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Abstract

1. Predictions of upslope range shifts for tree species with warming are based on as-

sumptions of moisture stress at lower elevation limits and low-temperature stress
at high-elevation limits. However, recent studies have shown that warming can
reduce tree seedling establishment across the entire gradient from subalpine forest
to alpine via moisture limitation. Warming effects also vary with species, potentially
resulting in community shifts in high-elevation forests.

. We examined the growth and physiology underlying effects of warming on

seedling demographic patterns. We evaluated dry mass (DM), root length, al-
location above- and below-ground, and relative growth rate (RGR) of whole
seedlings, and their ability to avoid or endure water stress via water-use effi-
ciency and resisting turgor loss, for Pinus flexilis, Picea engelmannii and Pinus
contorta seeded below, at and above tree line in experimentally warmed, wa-
tered and control plots in the Rocky Mountains, USA. We expected that growth
and allocation responses to warming would relate to moisture status and that
variation in drought tolerance traits would explain species differences in

survival rates.

. Across treatments and elevations, seedlings of all species had weak turgor-loss

resistance, and growth was marginal with negative RGR in the first growth phase
(-0.01 to -0.04 g g'1 day_l). Growth was correlated with soil moisture, particu-
larly in the relatively small-seeded P. contorta and P. engelmannii. Pinus flexilis,
known to have the highest survivorship, attained the greatest DM and longest
root but was also the slowest growing and most water-use efficient. This was
likely due to its greater reliance on seed reserves. Seedlings developed 15% less
total DM, 25% less root DM and 11% shorter roots in heated compared with un-
heated plots. Higher temperatures slightly increased DM, root length and RGR
where soils were wettest, but more strongly decreased these variables under

drier conditions.
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1 | INTRODUCTION

Ecologists tend to view climate limitations to plants in a binary fash-
ion, most crudely as either energy or water limited. Low growing sea-
son temperatures are thought to inhibit growth and thus presence of
trees at high elevations (Kérner & Paulsen, 2004). This notion leads
to predictions that forest boundaries will move upslope with warming
(Grace, Berninger, & Nagy, 2002; Monahan, Cook, Melton, Connor, &
Bobowski, 2013). Indeed, in situ warming studies of established veg-
etation in the transition from forest through tree line to alpine often
show increases in mature plant growth with warming (e.g. Danby
& Hik, 2007; Michelsen, Jonasson, Sleep, Havstrom, & Callaghan,
1996). Still, only about half of tree lines studied show upward move-
ment with warming since 1900 (Harsch, Hulme, McGlone, & Duncan,
2009), indicating that temperature is likely not the only constraint in
all systems. Indeed, recent studies show temperature and precipita-
tion interactively affect range shifts for many plant species (Crimmins,
Dobrowski, Greenberg, Abatzoglou, & Mynsberge, 2011; Harsch &
HilleRisLambers, 2016). Upslope forest movement cannot occur with-
out successful tree establishment beyond current tree lines, and the
factors that limit establishment may differ from those that limit growth
of established trees (Daniels & Veblen, 2004). Recent work suggests
that moisture stress impacts carbon relations and survival of seedlings
at tree line, and thus might slow or prevent tree line advance (Gill,
Campbell, & Karlinsey, 2015; Moyes, Castanha, Germino, & Kueppers,
2013; Moyes, Germino, & Kueppers, 2015). However, each of these
studies examined a single species, and none took place during rela-
tively wet years, when seedling establishment is most likely to occur
according to dendrochronological studies (e.g. Daniels & Veblen, 2004;
Millar, Westfall, Delany, Flint, & Flint, 2015). Even more recent work
demonstrated that seedlings of different species respond individual-
istically to experimental warming from forest to alpine (Conlisk et al.,
2017b; Kueppers et al., 2017).

Subalpine conifer seedlings have exceptionally low in situ survival
rates at high elevation, especially in their first season, thus creating
a demographic bottleneck (Germino, Smith, & Resor, 2002). Climate
responses of newly germinated seedlings have a strong influence on
tree recruitment patterns across elevation gradients from forest to
alpine (Maher & Germino, 2006), impacting population structure sev-

eral years following experimental seeding (Kueppers et al., 2017) and

establishment, water stress

4. Synthesis. The surprising heat inhibition of tree seedling establishment at the cold
edge of forests appears to have a physiological basis: newly germinated seedlings
have poor moisture stress tolerance, which appears related to marginal initial
growth and heavy reliance on seed reserves. Variation in these attributes among

tree species at tree line helps explain their different climate responses.

alpine tree line, climate experiment, ecophysiology, growth, plant-climate interactions, seedling

decades to centuries later (e.g. simulations of Conlisk et al., 2017a),
when maturing individuals have greater climate tolerances. Immature
and unhardened tissues of seedlings experience a microclimate that
is tightly coupled to that of the ground surface, which is subject to
temperature extremes (Geiger, 1950). After seedlings emerge follow-
ing snowmelt, their environment transitions from freezing and wet to
warm and dry or even searing for seedlings growing on duff in forests,
resulting in exposure to multiple stress interactions (Germino & Smith,
2000; Germino et al., 2002). Despite these challenges, seedlings must
achieve a positive carbon balance or rely on seed reserves during their
first growing season to become established. Species differences in
adaptive strategies for seedling establishment reflect trade-offs be-
tween leaf deployment for carbon gain and risks of leaf area exposure
to temperature, light and vapour deficit stress, along with the need
to develop roots for adequate water uptake as soil-water deficit de-
velops during summer. These trade-offs may be strongly affected by
overall plant size. Seed and seedling size can vary many-fold among
conifer species and could strongly influence carbohydrate availability
and carbon balance.

Traits affecting uptake and efficient use of water may, therefore,
be key components of adaptive strategies for seedling establishment
at tree line. Water uptake per unit leaf area can be increased by raising
the root mass fraction (RMF, ratio of root to whole-seedling dry mass
[DM]). Water can be obtained from drier soils via physiological adjust-
ments such as reduction of turgor loss points (Wy,p, shifting towards
more negative MPa thresholds), the water potential at which wilting
occurs (Bartlett, Scoffoni, & Sack, 2012). Photosynthetic water-use
efficiency (WUE), the amount of carbon fixed per unit of water lost
to transpiration, can be increased by reducing stomatal conductance
relative to photosynthesis.

