months (May, June, September, October) did
not significantly reduce total monthly precipitation when removed from the precipitation
record (paired t-test, p < 0.05), yet constitute 91% of rainfall events during these months.
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We replicated a realistic application of rainfall timing within a 45 day period by modeling
our treatment timing after observed rainfall at MEF from 1 May through 14 June 2006,
which characterized the average rainfall pattern of dry periods at this location and was a
natural analog of the watering pattern expected to progressively induce stress to conifer
seedlings. Rainfall additions were more frequent at the beginning of the 2006 dry period
and less frequent towards the end.

Data from the MEF meteorological station (1950–2018) were lower than precipitation
estimates from PRISM (1978–2018; Figure S1). On average, 45-day periods at MEF in
May-June experienced 67 mm (MEF data) and 95 mm (PRISM estimates) of precipitation,
and in September-October 45-day periods experienced 36 mm (MEF data) and 58 mm
(PRISM estimates). Our rainfall treatments ranged from a total of 24 mm to 54 mm. These
treatments roughly correspond to a period with 33–71% lower precipitation than average
in May-June, and from 49% lower to 15% higher than average in September-October. This
range of treatments falls within observed variability in seasonal precipitation at MEF, but
we note that these treatments are estimations of the pattern and magnitude of in situ rainfall
experienced during moderately dry periods.

Precipitation treatments included no rain (NR), an average rainfall period constituted
of only small rainfall events constructed from a 45-day dry period in 2006 (Control: C), an
average year with +50% rainfall events (Timing: T), an average period with +50% rainfall
event magnitude (Magnitude: M), and an average period with +50% rainfall events and
+50% rainfall event magnitude (Timing & Magnitude: TM). Our control (C) treatment
corresponded to the average number and magnitude of small rainfall events during 45-day
moderate dry periods at MEF (24 mm total rainfall), and the TM treatment corresponded
to slightly below average rainfall (54 mm), but delivered entirely as small rainfall events.
There were 34 ponderosa pine individuals in each precipitation · microsite treatment with the
exception of NR (9 trees in each microsite). Trees from each subpopulation were distributed
evenly across treatments (12 AR, 12 PS, 10 SR in each).

Our treatments of average timing (C, M) and +50% timing (T, TM) constituted 4 and
6 rainfall events, respectively. Because shading and reduced vapor pressure deficit that
occurs during a natural rainfall event is often absent when watering treatments are applied,
we increased our average small event from 3.56 mm to 4 mm for treatment groups with
average rainfall magnitude (C, T; based on analysis of potential evapotranspiration rates
from unpublished data). Groups receiving 50% more water (M, TM) during simulated
rainfall events received 6 mm of water per event. Watering treatments were applied directly
to the soil at the base of each tree in the morning of each watering day.

2.4. Climate and Environmental Characteristics

Air temperature [Ta: ◦C] and relative humidity [RH: %] were measured under solar
radiation shields at 1 m height within the shaded and unshaded microsites using an air
temperature and relative humidity sensor (1 sensor in each site; Campbell Scientific EE-181,
Campbell Scientific, Logan, UT, USA). The average density of photosynthetically active
radiation [PAR: µmol s−1 m−2] was measured at 1 m height using a quantum sensor
(1 sensor in each site; Campbell Scientific CS-310, Apogee Instruments, Logan, UT, USA).
At the unshaded site, solar radiation [S: W m−2] was measured at 2 m height using a digital
thermopile pyranometer (Campbell Scientific CS-320, Campbell Scientific, Logan, UT, USA)
and wind speed [u: m s−1] and direction was measured at 2 m height using a wind monitor
(Campbell Scientific 05103, R.M. Young, Traverse City, MI, USA).

The canopy temperature [Tc: ◦C] of each microsite-treatment group (excepting treat-
ment NR) was measured using infrared radiometers (Campbell Scientific SI-111SS, Apogee
Instruments, Logan, UT, USA) positioned above tree groups to measure the center two-
thirds of the canopy area. Volumetric soil moisture [VWC: mm3 mm−3] was measured at
5 cm and 12 cm for two trees in each microsite-treatment group, and for one tree for shaded
and unshaded NR (18 total trees) using soil moisture probes (TEROS-10, METER Group,
Pullman, WA, USA) inserted through the side of the pot centered on 5 cm and 12 cm from
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the soil surface. The edges of the soil moisture probe housing were sealed against tree pots
to prevent water loss. Soil surface temperature [Ts: ◦C] was measured for one tree in each
microsite-treatment group (10 total trees) using temperature probes (Campbell Scientific
T-109, Campbell Scientific, Logan, UT, USA) inserted into the top 0–5 cm of soil. All sensor
measurements were collected at 15 min intervals.

