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Moisture avaﬂabﬂity limits subalpine tree establishment
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Abstract. 1In the absence of broad-scale disturbance, many temperate coniferous forests experience
successful seedling establishment only when abundant seed production coincides with favorable climate.
Identifying the frequency of past establishment events and the climate conditions favorable for seedling
establishment is essential to understanding how climate warming could affect the frequency of future
tree establishment events and therefore future forest composition or even persistence of a forest cover.
In the southern Rocky Mountains, USA, research on the sensitivity of establishment of Engelmann
spruce (Picea engelmannii) and subalpine fir (4bies lasiocarpa)—two widely distributed, co-occurring
conifers in North America—to climate variability has focused on the alpine treeline ecotone, leaving
uncertainty about the sensitivity of these species across much of their elevation distribution. We com-
pared annual germination dates for >450 Engelmann spruce and >500 subalpine fir seedlings collected
across a complex topographic-moisture gradient to climate variability in the Colorado Front Range.
We found that Engelmann spruce and subalpine fir established episodically with strong synchrony in
establishment events across the study area. Broad-scale establishment events occurred in years of high
soil moisture availability, which were characterized by above-average snowpack and/or cool and wet
summer climatic conditions. In the recent half of the study period (1975-2010), a decrease in the
number of fir and spruce establishment events across their distribution coincided with declining snow-
pack and a multi-decadal trend of rising summer temperature and increasing moisture deficits. Counter
to expected and observed increases in tree establishment with climate warming in maritime subalpine
forests, our results show that recruitment declines will likely occur across the core of moisture-limited

subalpine tree ranges as warming drives increased moisture deficits.

Key words:
fir; subalpine forest.

INTRODUCTION

Successful plant seedling establishment occurs when suffi-
cient seed arrives in suitable sites and site conditions allow
germination and survival (‘regeneration niche’, Grubb 1977).
In the absence of broad-scale disturbance, many temperate
coniferous forests experience periodic pulses of seedling
establishment when strong seed production coincides with
favorable climate conditions (Petrie et al. 2016)—two initial
filters for seedling establishment (Malanson et al. 2007,
Kroiss and HilleRisLambers 2015). Understanding how seed-
ling establishment responds to climate variability is therefore
essential to addressing uncertainty in forest trajectories and
shifts in ecosystem structure and function under warming
conditions (Anderson-Teixeira et al. 2013, Bell et al. 2014).

High-elevation mountain environments are expected to
experience more rapid warming than lower elevations,
increasing the vulnerability of high elevation forests to cli-
mate-induced changes in species composition and extent of
forest cover (Langdon and Lawler 2015, Pepin et al. 2015).
Demographic processes (e.g., reproduction, growth, and
mortality) in subalpine forests across the western USA are
sensitive to climate variability (van Mantgem et al. 2009,
Kueppers et al. 2016) and are already impacted by a warm-
ing climate (Dolanc et al. 2013). For example, background
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rates of tree mortality are increasing in response to warming
temperatures and moisture deficits (van Mantgem et al.
2009, Smith et al. 2015). For long-lived (>300 yr) subalpine
tree species, infrequent episodes of establishment may be
sufficient for population persistence. However, increasing
climate-driven tree mortality and unfavorable climate condi-
tions for new tree establishment may severely constrain pop-
ulation stability, therefore compromising forest persistence.

Evidence from multiple spatial scales (individual trees to
watersheds) suggests a strong moisture limitation for the
establishment of subalpine tree species in the southern
Rocky Mountains, USA (Hessl and Baker 1997, Moyes
et al. 2015, Kueppers et al. 2016). Yet previous research in
the southern Rockies has primarily focused on the influence
of climate on alpine treeline dynamics (Weisberg and Baker
1995, Maher and Germino 2006, Elliott and Cowell 2015,
but see Kueppers et al. 2016, 2017), leaving uncertainty
about how climate influences establishment across a major-
ity of the area inhabited by subalpine tree species (i.e., “core”
species range). Thus, research is needed to determine the fre-
quency and trends in annual establishment events across the
core range of subalpine tree species and to understand the
sensitivity of establishment to interannual climate variability
in the context of expected increases in temperature of 1.7°—
2.8°C by mid-century (Lukas et al. 2014).