We asked whether and how tree species differences in response
to water deficit relates to their establishment along the gradient from
forest to alpine. We compared growth and moisture stress responses
in first-year seedlings of three species planted in common gardens
subject to a factorial of heating and watering treatments below, at and
above tree line. This combination of an elevation gradient with warm-
ing and watering treatments enabled us to observe species differences
in seedling responses to a broad set of climatic conditions. If water
deficit indeed limits establishment in the forest to alpine transition,
we predicted that: (1) effects of increased temperatures on seedling
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growth would be contingent upon water availability; and (2) differ-
ences in species sensitivity to water stress would reflect differences in
strategies for accessing, physiologically regulating and efficiently using
water. More specifically, we predicted that limber pine, which typi-
cally had higher initial survival in the common gardens (Castanha, Torn,
Germino, Weibel, & Kueppers, 2013; Kueppers et al., 2017), would
have the greatest drought tolerance, while Engelmann spruce, with

the poorest overall survival, would have the least drought tolerance.

2 | MATERIALS AND METHODS

Entire seedlings were harvested at c. 3 and again at 9 weeks of age
following germination/emergence in the experimental plots, and we
then measured DM of above and- below-ground parts, root length,
RMF and relative growth rates (RGRs) from seed to 3 weeks and from
3 to 9 weeks, turgor-loss point, and photosynthetic WUE (as §*3C).
We analysed the effects of “site” and “treatment” on the dependent
variables with “categorical environment” models. We also analysed
the effects of soil temperature and moisture on the dependent vari-

ables with “continuous environment” models.

2.1 | Species

Across much of the North American Rocky Mountains, three species
dominate the transition from high-elevation forest to tree line: limber
pine (Pinus flexilis James, PiFl), Engelmann spruce (Picea engelmannii
Parry ex Engelm., PiEn) and lodgepole pine (Pinus contorta var. latifolia
Dougl. ex. Loud., PiCo), with subalpine fir (Abies lasiocarpa (Hook.) also

FIGURE 1 Experimental design—

common gardens were planted at three .

elevations (Forest, Tree line and Alpine).
At each elevation, there were five
replicate 3-m diameter plots of each of
four treatments—control, heated, watered

and heated + watered. Quadrants within Control
plots were planted with different species- Heated
provenance combinations (see text) Watered

Heated-watered

common. PiEn is widespread and, along with A. lasiocarpa, is dominant
at tree line. PiFl is a pioneer species that is widely distributed and is
present but not locally abundant at tree line except in patches. PiCo is
widespread and dominant in the subalpine forest but typically absent
at tree line, except under specific edaphic conditions. In common gar-
dens, first-year survival of PiFl seeded below, at and above tree line
at Niwot Ridge, CO, USA, far exceeded that of PiEn and of PiCo, and
at least one demographic phase of seedlings of all species were sensi-
tive to water limitation (Castanha et al., 2013; Conlisk et al., 2017b;
Kueppers et al., 2017; Moyes et al., 2013).

2.2 | Sites and experimental plot design

We established three research sites along an elevation gradient at the
University of Colorado Mountain Research Station in the Front Range
of the Colorado Rocky Mountains (Figure 1). Site characteristics are
described in detail in Castanha et al. (2013). The Forest site (3,060 m
a.s.l.) is dominated by mature PiCo and PiEn, with PiFl and subalpine
fir (A. lasiocarpa (Hook.) Nutt.) also present. The Tree line site (3,430 m
a.s.l.), located at the cool (upper) edge of the local subalpine species
range, is an open meadow surrounded by krummholz mats and flag
trees of A. lasiocarpa, PiEn and occasional PiFl individuals. The Alpine
site (3,540 m a.s.l.) is located on Niwot Ridge above the local subal-
pine tree species current range and is dominated by forbs, grasses
and sedges. The snow-free period is longest at the Forest site and
shortest at the Tree line site, which receives and traps snow from up-
wind (Table 1). The abundance and form of trees along the transition
from the Forest to Tree line sites has, to our knowledge, not changed
appreciably in recent decades, although there have been reports

3m

Ml R heater
® 50il moisture and

temperature sensor

. Forest, 3,060 m
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TABLE 1 Average daily mean (SE) site climate and treatment effects during the snow-free season for 2013. Abbreviations are snow-free season length (SL; determined from diel variability in

soil temperature in unheated plots); heating effects on 5- to 10-cm soil temperature (AT, ), snow-free season length (ASL,,) and 5- to 10-cm soil volumetric water content (AVWC,,); and watering

effect on 5- to 10-cm soil volumetric water content (AVWC,,)

Mean soil

AVWC,,

AVWC,,

ASL,

VWOC (control)
(m®/m®)

Mean max Mean soil T

air T (°C)

Mean min

(m®/m?®) (m®/m?®)

AT, (°C) (days)

SL (days)

Wind (m/s)

(control) (°C)

Mean air T (°C)  air T (°C)

Elev. (m)

Site

0.01 (0.002)
0.01 (0.002)
0.02 (0.001)

-0.01 (0.002)
-0.01 (0.001)
0.00 (0.002)

10
11

1.51(0.08)
1.66(0.13)
3.54(0.08)

139
127
154

5.7 (0.3)

0.25(0.02)
0.28 (0.02)
0.20(0.01)

7.9(0.1)
8.7(0.2)
9.2(0.4)

9.7 (0.6)
11.3 (0.6)
15.9 (0.5)

0(0.6)

6.2 (0.55)
7.0 (0.55)
9.4 (0.44)

3,540

3,430

Alpine

(0.2)
0.2 (0.0)

34

(0.5)
4.3(0.4)

34

Tree line

38

3,060

Forest

suggesting new tree establishment above tree limit at Niwot Ridge
(Daly & Shankman, 1985) and height growth of krummholz in nearby
tree lines of the Front Range (Weisberg & Baker, 1995).