2.5. Seedling Transpiration, Stress, and Inferred Mortality

To assess seedling response to watering treatments, we made daily observations of
needle browning (% needles browned), as well as tree transpiration measured as grams
water transpired per leaf area [transpiration: g·mm−2] on and following watering days
(assessed at 3, 6, 9, 24, and 48 h after small rainfall application for 4 trees in each treatment).
Leaf area was measured in the lab following the conclusion of the experiment, and was
corrected for loss of area due to needle browning. The bottom of tree pots used for transpi-
ration measurements were sealed to prevent loss of water or soil. Following watering, the
top of the pot was covered with brown closed-cell foam to prevent evaporation. Trees were
weighed at 0, 3, 6, 9, 24, and 48 h after watering. The difference between initial weight after
watering and later weight was limited to water losses via tree transpiration.

Following the conclusion of the experiment we evaluated the relative water loss [RWL:
%] of experimental trees. RWL is a measure of conduit water loss that captures variation
in cavitation [39], and we calculated RWL using the methodology of Hietz et al. [40].
Specifically, we removed tree needles and cut the stem at the root crown. Terminal buds
were severed and the base of the cutting was de-barked. The cutting was weighed to find
its fresh weight [FW: g] and then submerged in purified water containing 0.005% (v/v)
Micropur (Katadyn Produkte AG, Wallisellen, Switzerland) to prevent microbial growth.
Submerged cuttings were subjected to partial vacuum (ca. 10–25 kPa) until they sunk
(ca. 24 h). Each cutting was removed from the water, blotted dry, and weighed to find its
saturated weight [SW: g]. Cuttings were then dried for three days at 30 ◦C and weighed
again to find their dry weight [DW: g]. We then calculated RWL from Hietz et al. [40] as:

RWL(%) = (1− (FW − DW)/(SW − DW)) · 100 (1)

We then used the relationship between RWL and loss of hydraulic conductivity
from Rosner et al. [41] to infer seedling mortality. Rosner et al. [41] determined RWL
from sapwood area hydraulic conductivity under a hydraulic pressure head, and found a
robust relationship (R2 = 0.99) between RWL and hydraulic conductivity for ponderosa
pines. By comparing their analysis to the relationship of p50 and p88 values (representing
50% and 88% hydraulic conductivity loss, respectively; [42]), Rosner et al. [41] developed
estimates of the range of RWL that correspond p50 and p88 of ponderosa pine seedlings.
We present calculated p50 and p88 for our experimental trees as inferences of tree survival
and mortality.

2.6. Statistical Analysis

Significant differences between treatment groups, microsites, and subpopulations were
found using ANOVA and Tukey’s honest significant difference tests. All analyses were
conducted in R [43]. We used linear regression to determine significant environmental and
treatment history effects on total 24-h tree transpiration on and following watering days. We
tested the effects of explanatory variables including 5 and 12 cm VWC (estimated from trees
equipped with sensors in the same microsite-treatment group), VPD, PAR, Tc, Ts (estimated
from trees equipped with sensors in the same microsite-treatment group), microsite, and
treatment group. We tested explanatory variables in two types of models: direct effects
only (VWC at 5 cm and 12 cm, VPD, PAR, Tc, Ts) and direct plus treatment group. Direct
effects capture transpiration response to environmental variables during each measurement
period, whereas treatment group may also capture the legacy of experimental treatments.
We tested the effects of explanatory variables over different experimental treatment groups
and time periods: all trees across 45 days, shaded and unshaded microsites across 45 days,
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and shaded and unshaded microsites during the beginning (days 3–8) and middle (days
13–30) of the experiment. To select significant model terms, we first removed collinear
terms, then used the function dredge from R package MuMIn [44] to perform AIC analysis
on all combinations of each full model. We chose the model based on parsimony, within 3
AIC units of the top model with the fewest number of explanatory variables.