We assessed germination dates for >450 Engelmann
spruce (Picea engelmannii Parry ex Engelmann) and >500
subalpine fir (Abies lasiocarpa (Hook) Nutt.) seedlings
(<1 m in height) to investigate the frequency of broad-scale
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seedling establishment in the Colorado Front Range (CFR;
Fig. 1). Then, we examined how broad-scale seedling estab-
lishment was influenced by climate variability, as measured
by an instrumental climate record and observations of snow-
pack. Specifically, we asked, do broad-scale subalpine fir
and Engelmann spruce establishment events coincide with
years with anomalous moisture availability? We hypothesize
that fir and spruce seedling establishment will be associated
with above-average soil moisture availability, indicated by
positive anomalies in snowpack and/or cooler and wetter
summer conditions (Cui and Smith 1991, Kueppers et al.
2016). Our study improves upon and differs from previous
on subalpine tree establishment in the southern Rocky
Mountains because we (1) examine establishment frequency
and sensitivity to climate across a broader range of abiotic
and biotic environmental conditions within the core of each
species’ range, (2) use tree-ring analysis to determine the
sensitivity of conifer establishment to interannual (e.g., sum-
mer moisture availability and winter snowpack) climate vari-
ability within the core of each species’ range over a ~70 yr
period, and (3) include both of the dominant species of the
subalpine forest zone—Engelmann spruce and subalpine fir.

METHODS

Study area

We sampled ten plots (clustered in four sampling areas) in
subalpine forests, spanning a 25-km north-south and ~400 m
(2,980-3,370 m) elevation range on the eastern slope of
the CFR (Fig. 1, Appendix S1: Table S1). The spatial
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distribution of plots captured the elevation distribution
(~2,900-3,400 m) of subalpine forests and all spruce-fir forest
types in the core range of subalpine forests in the CFR (sub-
alpine forest types as described by Peet 1981). We included
stands dominated by Engelmann spruce and subalpine fir as
well as open stands of limber pine with spruce and fir in the
understory. Plots were distributed across moisture gradients
(hydric, mesic, xeric) inferred from topographic position and
soil properties. Stand ages range from ~120 to >500 yr.
Stands had not experienced recent disturbance (last two
decades).

Much of the average annual precipitation (670 £+ 130 mm,
1952-2010, Kittel et al. 2016) in the CFR falls as snow dur-
ing the winter and spring months (November—May); mois-
ture deficits are widespread in late summer months (McGuire
et al. 2012). The combination of a persistent snowpack and
cool temperatures [annual mean average temperature: 1.7°C,
(C-1 climate station: 40.0362 N, —105.5434 W, 3,048 m,
1953-2008)] creates a short growing season; however, mean
(0.2°C per decade) and maximum (0.44°C per decade) annual
average temperatures are increasing in the in the study area
(1950-2008, McGuire et al. 2012). Though total precipitation
(1978-2010) in the subalpine zone in the CFR has not chan-
ged substantially, the early winter peak in precipitation
shifted from November to October and the peak in spring
precipitation shifted from May to April (Kittel et al. 2016).
October—March precipitation at the C-1 climate station has
declined over the 1978-2010 period (Kittel et al. 2016) which
is consistent with a general decline in snow water equivalent
(SWE) on April 1 in the subalpine zone across the Colorado
Front Range (Clow 2010).
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Study area map. (A) Location of study area in Colorado in North America. Extent of Engelmann spruce—subalpine fir forest is

shown in dark gray and the additional extent of subalpine fir is shown in light gray. (B) Location of study area in Colorado and extent of
spruce-fir forest in the Colorado. (C) Location of study plots on the eastern slope of the Colorado Front Range and C-1 climate station in
the Arapaho-Roosevelt National Forest. Sampling areas: (1) BL stands for Brainard Lakes Recreation Area, (2) MRS stands for University
of Colorado’s Mountain Research Station, (3) BW stands for Boulder Watershed, and (4) RP stands for Rollins Pass.
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Field methods