At each site, twenty 3-m diameter experimental plots were as-
signed to one of four treatments: heated (H), heated and watered
(H+W), watered (W) and control (C). Heated plots were warmed using
overhead infrared heaters (Moyes et al., 2013, 2015). Watered plots
received 2.5 mm of water once per week. Watering began 2-3 weeks
after snowmelt and continued until the end of September. Total pre-
cipitation for Niwot Ridge during the 2013 water year was 940 mm,
maximum snow depth was 150 cm, and mean temperature was
2.8°C. These represent 116%, 75% and 130%, respectively, of multi-
year means (1990-2016, 2005-2017 and 1990-2016, respectively,
NWCC, 2017). Soil temperature and volumetric water content (VWC)
were measured at 15-min intervals by sensors installed at 5- to 10-cm
depth in the centre of each 1-m? quadrant (Figure 1, ECTM or 5TM;
Decagon, Pullman, WA, USA).

2.3 | Seed collection and sowing

In fall 2012, we collected, cleaned and sowed seeds from local low-
(2,900-3,100 m) and high- (3,300-3,450 m) elevation populations
(hereafter referred to as low and high provenances) for each species.
Each plot was divided into four permanently marked 1-m? quadrants
(Figure 1), which were in turn divided into one hundred 10 x 10 cm
cells. We sowed high-elevation limber pine (PiFl High), low-elevation
limber pine (PiFl Low), high-elevation Engelmann spruce (PiEn High) or
low-elevation Engelmann spruce (PiEn Low) into seventy 10 x 10 cm
cells in separate quadrants. In another 24 cells per quadrant, we
sowed high-elevation lodgepole pine (PiCo High) in the PiFl quads or
low-elevation lodgepole pine (PiCo Low) in the PiEn quads. To avoid
edge effects, the six outermost corner cells of each quadrant were not
seeded. Hardware cloth exclosures were installed over each quadrant

to protect seeds from predation.

2.4 | Seedling surveys and harvest

In spring 2013, starting 3 weeks after snowmelt, we surveyed plots
weekly for new emergent seedlings until we observed a peak in emer-
gence. A subset of entire seedlings from the peak cohort was carefully
harvested at c. 3 weeks (24 + 2 [SD] days, Time 1) and 9 weeks (62 + 7
[SD] days, Time 2) after emergence (Table S1). Snowmelt, and hence
peak emergence, occurred at different times in different plots, and
harvest timing was staggered accordingly. Prior to harvest, we marked
seedlings at ground level to differentiate above- from below-ground
tissue. Seedlings were stored on ice and shipped overnight to the US
Geological Survey laboratory in Boise, ID, where root length and ¥,
were measured (see below). Seedlings were subsequently oven-dried
at 65°C and weighed. Seedlings were harvested from all three sites at
Time 1, while the Time 2 collection included only the Alpine and Tree
line sites, as seedlings were too sparse for comprehensive sampling
at the Forest site. At Time 1, we collected both provenances, while
at Time 2, we collected only one provenance at the Alpine site due
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to insufficient survival of high provenance seedlings. Two seedlings
(PiFl) or two groups of 2-5 seedlings (PiCo, PiEn) were collected from
each quadrant of each plot where available, with one individual per set

subjected to ¥y, analyses.

2.5 | Relative growth rate

We calculated RGR between Time 1 and Time 2 (RGR,_,) as follows:

InB2-InB1
A2-A1

where B1 and B2 are seedling DM at the first and second collections
and Al and A2 are seedling age in days at the first and second collec-
tions. We used the same formula with average oven-dry seed weights
for each provenance of each species to estimate RGR from seed to
Time 1 (RGR_,4_4)-

2.6 | Turgorloss point

Following harvest, entire (i.e. roots still attached) seedlings were hy-
drated overnight, and pressure-volume relationships determined by
periodically measuring water potential with a pressure chamber (PMS
Instruments, Corvallis, OR, USA) followed by mass as seedlings dried
on the lab bench (Tyree & Hammel, 1972). Seedlings dried relatively
quickly, and so initial measurements were taken in rapid succession
(c. every 2 min). Curve fitting and calculation of water potential at
W1, followed Sack and Pasquet-Kok (2011). Where necessary, we
corrected for “plateau effects” by discarding initial measurements
(Parker & Pallardy, 1987). At Time 1 (c. 3 weeks of age), PiEn and PiCo
seedlings were often too fragile for repeated water potential meas-
urements. Therefore, it was possible to complete only a small number
of Time 1 pressure-volume curves for these two species (n = 10 PiCo
from five plots, n = 14 PiEn from five plots), preventing treatment and
site comparisons.

Rehydrating plant tissue prior to pressure-volume curves has been
shown to increase W5, for anisohydric but not for isohydric species
(Meinzer, Rundel, Sharifi, & Nilsen, 1986; Meinzer, Woodruff, Marias,
McCulloh, & Sevanto, 2014). Comparisons made in our laboratory
showed rehydration did not increase ¥y, , for the species in this man-
uscript (Figure S1).

2.7 | Tissue §*3C

We measured tissue §'°C as an indicator of WUE (Ehleringer, White,
Johnson, & Brick, 1990) in the Time 2 seedlings relative to the Vienna
Pee Dee Belemnite standard, where

13C
<% ) sample

613C = 13
<% ) standard

— 1| x 1000%o

The 8*3C of plant DM reflects the ratio of CO, concentration inside
the leaf to CO, concentration of the atmosphere during photosynthesis

(C/C,; Farquhar, Ehleringer, & Hubick, 1989); higher C/C, leads to
greater enzymatic discrimination against °C and therefore to lower
(more negative) 513C. Increases in C/C, and corresponding decreases
in WUE can result from stomatal opening or decreased biochemical
demand for carbon. We measured tissue §°C with a Picarro G2121-i
CO, analyser coupled to a Costech 4010 Elemental Analyzer and a
Picarro Liaison™ to coordinate gas sample delivery. Whole individuals
of the same species collected from the same plot and quadrant were

combined prior to grinding to provide sufficient material for analysis.