3. Results
3.1. Experimental Environments

Shaded and unshaded microsites experienced both statistically similar and differ-
ent environmental conditions over the course of the experiment. Unshaded microsites
experienced higher average daytime PAR and Ts compared to shaded sites (Table 1, Sup-
plementary Figure S1b,d), whereas average daytime Ta and VPD did not vary significantly
between them (Table 1, Supplementary Figure S1a,c). Unshaded microsites had higher
daytime Tc, and in contrast shaded microsites had higher nighttime Tc (Table 1). Unshaded
microsites had higher 5 cm and 12 cm VWC earlier in the experiment (days 1–12), and
shaded microsites had significantly higher 5 cm and 12 cm VWC later in the experiment
(days 13–45; p < 0.05; Table 1).

VWC declined during the experiment and varied in response to watering (Figure 2).
VWC at 5 cm increased in response to watering, but VWC at 12 cm only increased in
TM treatments. Consequentially, VWC at 5 cm decreased at a higher rate than at 12 cm—
average VWC at 5 cm declined to 0.05 by day 23 of the experiment, whereas at 12 cm it did
not decline to 0.05 until day 37 (Figure 2). By the end of the experiment, unshaded sites
had significantly lower VWC than shaded sites (Figure 2, Table 1). VWC in each treatment ·
microsite group was generally significantly different from all others, illustrating the varied
effect of experimental treatments (Table 1).
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Figure 2. Timeseries of volumetric soil water content [VWC: m3 m−3] from Day 1 through Day 45 of
the experiment (15 August 2020–30 September 2020) by treatment (NR: no rain, C: control (4 events;
4 mm per event), M: +50% magnitude (4 events; 6 mm per event), T: +50% timing (6 events; 4 mm
per event), and TM: +50% timing and magnitude (6 events; 6 mm per event); Panels (a,b)), microsite
(shaded: S and unshaded: U; Panels (c,d)), and soil depth (5 cm: panels (a,c); 12 cm: panels (b,d)).
Lines indicate daily mean VWC and shaded areas indicate the daily range of recorded VWC. Arrows
indicate watering treatment days, with solid arrows indicating a day when groups C, M, T, and TM
were watered and dashed arrows indicating days when only groups T and TM were watered.
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Table 1. Summary of experimental water addition treatments and environmental characteristics of treatment groups (NR: no rain, C: control, M: +50% magnitude, T:
+50% timing, TM: +50% timing and magnitude) within microsites (shaded: 47% canopy cover, unshaded: 1% canopy cover). Soil moisture [VWC: mm3 mm−3]
is organized between 5 cm and 12 cm depths and periods of treatment days before (days 1–12) and after (13–45) when VWC began to be depleted (see Figure 3).
Because shelter · treatment period VWC differences were significant but very small, arrows indicate which group was significantly higher or lower in each column.
Letters indicate statistically significant differences within the 10 shelter-treatment subgroups, and stars indicate statistically significant groupings between sheltered
and unsheltered microsites, determined by ANOVA and Tukey’s honest significant differences (p < 0.05). Daytime values were 8:00–20:00, and nighttime canopy
temperature was 4:00–6:00. Significant differences found using Tukey’s honest significant differences (p < 0.05).

Number of
Events

Total P
(mm)

5 cm θ̄
(Days 1–12)

12 cm θ̄
(Days 1–12)

5 cm θ̄
(Days
13–45)

12 cm θ̄
(Days
13–45)

Daytime Air
Temp (◦C)

Daytime
Soil Temp

(◦C)

Daytime
Canopy

Temp (◦C)

Night
Canopy

Temp (◦C)

Daytime PAR
(µmol

s−1m−2)

Daytime
VPD (kPa)