To locate each sample plot, we selected a homogeneous
area with abundant seedlings of both species (mean seedling
density 5,300 seedlings/ha for fir and 3,900 seedlings for
spruce) and then randomly located (random direction and
distance) a 10 m wide and variable length plot (max length
50 m) (League and Veblen 2006). We increased the length of
the plot by 1 m until a minimum of 50 seedlings >5 yr old
(determined by bud scar count) and <1 m tall were identified.
We excavated and cut each seedling to include at least 10 cm
of the aerial portion of the stem and the subsurface stem and
root (League and Veblen 2006). If a minimum of 50 seedlings
of each species were not encountered in a 10 x 50 m area,
we established a second plot within 50 m of the first plot. Pre-
vious destructive sampling of juveniles of the two-target spe-
cies in the study area suggested that sampling seedlings up to
a height of 1 m should capture abundant seedling ages up to
~70 yr (Veblen 1986) which was the case in the current study
(Appendix S2). Seventy years approximately corresponds
with the length of available snowpack record (see Climate
variables and indices below). Stems originating from layering
(i.e., multiple stems originating from and radiating out from a
larger parent tree) were excluded in order to restrict our sam-
pling to individuals that originated from seed. At each plot
we recorded slope, aspect, canopy closure (spherical den-
siometer), site moisture, and elevation in the field.

Sample processing

We identified germination dates by selecting the maximum
age from annual ring counts on a minimum of three 1-1.5 cm
cross-sections cut from the root-shoot boundary on each tree
seedling (Telewski 1993, League and Veblen 2006). Each cross-
section was sanded with progressively finer sand paper and
dated from the outer ring to the pith. For each cross-section,
annual resolution was achieved with a clear view of the entire
cross-section and multiple ring counts on each sample with a
microscope (40x magnification). This allowed pinched or
damaged rings to be detected following standard den-
drochronological methods (Speer 2010). In order to be
included in the analysis and to ensure accurate assessment of
germination date, samples had to satisfy two criteria: (1) the
cross-section with the maximum age must be bounded by
cross-sections of lesser age, and (2) the cross-section below the
maximum age cross-section must show an anatomical differ-
ence in ring formation, indicating root rather than the shoot
(DesRochers and Gagnon 1997). We excluded 9% of the seed-
lings from our analysis because ring boundaries were not clear.

Data analysis

Identifying plot-level establishment peaks.— Annual seedling
establishment was aggregated by species in each plot. We used
a modified version of CharAnalysis (Higuera 2009, Tepley
and Veblen 2015; Data S1)—a peak detection algorithm—to
identify years of substantial seedling establishment (i.e., estab-
lishment peaks) for each species in each plot (Appendix S2).
CharAnalysis is an improvement over previous methods used
to identify establishment peaks in forest ecosystems because
it does not rely on an arbitrary threshold for peak
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identification and accounts for differences in sample depth
and seedling abundance across the time-series (Appendix S2).

Identifying broad-scale establishment events.—Since climate
operates across a broad spatial extent, we expected that
climate-driven establishment events would be synchronous
across multiple plots. Thus, broad-scale establishment events
were arbitrarily identified as those years in which >40% of
the sampling plots from at least 3 of the 4 sampling areas
recorded an establishment peak for a given year. This frame-
work allowed us to identify establishment events that were
synchronous across the study area rather than localized
establishment driven by local factors.