2.8 | Statistical analyses

We conducted two sets of statistical analyses. The “categorical envi-
ronment” analyses allowed us to determine the significance of climate
manipulation and provenance effects at the end of the growing sea-
son (Time 2) at the Alpine and Tree line sites only (seedlings were too
sparse for comprehensive sampling at the Forest site at Time 2). The
“continuous environment” analyses tested effects of continuous vari-
ation in soil temperature and moisture on DM, root length and growth
rates at both Times 1 and 2 (c. 3 and 9 weeks) and across all sites.
Continuous environment analyses used the quadrant-level measures
of soil temperature and moisture in lieu of “site” and “treatment” as
fixed factors and incorporated data from the Time 1 collection and
from the Forest site (where available). Strong collinearity prevented
inclusion of site and treatment with soil temperature and moisture in
the same models. Table 2 lists the measurements made at each site

and time.

2.8.1 | Categorical environment analyses

To determine significance of responses of total DM, root DM, root
length, RMF, §1%C and ¥1p at Time 2, we used linear mixed effect
models with a full factorial of the fixed effects of species, site (Alpine
and Tree line only), heating and watering (JMP 11.2.0; SAS Institute,
Cary, NC, USA). We used the same models for RGR_,_, (including all
three sites) and RGR,_, (Alpine and Tree line only).

The sampling design did not allow for both site and provenance
effects on any response variable to be included in a full factorial model
because, due to insufficient survival of high provenance seedlings, only
the low provenance was collected at the Alpine site for Time 2 (Table 2
and Table S1). Site effects were of greatest interest, so for those vari-
ables for which preliminary analyses detected significant effects of
provenance (specifically, on DM, root DM, root length), models were
fit to data from the low provenance only to ensure a balanced site
comparison. For those variables that did not vary among provenances
(RMF, RGR, W5,
for models with individual plant data (RMF, RGR_,,_,) and averaged

513C), data from both provenances were combined

for models with quadrant-level data (RGR,_,, ¥y, 6'°C), in order to
have one observation per species per plot and to balance sample num-
bers for site comparisons.

For variables with one observation per plot per species (¥, ., (e
RGR,_,), we included “plot” as a random effect. Where data were avail-
able at the individual plant level (i.e. for multiple individuals of the same
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TABLE 2 Summary of data collection by site and time. RGR_.,_; was calculated for all three sites at the individual level. RGR, , could only

be calculated for Tree line and Alpine sites at the quadrant level

Time Site Dry mass/RMF RGR

seed-1
1 (early season) Alpine Individual samples Individual
samples
Tree line Individual samples Individual
samples
Forest Individual samples Individual
samples
2 (late season) Alpine Individual samples NA
(low provenance
only)
Tree line Individual samples NA
Forest NA NA

species per quadrant: DM, root DM, root length, RMF, RGR__,_,), we
included both plot and quadrant nested within plot as random effects.

We included age (days since emergence) as a covariate for re-
sponses of DM, root length, RGR and RMF, and harvest date as a co-
variate for §1°C and W p» based on AIC analyses used to determine
which covariates had the most explanatory power. Significant species
effects were further investigated using Tukey HSD pairwise compari-
sons. Dry mass data were log transformed and root length data were
square root transformed to homogenize variance.

Due to limited data for PiEn and PiCo at Time 1, ¥y, for this col-
lection was analysed using a one-way ANOVA with species as the in-
dependent variable. A subset of PiFl from the same five plots as the
PiCo and PiEn was included in the analysis to make it balanced and to
correct for any possible effects of treatment (the five plots were all
from the Tree line site and included control, watered, and heated and

watered treatments).

2.8.2 | Continuous environment analyses

Significance of responses of DM, root DM, root length, RMF,RGR_,_;
and 8'3C to a full factorial of the fixed effects of species, provenance,
soil temperature and soil VWC were determined with mixed effects
models. If a variable did not vary with provenance, then provenance
effects were removed from the model (occurred for RMF, RGR_ 4,
513C). In that case, data from the two provenances were combined for
models run with individual plant data (RMF, RGR_,.,_,) and averaged
for models run with quadrant-level data (5*3C). As above, where obser-
vations were made at the quadrant level (5*3C), we included plot as a
random effect. Where data were available at the individual plant level
(i.e. for multiple individuals of the same species per quadrant—DM, root
DM, root length, RMF, RGR_,,_,), we included both plot and quadrant
nested within plot as random effects. To generate soil temperature and

moisture variables, we averaged daily minimum (T . ), maximum (T

min max)’

and mean (T,

mean) temperatures, or daily mean soil VWC over the life-

time (LT) of each individual seedling using the sensors in the quadrant
for each seedling, resulting in daily minimum temperatures averaged

over the lifetime of the seedling (T,

minL7)> daily maximum temperature

RGR,, Yrp 8%

NA 1 sample/quad; PiFI NA
only

NA 1 sample/quad; Allspp ~ NA
but limited for PiCo
and PiEn

NA 1 sample/quad; PiFl NA
only

Quad average (low
provenance only)

Quad average 1 sample/quad; All spp
(low prov- (low provenance
enance only) only)

Quad average
NA NA NA

1 sample/quad; All spp ~ Quad average

averaged over the lifetime of the seedling (T, ., 1), daily mean tempera-
ture averaged of the lifetime of the seedling (T,.,., 1) and daily average
soil volumetric water content averaged over the lifetime of the seedling
(VWC,,), respectively. To avoid collinearity among the temperature
variables, we compared alternative models of their separate explana-
tory power and found AIC scores to be 5-10 points lower (better) for
TminL
with T+ and VWC ; to represent the actual microclimate of plots as

+ compared with the other variables, and hence, we proceeded

a predictor variable. We included age (days since emergence) as a co-
variate for DM, root length, RGR, and RMF and harvest date for s13C,
again based on AIC. We did not run continuous environment analyses
for RGR,_, or W, because no site or treatment effects were evident
in the categorical environment analyses, which already included all the
available data for these variables.