Shaded 0.12 ↓ 0.14 ↓ 0.05 ↑ 0.07 ↑ 18.95 17.38 * 19.53 * 5.54 * 354 * 1.76

NR 0 0 0.12 h 0.15 c 0.02 v 0.05 qr 17.12 f

C 4 16 0.10 j 0.15 d 0.03 t 0.07 m 19.67 e 20.67 c 6.06 a

M 4 24 0.10 k 0.10 j 0.05 qr 0.06 p 17.30 f 19.26 d 5.43 ab

T 6 24 0.12 i 0.13 f 0.06 p 0.06 m 16.89 f g 19.81 d 5.61 a

TM 6 36 0.15 d 0.16 b 0.06 p 0.09 l 16.49 g 19.24 d 5.75 a

Unshaded 0.12 ↑ 0.14 ↑ 0.04 ↓ 0.06 ↓ 19.26 21.94 * 22.84 * 4.11 * 741 * 1.80

NR 0 0 0.11 i 0.17 a 0.01 v 0.06 n 21.10 cd

C 4 16 0.10 j 0.12 gh 0.03 t 0.05 rs 20.71 d 23.50 a 4.65 bc

M 4 24 0.12 gh 0.15 c 0.04 s 0.06 o 23.27 b 23.61 a 4.05 c

T 6 24 0.11 i 0.15 d 0.02 u 0.06 p 21.37 c 22.50 b 4.41 c

TM 6 36 0.14 e 0.13 g 0.05 q 0.06 p 23.95 a 22.89 ab 4.06 c
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3.2. Seedling Transpiration

Although seedlings increased transpiration rates after watering (Figure 3a), transpira-
tion declined throughout the experiment, likely in response to both declining VWC and
increasing tree stress. Transpiration was significantly higher early in the experiment (days
3–8), and was not significantly different between days 13–30 and day 45 (Figure 3b,d). TM
trees had significantly higher transpiration compared to other treatment groups (Figure 3b).
Unshaded trees, which were exposed to higher PAR (Supplementary Figure S1d), had
significantly higher transpiration at the beginning of the experiment when VWC was high,
but did not transpire at a higher rate than shaded trees later in the experiment (Figure 3c).
We found no significant differences in transpiration among Colorado subpopulations of
ponderosa pine (Figure 3d).

1 
 

 
Figure 3. Total accumulated transpiration [g] averaged over 3–24 h time periods (Panel (a)) following
water addition treatments, and cumulative 24-h transpiration following water addition treatments
compared across different successively drier periods within the 45-day experiment for water addition
treatments (Panel (b)), shaded (S) and unshaded (U) microsites (Panel (c)), and ponderosa pine
subpopulations (Panel (d)). Letters indicate statistically significant groupings within each panel,
determined by ANOVA and Tukey’s honest significant differences (p < 0.05).

Over the 45 day experiment, VWC at 5 cm and VPD were significant explanatory
variables for transpiration, and the addition of treatment group moderately increased
explanatory power (R2 increase of 0.044; Supplementary Tables S2 and S3). Transpiration
at unshaded sites was more influenced by 12 cm VWC than 5 cm VWC (Supplementary
Table S4). Models for transpiration early in the experiment (days 3–8) found that Ts,
VPD and VWC were top explanatory variables, whereas later in the experiment (days
13–30) treatment history were the top variables (Supplementary Tables S3 and S4). This
corroborates observed Ta and Tc differences between treatment groups, which captures
the degree to which transpiration increases latent energy exchange and results in canopy
cooling. Early in the experiment (days 1–10), transpiration resulted in canopy cooling
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and cooling was most apparent following watering treatments (Figure 4). Based on Tc
cooling responses following watering later in the experiment, we estimate a severe decline
in hydraulic functioning for treatment group C trees in days 20–30, followed by severe
declines for treatment group M, T and TM trees in days 30–45 (Tc measurements were not
available for unshaded M trees due to sensor error; Figure 4). We caution against further
interpretation of the magnitude of Tc-Ta, especially across experimental time periods, due
to differences in Ta and atmospheric demand during the experimental period.
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Figure 4. Daily means of the daytime (8 a.m.–8 p.m.) difference between seedling canopy temperature
and ambient air temperature (canopy minus ambient) across treatment groups for shaded (Panel
(a)) and unshaded (Panel (b)) microsites. Negative values indicate days where seedling canopy
temperature was lower than ambient air temperature, and variation in these values is presumed
to be the consequence of variation in latent energy exchange via transpiration within tree canopies.
Dashed lines indicate watering days. Shading illustrates ± 1 standard deviation about daily mean
values. Contraction of standard deviations occurred on two days during a short cold event (indicated
by an arrow). Values for treatments of higher magnitude (treatment M) in unshaded microsites are
not shown due to sensor error.