Climate variables and indices.—In subalpine ecosystems in
the CFR, soil moisture peaks immediately following snow
disappearance and declines rapidly (Harpold et al. 2015).
The rate of decline and the variability in soil moisture
during the growing season is mediated by spring-summer
weather conditions. We used SWE and the standardized
precipitation-evaporation index (SPEI; Vicente-Serrano et al.
2010) to collectively describe annual climate—a key limitation
to tree processes in the CFR (Villalba et al. 1994, Kueppers
et al. 2016)—during the growing season (Appendix S3).
We used 1 May SWE data from the University Camp snow
course [(40.03 N, —105.57 W), 3,140 m, 1940-2010, NRCS
2016] because of the length of this record, proximity to our
plots, and strong correlation (Spearman’s r; >0.75, P value
<0.01) with other subalpine snow monitoring stations in the
CFR (e.g., stations 05J05 and 05K 14, NRCS 2016). To char-
acterize the effect of summer climate conditions (1 June-30
September), we used SPEI—a multiscalar drought index
which accounts for the combined effects of temperature and
precipitation on moisture availability (Vicente-Serrano et al.
2010). To compute SPEI, we used monthly temperature and
precipitation data from two strongly correlated climate
records (r¢ > 0.75, P <0.001): (1) Cl climate station
(monthly temperature and total precipitation from 1 Octo-
ber 1952 to 31 December 2010, NWT LTER 2016) and (2)
PRISM (monthly temperature and precipitation from 1 Jan-
uary 1940 to 1 October 1952, PRISM 2016).

Testing the influence of climate variability on establish-
ment.—We tested the importance of interannual climate
variability during the year of establishment events (i.e., ger-
mination year) as well as years before and after establishment
events (i.e., lagged years) and the relative importance of cli-
mate variables. To examine the influence of climate during
the germination year and lagged years, we tested the bivari-
ate interannual relationships between establishment events
(by species) and climate variables (SWE and summer SPEI)
using Superposed Epoch Analysis (SEA; Grissino-Mayer
1995) from 1940 to 2010. In using SEA, we tested the mean
value of climate during establishment events (and at lags
43 yr) with the expected climate if establishment years were
randomly distributed across the time series. Climate variables
were scaled by standard deviations to reduce the leverage of
outliers. 5,000 bootstrap samples were used in randomly
selected sets of ‘lag + 1’ years from the dataset to estimate
the significances for the departure from the mean (Bunn
2010). Statistical significance was evaluated using 90%, 95%,
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and 99% confidence intervals. Previous studies have identi-
fied that SEA is an inappropriate statistical technique when
the serial autocorrelation is >0.60 for time lags greater than
the window of analysis (Adams et al. 2003). Neither SWE
nor SPEI were temporally autocorrelated (‘acf” function in
‘stats’ package in R) for lags >3 yr (cross-correlation result
SWE: <0.20, SPEI: <0.21), suggesting our application of
SEA is statistically appropriate. We also compared climate
conditions (SWE, SPEI by month) during establishment
event years and years with low establishment (<1% of total
sampled seedlings establishing [approximately <5 seedlings])
by species using a non-parametric Mann—Whitney U test
(o0 = 0.05). We did not correct for multiple comparisons (e.g.,
Bonferonni correction), because we were testing specific a
priori hypotheses regarding differences between the typical
climates of event years and years of low establishment.

To test the influence of interannual climate variability on
years of widespread seedling establishment (1940-2010) and
relative importance of climate variables (i.e., annual vs.
monthly and seasonal variables), we used logistic regression
with generalized linear models (binomial family and logit
link function). Specifically, we modeled presence or absence
of a broad-scale establishment event (dependent variable) as
a function of species (spruce and fir) and climate variables
(SWE and SPEI, individually and in combination). Predic-
tor variables were scaled to allow direct comparison of
model coefficients, and residuals were examined for tempo-
ral autocorrelation (R Core Team 2016). The explanatory
power of each model was compared by examining the indi-
vidual predictor variable coefficients, P-values, and model
AIC values (Akaike Information Criterion).
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REsuLTs
Seedling establishment events