3 | RESULTS

3.1 | Dry mass, root mass fraction and root length

Dry mass of whole seedlings at Time 2 at Alpine and Tree line sites was
15.3% lower in heated than in unheated plots, 13.0% greater in watered
than in unwatered plots (p =.019, .038, Figure 2b,c, Table 3) and many
times greater in PiFl than the other species (least in PiEn, Figure 3a).
Root DM was 18.0% greater for Alpine than for Tree line seedlings
(p = .024, Figure 2d), 25.1% lower for heated than for unheated seedlings
(p =.0024, Figure 2e), much greater in PiFl and least in PiEn (Table 3,
Figure 4a). Roots were 11.1% shorter for heated than unheated seedlings
(p = .034, Figure 2h) and longer in PiFl than in PiCo and PiEn (Figure 4b).
Root mass fraction was 11.1% greater in the Alpine than in Tree line
sites, 5.9% less in heated compared with unheated plots (p < .0001, .016,
Figure 2j,k), and greater for PiEn than for PiCo or PiFl (Table 3, Figure 4c).

Dry mass and root length responses to continuous variation in tem-
perature and moisture differed among the species. Whole-seedling
DM was negatively related to T, ;1 in PiCo and PiEn but not in PiFl,
and also more positively related to VWC ; in PiCo and PiEn than in PiFl
(Table 4, Figure 5a,b). Greater soil moisture led to longer PiCo and PiEn
roots with more DM but shorter PiFl roots with less DM (Figure 5h,e).
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Site Heating

Watering

Whole seedling
dry mass (mg)

Root dry
mass (mg)

Root length (cm)
-
|

0.45
L
= 040
o
0.35
—-26
FIGURE 2 Least squares means and
standard errors for main effects of site, (@]
. . o =27
heating and watering on c. 9-week- 7o)

old (Time 2) seedlings in categorical
environment models (Table 3). Asterisks
denote significant (p < .05) main effects.

+

Rl

HH

HH

—

—_ * —_ * -

Data are from Alpine and Tree line sites
only

RMF was negatively related to T, and VWC,;, and root DM was
negatively related to temperature (Table 4). Total DM and root length
were inversely related to T, + where soil moisture was scarce, but
positively related in wet soils (Significant T_, .+ * VWC; interaction
in Table 4, Figure 5c¢,i). Dry mass was 7.2% greater, root DM was 7.8%
greater, and roots were 7.0% longer in seedlings from the low prov-
enance than in seedlings from the high provenance (p =.012, .015,
.0004, Table 4). However, these temperature, moisture and prov-
enance effects on DM (for whole-seedling or roots) and root length
were small relative to the effects of species and age (Table 4).

3.2 | Relative growth rate

Dry mass tended to decrease during the transition from seed to 3-week-old
seedlings (Figure 3a), resulting in negative growth rates for this interval
(RGRseed—l’
sites and treatments than PiCo and PiEn, with the exception of heated

Figures 3a and 6). PiFl had a more negative RGR_,_; across

-“ee\'\“e Np’\\'\e

U nheated Hea{ed U“\Na‘e"ed \Na.\-e\'ed

plots in the Forest site, where PiCo and PiEn had very negative RGR_.,_;
(see interactions in categorical analysis, Table 3, Figure 6).

In continuous environment analyses, PiFl also had the most neg-
ative RGR and PiCo had the least negative RGR While

RGR,,.4_; increased with soil moisture for all species, it appeared to be

seed-1’ seed-1"

somewhat more responsive to soil moisture for PiCo and PiEn than for
PiFI (Species x VWC interaction, p = .06, Figure 5k, Table 4). Wet soils
alleviated growth losses under warming, while dry soils exacerbated

them as revealed by RGR becoming less negative at higher tem-

seed-1
peratures when soils were wet compared with dry (Table 4, significant
VWC ; x T, interaction, Figure 5I).

In the 3- to 9-week interval, RGR was positive for all species, and by
Time 2 (c. 9 weeks), DM of seedlings had surpassed DM of their seeds
in PiCo and PiEn but not PiFI (Figure 3a,b). A significant site x species
interaction showed that this species pattern was stronger at the Tree
line than at the Alpine site (Table 3). No significant effect of treatment

or of age was detected for this growth interval.
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TABLE 3 Results (p-values) of fixed-effect tests for categorical environment analyses for total dry mass, root dry mass, root length, root
mass fraction, §*3C and o, p for seedlings at Time 2 (c. 9 weeks of age) and RGR for the period from seed to 3-week-old seedling and from 3 to

9 weeks. Models include data for Alpine and Tree line sites only, with the exception of RGR,

seed-1» Which also includes the Forest site. Symbols

in parentheses represent the direction of the heating, watering, age or DOY harvest effect. Values <.05 are in bold type. Superscript numbers
are defined in the first column of the corresponding row. Parameter estimates can be found in Table S2a,b

Log Root length
whole-seedling Logrootdry (square
Source dry mass® mass? root)?
N (individuals® or 2231 202 2251
quadrants?)
R? 0.94 0.93 0.74
Site 0.4917 0.0235 0.1445
Species <0.0001 <0.0001 <0.0001
Site x Species 0.2562 0.2887 0.362
Heated 0.0185 (-) 0.0024 (-) 0.0338 (-)
Site x Heated 0.7984 0.2456 0.2655
Species x Heated 0.1628 0.3434 0.0575
Site x Species x Heated 0.0165 0.005 0.0035
Watered 0.0375 (+) 0.0964 0.0917
Site x Watered 0.664 0.1632 0.4089
Species x Watered 0.4033 0.1023 0.4028
Site x Species x Watered 0.2015 0.5901 0.5599
Heated x Watered 0.4387 0.6498 0.4727
Site x Heated x Watered 0.6385 0.3834 0.1503
Species x Heated x 0.3392 0.8224 0.2336
Watered
Site x Species x Heated x 0.7243 0.2827 0.7838
Watered
Mean age (days)' or DOY ~ 0.0307 (+)'  0.0644" 0.0808"
harvest?