3.3. Stress and Mortality

Treatment groups NR and C had significantly higher RWL compared to other treatment
groups (Figure 5a). We did not find significant differences in RWL among ponderosa pine
subpopulations (Figure 5b), although subpopulation SR (San Juan-Rio Grande) had higher
needle browning compared to subpopulations AR and PS (Supplementary Figure S2). Av-
erage needle browning at the end of the experiment was significantly higher for unshaded
trees (Table 2, Supplementary Figure S2). Rosner et al. [41] report that juvenile ponderosa
stems reach p50 when RWL = 30.13%. Only 3 trees out of 290 total (1%) had RWL values
lower than the p50 level at the end of the experiment (Figure 6a, Tables 2 and 3). At the p88
level, inferred survival remained very low (Figure 6).
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Figure 5. Relative water loss [RWL: % xylem conduits cavitated] among treatment groups in shaded
and unshaded microsites (Panel (a)), relative water loss among subpopulations in shaded and
unshaded microsites (Panel (b)), needles browned on the last experiment day among treatment-
microsite groups (Panel (c)), and needles browned among subpopulation-microsite groups (Panel
(d)). In Panels a and b, p50 and p88 refer to 50% and 88% loss of conductivity, respectively, inferred
through relative water loss [41]. Letters indicate statistically significant groupings in each panel,
determined by ANOVA and Tukey’s honest significant differences (p < 0.05).

Table 2. Average needle browning [%], 24-h transpiration following watering treatments [g], relative
water loss at the end of the experiment [RWL: %], and number of trees with RWL below the p50
value for experimental treatment groups (NR: no rain, C: control, M: +50% event magnitude, T: +50%
timing, TM: +50% timing and magnitude) in shaded (47% canopy cover) and unshaded (1% canopy
cover) microsites. Letters indicate statistically significant differences within the 10 shelter-treatment
subgroups, and stars indicate statistically significant groupings between sheltered and unsheltered
microsites, determined by ANOVA and Tukey’s honest significant differences (p < 0.05).

Needle Browning [avg %] 24-h Transpiration [g]
Day 12 Day 45 Days 3–8 Days 13–30 Day 45 RWL [avg %] Trees RWL < p50

Shaded 5.42 11.97 * 14.27 * 6.02 1.45 53.6 1

NR 7.78 bc 17.22 ab - - - 69.5 a 0
C 5.15 bc 12.06 ab 10.43 bc 5.37 cd 1.03 d 62.9 a 0
M 6.47 bc 12.79 ab 16.67 a 6.30 cd 1.07 d 47.0 c 0
T 6.32 bc 12.50 ab 16.37 a 5.13 d 1.20 d 48.9 bc 0

TM 2.35 c 9.12 bc 13.03 ab 7.07 cd 2.49 d 51.6 bc 1

Unshaded 7.69 16.21 * 16.71 * 6.45 1.79 55.3 2

NR 6.67 bc 24.44 a - - - 71.9 a 0
C 7.79 bc 16.62 ab 17.79 a 5.16 cd 1.23 d 64.2 a 0
M 8.53 bc 14.71 ab 16.95 a 6.92 cd 1.45 d 55.2 b 1
T 9.12 bc 16.32 ab 15.29 ab 6.02 cd 1.85 d 49.0 bc 1

TM 5.59 bc 15.00 ab 17.35 a 7.41 cd 2.63 d 48.6 bc 0
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Figure 6. Inferred seedling survival and mortality based on the number of trees in each group with
relative water loss < p50 (RWL ≤ 30.13%; Panel (a)) and p88 (RWL ≤ 44.24%; Panel (b)), based on
estimates from Rosner et al. [41]. Green bars and percentages illustrate survival and red bars illustrate
mortality.

Table 3. Average needle browning [%], 24-h transpiration following watering treatments [g], relative
water loss at the end of the experiment [RWL: %], and number of trees with RWL below the p50
value for pondersoa pine subpopulations (AR: Arapaho-Roosevelt National Forests, PS: Pike & San
Isabel National Forests, SR: San Juan-Rio Grande National Forests) in shaded (47% canopy cover)
and unshaded (1% canopy cover) microsites. Letters indicate statistically significant differences
within the 10 shelter-treatment subgroups, and stars indicate statistically significant groupings
between sheltered and unsheltered microsites, determined by ANOVA and Tukey’s honest significant
differences (p < 0.05).