We assessed germination dates for 508 subalpine fir (93%
of samples successfully aged) and 468 Engelmann spruce
(91% of samples successfully aged) seedlings from ten plots
in four sampling areas across the core range of subalpine
forests in the CFR (Fig. 1). CharAnalysis identified between
4 and 12 plot-level establishment peaks for subalpine fir and
between 6 and 12 plot-level establishment peaks for spruce in
each plot (Appendix S2: Fig. S1, S2). Of the total plot-level
establishment peaks identified by CharAnalysis (84 for
spruce and 82 for fir), the majority coincided with a broad-
scale establishment event for both spruce (56%) and fir
(60%; Appendix S2), suggesting a broad-scale driver of
establishment. Following our criteria for broad-scale
establishment events (see Methods), we identified 10 fir and
9 spruce establishment events (Fig. 2), many of which
occurred in the same year for both species (r; = 0.70,
P < 0.001). The temporal trend in establishment events
shows that >75% of the spruce and ~70% of the fir establish-
ment events occurred in the first half of the study period
(1940-1974).

Influence of climate variability on seedling
establishment events

Engelmann spruce and subalpine fir establishment events
typically occurred in years of above-average snowpack
(SWE SEA for spruce: P < 0.10, fir: P < 0.05, Fig. 3A, B)
and with cooler and wetter summer conditions (SPEI SEA
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Fic. 2. Variability of annual June-September standardized precipitation evaporation index (SPEI, gray line) and 1 May snow-water
equivalent (SWE, black line) from 1940 to 2010 (A), and establishment frequency distributions from all sampling locations for subalpine fir
(B) and Engelmann spruce (C). Periods of cooler (warmer) and (drier) wetter conditions are represented by positive (negative) values of
SPEI. Positive (negative) SWE anomalies indicate more (less) water available from snow. Triangles (B, C) indicate establishment events at >4
plots from 3 or more sampling areas. Sample depth (dashed line) is the cumulative number of samples.



March 2018 MOISTURE LIMITS TREE ESTABLISHMENT 571

§ "CTA------FX____aBLA| |BI------ ¥ PIEN
E ____________ e e e o o = —— = .
0.5 1
E i
2 l
*= 0.0
g
2
£ 05 T/ ———— S B ———
- (S SoIDIIIIo oo oo
a .04 SWE 4 SWE
83 2 A 0 1 2 3 83 -2 A 0 1 2 3
Lag from Establishment Year Lag from Establishment Year
1000 1C . XX ABLA 1D . X* . PIEN
— 750 - . |
£
£
w 500 o | 1
=
7
250 - 1
O - -
Low Estab. Estab. Event Low Estab. Estab. Event
§ 1O-E---~~_ ____AB_LA 1
S g5l TSR ----- ]
£
2
= 0.0
g
2
S 059 ——/——————— 1 o ——
8§ | IIIIII-III -°T TIIITTTTT T
Q .1.0{Summer SPEI {SummerSPEl "~ "~~~ -
83 2 A 0 1 2 3 83 -2 A 0 1 2 3
Lag from Establishment Year Lag from Establishment Year
s G KK ABLA H KK PIEN
.l . | . .
m ' | ‘ l
% 01| 1
-1 - 4
o4 T 1
_3_ -
May Jun Jul Aug Sep May Jun Jul Aug Sep