Low provenance only.

3.3 | Tissue 8*3C

PiFl had the highest average 5'3C (least negative, indicating greater
WUE) and PiCo the lowest, with a difference of 2.65%o (Table 3,
Figure 7a). Across species, seedlings in the Alpine site had on aver-
age 1.24%o greater §'3C than those in the Tree line site (p < .0001,
Figure 2m). 5!°C was on average 0.64%o lower in heated than un-
heated plots, and 0.35 %o lower in watered than unwatered plots
(p =.0021, .018, Figure 2n,0). '3C decreased 0.038 + 0.017%o per
day with collection date (Table 3 and Table S2). §'°C decreased
strongly with increasing T ;. 1 (p <.0001) and weakly with increas-
ing VWC,; (p =.0216) showed the same strong species effect and
did not vary with collection date in continuous environment analyses
(Tables 4 and Table S3). At the species level, there was a negative re-
lationship between 513C and RGR,_, indicating a trade-off of slower

growth for greater WUE in PiFl and the opposite for PiCo (Figure 8).

3.4 | Turgor loss point

At Time 1, W, was lowest for PiFl, highest for PiCo, and intermedi-

ate for PiEn (Figure 7b), although absolute differences were not large

RMF 8%c Yrp RGR..,., RGR,,
335t 1142 1552 5441 1122
0.51 0.88 0.36 0.69 0.55
<0.0001 <0.0001 0.6554 <0.0001 0.7471
<0.0001 <0.0001 0.0009 <0.0001 0.0001
0.1644 0.7183 0.0551 <0.0001 0.0045
0.0155(-)  0.0021 (-) 0.8954 0.0004(-)  0.1598
0.12 0.5919 0.739 0.0033 0.5122
0.7861 0.175 0.5465 0.0001 0.6307
0.1053 0.458 0.3719 0.0001 0.2862
0.1414 0.0179 (-) 0.6194 0.3347 0.1958
0.4826 0.891 0.1471 0.0954 0.8283
0.2932 0.7203 0.4318 0.7388 0.7402
0.8019 0.9596 0.13 0.1097 0.2387
0.7985 0.1697 0.9581 0.1258 0.6407
0.0068 0.3608 0.8263 0.2685 0.8953
0.8944 0.0113 0.2056 0.7075 0.5674
0.6224 0.8856 0.2484 0.6265 0.1583
0.6091* 0.0296(-)>  0.0040(-)*  0.1137* 0.93551

and values were high overall (i.e. >-1.0 MPa, indicating poor desicca-
tion tolerance). At Time 2, species and harvest date explained most
variation in Wy, (Table 3). PiEn had lower Wy, and thus a greater
ability to sustain turgor upon desiccation than the other two species
(Figure 7c), and ¥, decreased on average 0.025 MPa per day over
the course of the collection period over all species, possibly indicat-
ing seasonal acclimation (e.g. Colombo & Teng, 1992). ¥, , was nega-
tively correlated with DM for all three species over the course of both
collections, indicating increased desiccation tolerance with growth
(PiCo r = -.301, p =.0229; PiEn r = -.395, p =.0022; PiFl r = -.254,
p =.0029, data not shown).

4 | DISCUSSION

In contrast to the traditional emphasis on low-temperature limitations
to growth and assumptions of carbon saturation (e.g. Kérner, 1998
and subsequent studies) as the dominant factor controlling tree line
elevation, our data reveal that tree seedlings across the entire forest
to alpine ecotone undergo a phase in which growth is so marginal that
RGR becomes negative—a condition only possible with a negative
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carbon balance. Our results also highlight the critical importance of
seed carbon reserves for establishment of tree seedlings in the forest
to alpine transition by showing that species with greater seed reserves
can sustain a more negative RGR and exhibit greater DM, root develop-
ment and WUE, all of which mitigate water stress impacts. These as-
sociations, combined with poor desiccation tolerance of seedlings (high
W p values), help explain the surprising and repeated observation that
warming tends to inhibit tree seedling survival and establishment in the
transition from high-elevation forest to the alpine tundra, except under
the wettest conditions (Conlisk et al., 2017b; Kueppers et al., 2017).

4.1 | Seed reserves appear to mitigate the impact of
water limitation on establishment

Species with larger seeds often have greater establishment rates than
smaller-seeded species, particularly under stressful conditions such
as moisture limitation (Caddick & Linder, 2002; Hallett, Standish, &
Hobbs, 2011; Leishman & Westoby, 1994). Our findings combine with
Kueppers et al. (2017) and Conlisk et al.’s (2017b) survival and estab-
lishment patterns to suggest that this seed-reserve effect operates
at the alpine tree line ecotone and moreover provide generalizable
insights on physiological mechanisms underlying the seed-reserve

effect.

FIGURE 4 Least squares means and standard error for root
dry mass (a), root length (b) and root mass fraction (c) at Time 2
(c. 9 weeks) by species in categorical environment models. Capital
letters denote results of Tukey-Kramer comparisons—species not
labelled with same letter are significantly different

Negative RGR and DM reductions indicated that all species used
more carbon for growth and maintenance respiration than they fixed
during early establishment (Figures 3 and 6). For PiFl, the species
with both the greatest seed size and reserves but also the most rapid
seed-reserve depletion (Figure 3), early growth (RGR_,4_,) and whole-
seedling DM (Figure 5k,b) were generally less sensitive to soil moisture
than for the smaller-seeded PiCo and PiEn. Inverse relationships be-
tween root length and soil moisture in PiFl but not in the other species
suggest PiFl seedlings were better able to forage for diminishing water
as soils dried, thereby more readily meeting its physiological water
needs than the other species (Figure 5e,h). The smaller-seeded PiEn
and PiCo appeared less able to increase roots in response to soil dry-
ing. Also, Kueppers et al. (2017) found that the watering treatment in
our study did not increase survival for first-year PiFL as it did for PiEn,

following five annual seedings.
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TABLE 4 Results (p-values) of continuous environment analyses for whole-seedling dry mass, root dry mass, root length, root mass fraction,
RGR for the period from seed to 3 weeks, and 8*3C at Time 2 (c. 9 weeks of age). Models include data from all three sites with the exception of
513C, which was not measured at the Forest site. Provenance was removed from models where neither provenance nor any interaction with
provenance was significant. Values <.05 are in bold type. Superscript numbers are defined in the first column of the corresponding row.