Needle Browning [avg %] 24-h Transpiration [g]
Day 12 Day 45 Days 3–8 Days 13–30 Day 45 RWL [avg %] Trees RWL < p50

Shaded 5.42 11.97 * 14.27 * 6.02 1.45 53.6 1

AR 3.33 f 10.10 cd 13.75 a 5.83 b 1.30 b 52.1 b 1
PS 1.76 f 9.22 cde 14.61 a 6.07 b 1.49 b 53.1 ab 0
SR 12.17 bc 17.44 ab 14.47 a 6.17 b 1.51 b 56.0 ab 0
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Table 3. Cont.

Needle Browning [avg %] 24-h Transpiration [g]
Day 12 Day 45 Days 3–8 Days 13–30 Day 45 RWL [avg %] Trees RWL < p50

Unshaded 7.69 16.21 * 16.71 * 6.45 1.79 55.3 2

AR 5.10 de f 13.33 bc 15.65 a 6.15 b 1.71 b 54.2 ab 0
PS 4.12 e f 13.14 bc 16.82 a 6.17 b 1.82 b 53.3 ab 2
SR 15.00 bc 23.26 a 17.71 a 7.20 b 1.84 b 59.1 a 0

4. Discussion

In this study we experimentally induced a 45-day moderate dry period in shaded and
unshaded microsites in the Colorado Front Range, and assessed the hydraulic functioning
and inferred the survival of planted ponderosa pine seedlings from 3 Colorado subpopu-
lations in response to variation in the timing and magnitude of small rainfall events. We
found that unshaded and partially shaded microsites had similar Ta and VPD, likely due to
wind mixing, whereas unshaded microsites had significantly higher Ts and PAR (Objective
1). Small rainfall events of 4–6 mm increased VWC at 5 cm depth for 1–2 days, but for
VWC at 12 cm only the highest rainfall treatment had this temporary effect (TM; Objec-
tive 2). Thus, the contribution of small rainfall events to soil moisture is limited to very
shallow soil layers during dry periods, and this moisture is quickly depleted. Recharge of
deeper soil moisture likely requires a very high frequency of small rainfall events, or larger
ones. In refutation of our hypothesis, we found no difference in tree hydraulic functioning
or inferred survival and mortality between experimental treatment groups or between
seedlings in partially shaded and unshaded microsites. We also did not observe differences
between Colorado ponderosa pine subpopulations, although the most southerly population
(SR) experienced a significantly higher rate and magnitude of needle browning that may
indicate a reduction in leaf area at stress onset. We postulate that the severe declines in
tree hydraulic functioning and high inferred mortality that we found are likely due to
the extended duration of our experimental period. We note that evidence of initiation of
tree mortality at ∼13 days corroborates similar findings by Augustine and Reinhardt [31]
but was shorter than the 29 days observed by Sapes and Sala [45] in a greenhouse study.
More nuanced responses across treatments occurred during the first half of the experiment,
although required destructive sampling did not allow us to progressively infer tree mortal-
ity. Both shorter and longer moderate dry periods occur frequently in the Colorado Front
Range, and our experiment better captures the effect of longer events. Future focus on the
timing of soil moisture drydown, the initiation of seedling stress among ponderosa pine
subpopulations, and comparison of naturally growing versus planted seedlings would
help to provide more complete understanding of the role moderate dry periods in shaping
regeneration success.

4.1. Environmental Effects Shaping Dry Period Severity

Although we did not observe differences in tree survival between shaded and un-
shaded microsites, it would be imprudent to conclude that fine-scale variation in landscape
attributes and microclimate do not shape patterns of conifer regeneration and survival.
Studies have reported higher ponderosa pine seedling establishment and survival asso-
ciated with shrub-shaded microsites [24,46]. Heterogeneity in soil parent material and
soil resources is also associated with variation in regeneration success. Higher soil clay
content may be associated with greater juvenile conifer growth [13], although Puhlick
et al. [26] found that sedimentary parent material, with its low clay content and low pH,
was associated with higher regeneration success compared to basalt derived soils with
higher clay content. Natural soil biota can assuage the negative effects of stressful cli-
mate conditions [47]. In addition to soil, litter cover variation can have a large influence
on regeneration success. Thick litter cover is both a barrier to seedling establishment in
mineral soil after germination and can continue to be a barrier to juvenile growth after
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establishment [10,13,48]. Research elucidating the mechanistic influence of additional, fine-
scale site characteristics on resource availability and conifer performance at early stages of
development would be an excellent way to improve regeneration understanding.