Fic. 3. Superposed epoch analysis (SEA) testing the influence of 1 May snow-water equivalent (SWE) on subalpine fir (ABLA, A,
n = 10) and Engelmann spruce (PIEN, B, n = 9) establishment events, boxplots of the median value for SWE during establishment event
years (white) and low establishment years (gray, <1% of total samples establishing) for subalpine fir (C) and Engelmann spruce (D), super-
posed epoch analysis (SEA) testing the influence of summer (June-September) standardized precipitation-evapotranspiration index (SPEI)
on subalpine fir (E) and Engelmann spruce (F) establishment events, and boxplots of the median value for SPEI by month for establishment
event years and low establishment years for subalpine fir (G) and Engelmann spruce (H) along the subalpine zone on the eastern slope of the
Colorado Front Range. SEA departures are mean departures for +3 years from the establishment event year. High SWE values indicate more
water available from snow. High SPEI values indicate cooler and wetter conditions. In the boxplots, the thick black horizontal line within the
box is the median, the box represents the interquartile range (25th—75th percentiles; IQR) of the distribution, the whiskers extend no further
than +1.5 times the IQR, and the solid black dots are outliers (i.e., data points beyond the whiskers). Solid lines (90%), dashed (95%), and
dotted lines (99%) in SEA graphs indicate confidence intervals. Statistical significance between establishment event years and low establish-
ment years for SWE (C, D) and SPEI (G, H) was tested with a Mann—Whittney test. Significance values: *<0.1; **<0.05; ***<(.01.

for spruce: P < 0.01, fir: P <0.01, Fig. 3E, F) during the in the years before or after germination. Climate conditions
year of germination (lag 0). We did not identify any signifi- differed strongly between establishment event years and low
cant relationships between establishment events and climate  establishment years (<1% of total sampled seedlings
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establishing by species; Fig. 3C, D, G, H). Specifically,
establishment events coincided with greater snowpack
(Mann—Whitney U: spruce P < 0.05, fir P < 0.05, Fig. 3C,
D) and cooler and wetter summer conditions (positive SPEI)
during the months of June (Mann-Whitney U: spruce
P < 0.01, fir P <0.01) and July (Mann—Whitney U spruce:
P <0.01, fir P < 0.01) (Fig. 3G, H).

As indicated by our logistic models of establishment
events, Engelmann spruce and subalpine fir establishment
events were strongly predicted by years of above-average
snowpack (SWE) and cooler and wetter summer conditions
(positive SPEI) during the year of germination (Fig. 4;
Appendix S4). While SPEI better predicted establishment
events (higher coefficient and lower P-value) than SWE, the
combined explanatory power of SWE and SPEI was greater
than their individual effect (AIC difference between multi-
variate and bivariate models >2, Bozdogan 1987; Appen-
dix S4). Each climate variable captured a different
component of favorable climate for establishment events [co-
efficients were relatively unchanged between the individual
and multivariate models (Fig. 4), and SWE and SPEI for
each year in the time series are not highly correlated
(Appendix S3)]. Indeed, >60% of the establishment events
occurred during years of above-average SWE, >70% of the
establishment events coincided with years of above-average
SPEI, and >90% of the events occurred during years with
above-average SWE and/or SPEI (Fig. 2). Additionally, spe-
cies was not a strong predictor of establishment events, indi-
cating that Engelmann spruce and subalpine fir responded
similarly to climate in years of abundant establishment
(Fig. 4). Non-climate (e.g., topography, site moisture)
related factors did not explain our observed patterns in
establishment (Appendix S5).

Discussion

Over the past 70 years, Engelmann spruce and subalpine
fir established episodically with strong synchrony across the
study area. Consistent with our hypothesis, broad-scale
establishment events occurred during years of anomalously
high soil moisture availability from above-average snowpack
and/or cool and wet summer climatic conditions. A decrease
in the number of fir and spruce establishment events from
1975 to 2010 coincided with declining snowpack (Clow
2010) and a multi-decadal trend of rising summer tempera-
tures and increased moisture deficits (Andreadis and Letten-
maier 2006). In the context of increasing climate-driven tree
mortality at or near our sample sites over the period from
1982 to 2013 (Smith et al. 2015), our results suggest that
seedling establishment will also be negatively impacted by
climate warming in systems with water-limited growing sea-
sons across western North America. Collectively, these shifts
in population dynamics of subalpine forests may reduce tree
density or could result in a shift in vegetation type (e.g., for-
est to woodland) at some sites.