Parameter estimates can be found in Table S3a,b

Log whole-seedling  Log root dry

dry mass mass per
Source (Times 1 and 2) (Times 1 and 2)
N (individuals® or quadrants?) 910t 839!
R? 0.93 0.92
Species <0.0001 <0.0001
Provenance 0.0118 0.0146
Species x provenance 0.0755 0.1195
[P 0.1167 0.0017(-)
Species x T, ¢ 0.0044 0.0698
Provenance x T_.. + 0.8197 0.8148
Species x Provenance x T . + 0.6353 0.0801
VWC, ; 0.0011(+) 0.3802
Species x VWC ; 0.0145 0.001
Provenance x VWC ; 0.9517 0.8807
Species x Provenance x VWC ; 0.4157 0.4136
Toinir X VWC ¢ 0.0025 0.1134
Species x T_.. + X VWC ¢ 0.3465 0.7937
Provenance x T .. + x VWC ; 0.6618 0.7406
Species x Provenance x T . + X 0.8465 0.8454

VWC,;
Mean age (days)! or DOY <0.0001* <0.0001*
harvest?

PiFl seedlings also had the slowest relative growth and the great-
est WUE of the three species (Figure 8), linked traits that can combine
to help mitigate water limitation effects on survival, provided suffi-
cient carbon reserves are available. Specifically, PiFI's seed-reserve ad-
vantage likely allowed its seedlings to initially deploy sufficient roots
for adequate water uptake and then endure the reduced RGR (while
still having relatively greater absolute DM gain) that accompanies a
conservative water-use strategy and its benefits to survival under
water limitation.

Although PiFl showed the greatest survivorship in the first growing
season (Castanha et al., 2013; Kueppers et al., 2017), it is only a minor
component of the forest at high elevations and tree line in Colorado,
while PiEn, a species with many fewer reserves, is one of the dominant
species at tree line. Moles and Westoby (2004) showed that large-
seeded species generally have higher survival rates during early estab-
lishment than do small-seeded species, but these rates are not sufficient
to compensate for the advantage of greater absolute seed numbers in
smaller-seeded species. Our results may substantiate these patterns.
While PiFl's seed reserves help it to establish more successfully, PiEn’s
smaller and therefore much more numerous seed may increase germi-
nation opportunities and explain its ultimate dominance in abundance
within the tree line community. Alternatively, our results may portend

an eventual shift in high-elevation dominance with warming towards

Square root, RMF
root length (Times
(Timesland2) 1and2) RGR_. 44 81°C (Time 2)
912! 833! 5431 1142
0.62 0.29 0.65 0.84
<0.0001 <0.0001 <0.0001 <0.0001
0.0004 - - -
0.4147 - - -
0.1486 0.0145(-) 0.0947 <0.0001(-)
0.3809 0.8041 0.2803 0.1608
0.4765 - - -
0.4855 - - -
0.6229 0.0027(-) 0.0002(+) 0.0216(-)
<0.0001 0.1015 0.0608 0.9138
0.2613 - - -
0.1278 - - -
0.0527 0.3327 0.0019 0.4268
0.8049 0.4484 0.1203 0.9807
0.3008 - - -
0.923 - - -
<0.0001* 0.6189* 0.2434! 0.23912

species with larger seeds and more stress-tolerant seedlings. Modelling
scenarios using seedling demographic data and vital rates from current
tree populations show that with warming, PiFI may maintain or increase
its populations in high-elevation Rocky Mountain forests, while PiEn
may face recruitment limitations (Conlisk et al., 2017a). Indeed, PiFl is
more prevalent at drier tree lines in the Great Basin than in the relatively

moist southern/central Rockies (Millar et al., 2015).

4.2 | Poor drought tolerance in conifer seedlings
indicates need for high soil moisture during
establishment

The very high turgor loss points we measured indicate that these co-
nifer seedlings require abundant soil moisture during their first grow-
ing season, particularly just after germination at the beginning of the
growing season. Stomatal conductance decreased in a threshold-like
fashion as midday water potential for PiFL decreased below -1 MPa
in our experiment (Moyes etal., 2013). More generally, grow-
ing season survival of emergent conifer seedlings was observed to
be much higher in a wet year (Germino et al., 2002), and tree line
seedling establishment was greater during wet years in dendrochro-
nology studies (Daniels & Veblen, 2004; Lloyd, 1997). Few studies

have reported ¥, ,, in first-year conifer seedlings, and the values we
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environment analysis for RGR from seed to
c. 3 weeks of age for all sites and species

report are higher than those reported for other species, although few
have measured plants as immature as ours. Kerr, Meinzer, McCulloh,
Woodruff, and Marias (2015) reported Wy, -1.6/-1.9 MPa for first-
year Pinus ponderosa common garden seedlings from mesic/dry
habitat near the end of a relatively wet growing season, compara-
ble to our Time 2. Fan, Blake, and Blumwald (1994) reported ‘¥,

A N -
S
? 0(6“ ‘ee\\(\ Pk\Q\“

-1.8/-1.5 MPa for 5-month-old Pinus banksiana and Picea mariana
raised with sufficient water in a growth chamber, c. 3 months older
than our Time 2 seedlings. Year-old PiFl from the Alpine and Tree line
sites measured in late September/early October of 2012 had a W,
of -2.3 MPa (M. G. Germino, B. E. Lazarus, A. B. Moyes, C. Castanha,
& L. M. Kueppers, unpubl. data), substantially lower than what we
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FIGURE 7 Least squared means and standard errors from
categorical environment analyses for 513C at Time 2 (c. 9 weeks) (a),
turgor loss point Wy, pat Time 1 (c. 3 weeks) (b), and W, at Time