Forest recovery following wildfire is declining and becoming increasingly challenging
to achieve through management interventions that seek to replicate past post-wildfire
regeneration patterns [7,49,50]. The unfavorability of post-wildfire landscapes for tree
recovery (when seed sources are available) has been well-documented [5,14,51], and recent
studies point to the further impact of climate change in making post-wildfire environments
inhospitable for recovery, both across broad burned areas and within specific microenvi-
ronments such as south-facing aspects [1,4,7,49,52]. Additionally, high soil temperatures
and complete removal of the litter layer during high severity wildfire are associated with a
large decline in post-fire soil water infiltration [53,54]. Conifer seedlings may have higher
establishment and survival in sheltered microsites, although plant-plant competition can
suppress conifer regeneration [51,55]. Our study shows that even short duration declines
in soil moisture availability will quickly initiate hydraulic stress in nursery-grown and
planted conifer seedlings, even when microclimate conditions are much less severe than
those found in post-wildfire landscapes. Thus, tree planting efforts in both undisturbed
and post-wildfire landscapes can be improved by avoiding short-duration dry periods by
adjusting the seasonal timing of planting or timing planting to co-occur with higher rain-
fall periods, or by ameliorating short-duration dry periods by planting trees in favorable
microsites that support greater soil moisture availability.

4.2. Seedling Functioning and Inferred Mortality

Understanding how climate conditions, landscape attributes, and tree stress tolerance
interact to shape regeneration success and failure is key for forecasting and managing regen-
eration in a changing environment. Yet it is especially challenging to pinpoint thresholds of
stress and mortality in conifer seedlings (0–3 y) and older juveniles. For example, juvenile
ponderosa pine mortality is often identified at 90–100% needle browning [8,56], yet the
time from tree mortality to 90% brown needles may be as long as 10–20 weeks, such that an
observably dead conifer has already been dead for some time [56,57]. Observation of brown
needles is therefore adequate for identifying mortality, but is not able to pinpoint its occur-
rence. In our study we were able to measure tree transpiration as an immediate measure of
hydraulic functioning [22]. Yet, it is unclear to what degree our mass-based determination
of loss of function can be extended to in situ observation of naturally growing trees, and we
recognize that attribution of loss of hydraulic function versus water limitation is tenuous.
We did not observe evidence of physiological acclimation to drought as reported by Augus-
tine and Reinhardt [31], and note that lack of acclimation is one pathway by which artificial
regeneration of planted seedlings may strongly influenced by environmental stress. The
way that nursery-grown ponderosa pines differ in growth, function, and stress tolerance
compared to naturally growing trees is not well documented. McDonald et al. [58] found
that planted seedlings had higher growth than naturally growing seedlings and argue that
a year of nursery growth appears to give planted seedlings a growth advantage. However,
Cregg [27] found that drought-hardened seedlings are able to persist for a longer period
of time during dry periods, and Pinto et al. [34] observed low survival of nursery grown
seedlings during an experimental drought. Importantly, naturally rejuvenated juveniles
reach p50 at a more negative pressure than mature trees [29], and preliminary data from
MEF collected by our group suggests that juvenile ponderosa pines are more resistant to
cavitation than branches from mature trees (not shown). Thus, the growth advantage of
nursery grown seedlings may be a disadvantage once they are transferred to dry condi-
tions, and it is plausible that our findings of loss of hydraulic functioning and high inferred
mortality may have been lessened for a population of naturally growing seedlings.