Synchrony in episodic establishment events

Both fir and spruce regenerated episodically at the plot-
level (i.e., establishment peaks) and many of these episodes of
establishment were synchronous across a majority of the ten
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Fic. 4. Logistic model effects (i.e., coefficients) testing the influ-
ence of each predictor variable [snow water equivalent (SWE) on 1
May, summer standardized precipitation evaporation index (SPEI),
species (PIEN, Picea engelmannii)], individually (A, B) and in com-
bination (C), on establishment events. Predictor variables were stan-
dardized by standard deviation (SD) to allow comparison among
predictor variables. Error bars show 95% confidence intervals. Sig-
nificance levels are indicated by ***P < 0.01; **P < 0.05; *P < 0.1.
See Appendix S4 for model results.

plots (i.e., establishment events). In the absence of evidence
of any disturbance-triggering establishment events, the coin-
cidence of abundant seed production with suitable climate
conditions is the likely explanation for synchronous establish-
ment. Climate is a key driver of abundant spruce and fir seed
crops every 2-6 yr (Woodward et al. 1994, Buechling et al.
2016), and abundant spruce seed production is commonly
synchronous at distances >8 km in the CFR (Buechling et al.
2016). Infrequent years of high seed production typically
yield much greater quantities of viable seed and greater densi-
ties of germinants (Noble and Ronco 1978, Woodward et al.
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1994), suggesting that seed production serves as an initial fil-
ter for establishment. Though the lack of site-specific seed
production data is a limitation of the present study, our anal-
ysis of the climate conditions that correlate with broad-scale
seedling establishment provides important insight into the cli-
matic influences on establishment.

Following seed dispersal, the influence of climate on soil
moisture availability serves as a second filter for seedling
establishment. Germination rates of Engelmann spruce are
negatively affected by warmer and drier conditions (Kueppers
et al. 2017), and seedling mortality of both species is typi-
cally very high (>85%) during the first year, particularly
on dry south aspects (Noble and Alexander 1977). In the
years following germination, seedling mortality remains
high (typically >99% mortality after 4 yr) and in the south-
ern Rocky Mountains is strongly influenced by soil moisture
conditions (Noble and Ronco 1978, Kueppers et al. 2016).
Our detection of a climate signal across complex topo-
climatic gradients during the year of germination illustrates
the importance of favorable climate conditions for broad-
scale seedling establishment (Figs. 3, 4).

Moisture availability limits seedling establishment

Our findings demonstrate the importance of winter snow-
pack and summer moisture availability individually, and
their alignment within the same year, for establishment of
two common subalpine tree species occurring across western
North America. The water content of snowpack (SWE) as
well as climate conditions during the late spring and early
summer determine the timing and rate of soil moisture loss
(Harpold et al. 2015). Above-average SWE provides a
greater contribution of water to soil moisture and typically
results in a later melt out date (Trujillo and Molotch 2014),
which may reduce the length of the summer drought and
moisture stress on seedlings (Cui and Smith 1991, Brodersen
et al. 2006). We found that the conditions created by an
above-average snowpack were commonly a prerequisite for
establishment events in a water-limited subalpine system.
However, low snowpack in the CFR may be compensated
for by cooler and wetter summer conditions.

Seedling moisture stress during the growing season is gov-
erned by the availability of soil moisture for physiological
processes (Brodersen et al. 2006). Cooler and wetter condi-
tions during the growing season likely reduce seedling mois-
ture stress and increase survival rates (Noble and Alexander
1977, Gill et al. 2015, Kueppers et al. 2016). During years of
below-average snowpack input to soil moisture, cooler and
wetter summer conditions likely provide essential inputs to
and reduce loss of soil moisture in the seedling root zone
(top 5-10 cm of soil). In contrast, during years of above-
average snowpack (greater input to soil moisture and a later
melt out date), summer climate conditions may be less criti-
cal for survival. However, greater predictability of establish-
ment events by summer conditions suggests that favorable
summer conditions created by cool temperatures and precipi-
tation in June and July are important for determining the
length and magnitude of summer drought stress. While the
favorable snowpack for seedling establishment appears to
differ between maritime (low snowpack favors establishment)
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and continental (high snowpack favors establishment) sub-
alpine forests, the importance of cooler and wetter summer
climate conditions for seedling establishment has been
highlighted in studies across the western US (Little et al.
1994, Gill et al. 2015, Johnson and Yeakley 2016, Kueppers
et al. 2016).