2 (c). Models include data from Alpine and Tree line sites with the
exception of ¥y, at Time 1, which includes only Tree line site data.
Capital letters denote results of Tukey-Kramer comparisons—species
not labelled with the same letter are significantly different

measured for first-year PiFl seedlings around the same time of year
in 2013 (-1.1 MPa, Figure 7c). This comparison and the time trends
in our data suggest seedlings became more drought tolerant as they
matured (Figure 7b,c). Hence, moisture stress experienced very early
in the first growing season would likely have more negative impacts

on growth and survival than moisture stress experienced later.

4.3 | Warmer temperatures negatively affect dry
mass and RGR unless soil moisture is abundant

Higher temperatures resulted in slightly greater DM and RGR

seed-1

when soils were extremely moist, but had a more pronounced nega-
tive effect when soils were drier (Table 4, Figure 5¢,l). This suggests

-26 [ S IR B . B B
L —¥ Pinus flexilis i
27 - 4
S i —O— Picea )
S -28 - engelmannii —
2 | i
—29 + Pinus-
contorta

_30 | 1 | 1 | 1 | 1

e
Q‘Q Q’Q Q’Q Q‘Q

RGR,, (gg'd™)

FIGURE 8 Species means (SE) for 51%C plotted against species
means (SE) for RGR during the period from 3 to 9 weeks (Alpine and
Tree line sites only). [Correction added after online publication on
21 September 2017: Figure 8 updated with correct species labels]

that warming might improve seedling growth and hence establishment
only in locations or years with very abundant soil moisture. The posi-
tive response of DM and RGR
high soil-moisture content is evidence that temperature and moisture

seed-1 L0 increased temperatures only at
can co-limit establishment at high elevations. After establishment and
once plant roots reach a zone of adequate moisture, the factors that
limit their continued growth may differ from those that limit establish-
ment (Daniels & Veblen, 2004). Consistent with this, survival for lim-
ber pine from the second to the third year of life, when roots had likely
reached deeper, more consistent soil moisture, was slightly greater in

heated compared with unheated plots (Kueppers et al., 2017).

4.4 | Warming reduced root growth, potentially via
increased respiration

Warming (regardless of watering treatment) led to less DM gain by
seedlings, which was unexpected (Figure 2b, Table 3). Potential ex-
planations for this include that the responses are (1) part of a growth
strategy (i.e. active storage of growth resources such as carbohy-
drates for use in stress response, at the expense of growth, Wiley &
Helliker, 2012) or (2) a reflection of suboptimal growth performance
and heat as a stress, perhaps inhibiting carbon balance. In support
of the second explanation, Kueppers et al. (2017) found that heating
reduced survival for PiFl and PiEn in their first year following germina-
tion (which contrasts the above-mentioned greater survival of third
year PiFL under heating). Our results further suggest that heating
may have reduced growth by limiting root development: heating had
a disproportionate effect on root DM compared to whole seedlings
(i.e. average reduction with heating of 25.2% vs. 15.3%, respectively,
Figure 2e,b). This led to a decrease in RMF with heating (Figure 2k),
which was also observed by Way and Sage (2008a, 2008b). We pro-
pose that respiration may explain the negative effect of heating on

DM gain. Although we did not measure respiration in this study, we
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previously observed an increase in respiration with warming for PiFL
(Moyes et al., 2013), similar to reports for other species (e.g. Way &
Sage, 2008a, 2008b).

As further evidence of the potential importance of respiration for
the carbon balance of these seedlings, nearly all growth and physiolog-
ical variables were better predicted by models including T 1, which
is a nocturnal variable, than by models including T,...,, that

would otherwise point to daytime processes such as photosynthesis.
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Night-time respiration rates increase 1.4- to 4-fold with a 10°C in-
crease in night-time temperatures (Azcon-Bieto, 1992), and carbon
utilized for respiration is equal to c. 50% of carbon fixed in gross pho-
tosynthesis (Amthor, 2000; Farrar, 1985).

Temperature also appears to be the primary factor controlling WUE
(5%3C) in this system, a pattern that has been observed in other high-
elevation systems. Specifically, 5'3C decreased (and WUE decreased)
with increased minimum temperatures resulting from warming or
background variation, and 5%3C was more responsive to temperature
than to watering or soil moisture (Tables 3 and 4). A decrease in §'°C
with increased temperature has been documented in growth chamber
studies (Morecroft & Woodward, 1990, 1996; Smith, Herath, & Chase,
1973) and in subarctic alpine tree line warming studies (Michelsen
et al., 1996; Welker et al., 1993). In addition, **C decreased more with
increasing temperature than with decreasing soil moisture in subalpine
conifers (Hu, Moore, & Monson, 2010) and a variety of subalpine and
alpine plant species (Xu et al., 2015). No study points conclusively to a
single mechanism by which lower temperatures result in higher plant
tissue 613C, but reduced stomatal conductance at lower temperatures
has been implicated (Hu et al., 2010; Morecroft & Woodward, 1996).

4.5 | Overall conclusions—importance of water
stress at high elevations

Our results provide new evidence of the importance of moisture
stress in tree seedling establishment in the transition from forest to
the alpine tundra, showing (1) the species whose growth responses
(enabled by large seed reserves) mitigate moisture stress is also the
species with the lowest seedling mortality; (2) first-year conifer seed-
lings have generally high W', ;, values and thus poor drought tolerance
and are vulnerable to even moderate soil drying early in the grow-
ing season; and (3) increased temperatures have negative effects on
growth except when soil moisture is very abundant. With warming,
initial establishment of tree seedlings in high-elevation forests below,
at and above tree line may occur only in sites or years with relatively

abundant moisture.
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