More accessible measures of conifer seedling stress and mortality are needed to inform
the risk of regeneration failure. In situ measures of hydraulic functioning are possible
using gas exchange instrumentation (see Augustine and Reinhardt [31] for an example),
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but are limited by the time required to conduct replicate measurements, especially in a
field environment where environmental conditions vary over relatively short timescales.
Quantification of hydraulic vulnerability (either via vulnerability curves or measures of
RWL) in seedlings is also particularly difficult to conduct over time as it requires destructive
sampling [39]. Hydraulic vulnerability is further complicated by the fact that juvenile and
adult trees often differ [28,29], and that vulnerability may often differ between populations
of the same species growing in different local or regional environments [30,45]. Thus, a
dichotomy remains between the fine scales of tree stress and mortality and the coarser scales
at which they are currently observable. In our study, measurement of canopy temperature
captured canopy cooling via latent energy exchange, providing a useful if indirect measure
of functioning at a high level of temporal detail. Although it is not yet clear how to best
implement and standardize remote sensing measures within the small and heterogeneous
canopies of conifer seedlings, we postulate that there may be potential for remote sensing
to enhance detection of seedling stress and mortality. Various remote sensing measures and
indices including photochemical reflectance index (PRI), normalized difference vegetation
index (NDVI), and hyperspectral band analysis have been used to identify adult conifer
stress, often at relatively broad spatial scales and prior to onset of visual markers of
stress [59–62]. Plant volumetric water content (VWC) is strongly related to mortality, and
VWC is correlated with various remote sensing indices in angiosperms, but the connection
between remote sensing indices and mortality has not been fully investigated in conifer
seedlings or juveniles [63]. Development of techniques to implement spectral analyses
at the scale and surface heterogeneity of conifer seedling canopies may be an especially
useful way to gain novel insight on tree functioning, stress and mortality, and may be
able to provide the temporal resolution required to link tree processes to variation in
environmental conditions.

4.3. Climate Change: Severe Pulse as Well as Moderate Press?

Climate change is expected to intensify pulse disturbances including hotter droughts
and greater wildfire activity [3,64], and reshape how ecosystems respond to and recover
from disturbance [5,65,66]. It is clear that many arid and semiarid ecosystems will be
strongly shaped by the future occurrence and spatiotemporal arrangement of positive and
negative pulse events. Yet, press disturbances including higher air and soil temperatures,
earlier snowmelt, and greater average aridity may have significant impacts through their
independent effects on ecosystems and their ability to intensify pulse disturbances [67–70].
Continuous environmental change is reshaping North American ecosystems, with effects
ranging from declining plant productivity in grasslands [71], to earlier seedling mortality
during dry periods in forest-grassland ecotones [72], to increased tree mortality in old
growth forests [73]. We found that commonly occurring moderate dry periods may limit
the survival of planted ponderosa pine seedlings, and alleviation of stress requires more
frequent or larger rainfall events that do not commonly occur during dry periods. On-
site meteorological measurements at MEF show that only 17 of the past 70 years (24%)
experienced early summer and fall dry periods with more than 36 mm of precipitation,
the total rainfall of our highest experimental treatment (TM). Furthermore, increasing
duration and severity of moderate dry periods due to increasing temperatures and greater
evaporative demand are more likely than decreasing severity due to increasing rainfall. We
caution that considerable uncertainty remains regarding seedling and juvenile conifer stress
tolerance (for example, nursery versus natural trees, increasing tolerance with age), as well
as the role of large and infrequent recruitment events that occur during favorable climatic
periods. Yet, moderate dry periods are likely to be an important and likely increasing
regulator of regeneration-associated forest persistence, with characteristics that typify a
consistent seasonal press instead of episodic pulse disturbance.
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5. Conclusions

We experimentally induced a moderate dry period in shaded and unshaded pon-
derosa pine microsites, and assessed the hydraulic functioning and inferred the survival
and mortality of planted ponderosa pine seedlings from 3 subpopulations in response to
variation in the small rainfall events that typify these periods. We hypothesized that trees
receiving more water and located in shaded microsites would maintain greater functioning
and exhibit greater survival. Yet, we observed severe declines in tree hydraulic functioning
and inferred high mortality across all treatments and microsite conditions. Specifically,
we observed a decline in tree transpiration from all subpopulations after ∼10 days that
we attribute to sustained reductions in soil moisture availability. Our results show how
declines in seedling function may be realized across variation in environmental stress
imposed by moderate dry periods, and illustrate the short timescales over which initiation
of stress may occur. Intensification of moderate dry periods may be an important and
underrecognized component of natural and human-assisted ponderosa pine forest regener-
ation and persistence, especially when these events are a regular press disturbance that is
already impactful in many years.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f13030370/s1, Figure S1: Microsite characteristics; Figure S2:
Needle browning; Table S1: Seed source and experimental site location and climate; Table S2:
Transpiration explanatory variables, all trees; Table S3: Transpiration explanatory variables, shaded
microsite trees; Table S4: Transpiration explanatory variables, unshaded microsite trees.
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