Implications of climate change for seedling establishment

Strong links between moisture availability and tree regen-
eration suggest climate warming may decrease the frequency
of seedling establishment events. Anthropogenic climate
warming in combination with natural interannual to multi-
decadal climate variability (i.e., ENSO and PDO) has led to
a declining snowpack (lower April SWE) in Colorado since
1978 (Clow 2010) and a shift to earlier snow disappearance
in the spring over the past 30 yr (Lukas et al. 2014). When
compared to the first half of our study period (1940-1974),
we found that climate conditions during the second half of
the study period—a period indicative of future conditions —
corresponded with the marked decline in the frequency of
establishment events.

In the context of future climate scenarios, both medium-
low emissions scenarios (RCP 4.5) and high emissions sce-
narios (RCP 8.5) suggest the timing of precipitation may
shift, but neither scenario projects a reduction in annual pre-
cipitation for the eastern slope of the CFR (Lukas et al.
2014). However, climate models strongly agree that tempera-
tures will warm, particularly in the summer (1°-2.7°C med-
ium-low emissions scenarios [RCP 4.5] and 2°-3.6°C for high
emissions scenarios [RCP 8.5], Lukas et al. 2014). Warming
temperatures are anticipated to result in earlier snow melt
out, which will further shift the timing of peak soil moisture
to earlier in the growing season (Harpold et al. 2015). This
will continue to increase the period of low soil moisture and
seedling drought stress during the summer months. Addi-
tionally, warming temperatures are anticipated to increase
summer moisture deficits (Andreadis and Lettenmaier 2006)
with greater deficits and less favorable conditions for seedling
establishment occurring under higher emissions scenarios.
Under the medium-low emissions scenario, the hottest sum-
mer temperatures over the past 100 yr are projected to by
typical summer temperatures by mid-century (Lukas et al.
2014). Such conditions present during a particularly sensitive
time of year (as indicated by our study) were not correlated
with any of our establishment events and illustrate the vul-
nerability of spruce and fir to regeneration failure.

The declining trend in establishment and the negative
impacts of climate warming need to be considered in the
context of the long lifespan of fir (~300 yr) and spruce (com-
monly exceeding 500 yr, Oosting and Reed 1952). Slightly
longer intervals between establishment events could be
insignificant for population persistence of long-lived species,
and establishment events may still occur when strong seed
years coincide with suitable climate conditions or seed
disperses to favorable topo-climates (e.g., mesic, north
aspects; Dobrowski 2011). However, recent increases in
climate-driven tree mortality in combination with declining
opportunities for new establishment events may drive novel
changes in subalpine forest ecosystems.
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CONCLUSION

To our knowledge this is the first annually resolved data-
set of subalpine fir and Engelmann spruce establishment
and survival in the southern Rocky Mountains. We docu-
mented the frequency and trends in broad-scale establish-
ment events across complex topo-moisture gradients over
the last 70 yr, and identified strong relationships between
moisture availability and broad-scale establishment events.
Future forest density and persistence of a forest cover will
depend on the collective response of demographic processes
(e.g., reproduction, growth, and mortality) to climate warm-
ing. In contrast to increasing trends in establishment associ-
ated with warming in more maritime subalpine forests
(Dolanc et al. 2013), our results show that recruitment decli-
nes will likely occur across the core of subalpine tree ranges
in systems with water-limited growing seasons, which
expands upon similar findings for sites near alpine treeline
(Gill et al. 2015, Kueppers et al. 2016). If management goals
are to maintain ecosystem services provided by dense sub-
alpine forests, declines in the frequency of establishment
events are a notable and concerning trend that are likely to
compound the effects of increasing forest mortality.
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