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Warming and neighbor removal affect white
spruce seedling growth differently above and
below treeline
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Abstract

Climate change is expected to be pronounced towards higher latitudes and altitudes. Warming triggers treeline
and vegetation shifts, which may aggravate interspecific competition and affect biodiversity. This research tested
the effects of a warming climate, habitat type, and neighboring plant competition on the establishment and
growth of white spruce (Picea glauca (Moench) Voss) seedlings in a subarctic mountain region. P. glauca seedlings
were planted in June 2010 under 4 different treatments (high/control temperatures, with/without competition) in 3
habitats (alpine ridge above treeline/tundra near treeline /forest below treeline habitats). After two growing seasons
in 2011, growth, photosynthesis and foliar C and N data were obtained from a total of 156, one-and-a-half year old

seedlings that had survived. Elevated temperatures increased growth and photosynthetic rates above and near
treeline, but decreased them below treeline. Competition was increased by elevated temperatures in all habitat
types. Our results suggest that increasing temperatures will have positive effects on the growth of P. glauca seedlings
at the locations where P. glauca is expected to expand its habitat, but increasing temperatures may have negative
effects on seedlings growing in mature forests. Due to interspecific competition, possibly belowground competition,
the upslope expansion of treelines may not be as fast in the future as it was the last fifty years.
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Introduction

Annual average temperature in Alaska has increased 1.9°C
over the past 50 years and is projected to rise from
2.8°C to 7.2°C above the 1960s-1970s baseline by the
end of this century (Karl et al. 2009). The projection is
higher than the estimated 2.4°C to 6.4°C rise in global
average temperature over the same period of time
(IPCC 2008). This recent climate warming is expected
to alter the relative abundance of arctic and subarctic
vegetation in Alaska. Photographic comparisons of past
and current vegetation (Sturm et al. 2001, Tape et al.
2006, Hamm 2007, Stueve et al. 2011) have shown both
northward and altitudinal expansions of shrubs and
treeline into tundra. Studies in Denali National Park
and Preserve (DNPP) reported the maximum treeline
advance was 150 m upslope into tundra (Stueve et al.
2011) and the average treeline advance was 40 to 60 m
(Hamm 2007) in the last 50 years. Those studies
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suggest that higher temperatures stimulate successful
recruitment, and possibly growth of treeline species,
predominantly Picea glauca (white spruce) in the subarctic
mountain region.

P. glauca is also one of the dominant species in boreal
forests; however, higher temperatures that have been
observed more frequently since 1950 are linked to drought
stress, resulting in decreased growth rates of P. glauca
(Wilmking et al. 2004). Because of desiccation, mature
trees could become more susceptible to insect outbreaks,
diseases and wildfires, thus increasing mortality. Models
project that the growth rate of P. glauca could decrease to
0 - 20% of the long-term mean by 2100 due to drought
stress, which might lead to species elimination (Juday
et al. 2005). Recent studies of marginal tree population
have shown both positive and negative responses to cli-
mate warming (e.g. Wilmking et al. 2004). Experimentation
is necessary to uncover the mechanistic processes at work.

In addition to altering the growth of adult trees, climate
change may have strong effects on sexual reproduction
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and the establishment of seedlings, which are the most
vulnerable life stages of a tree. Warm temperatures are
thought to be important for the establishment of seedlings
and their survival during the first 50 years of growth
(Szeicz and MacDonald 1995). However, rather than
temperature effect itself, the growth of P. glauca seedlings
in subarctic alpine forests on south-facing slopes was lim-
ited by winter drought and cold-induced photoinhibition
in the early spring and/or the early morning in the sum-
mer (Danby and Hik 2007, Slot et al. 2005). Further, even
if warming positively affects seedlings, drought stress
could also be increased. Also, the viability of seeds from
trees growing at higher elevations is usually lower than
from those growing at lower elevations (Roland et al.
2013), which may inhibit upslope expansion.

Seedlings of P. glauca at a higher elevation need to
acclimate to harsh new abiotic conditions, and interact
with other plant species that are already present. Positive
interactions with neighboring plants are crucial for small
spruce seedlings in harsh environments. Choler et al.
(2001) found that the effects of neighboring plants are
facilitative rather than competitive in high and exposed
sites. However, Bret-Harte et al. (2008) reported that
some arctic species responded positively to neighbor
removal while others did not. The response of P. glauca
seedlings to neighboring plants under a changing climate
is thus, likely to be determined by complex factors that
are not fully understood.

The goal of this study was to understand the mechan-
istic effects of warming and interspecific competition on
the performance of seedlings of P. glauca in a range of
habitats above and below the current treeline on subarctic
Alaskan mountains, in order to inform future conser-
vation. Our hypotheses are as follows. 1) Growth of P.
glauca seedlings above treeline is reduced relative to
seedlings below treeline due to negative environmental
conditions such as low temperatures and low water con-
tent in soil. 2) Warming in a cold environment positively
affects seedlings as long as no drought stress occurs. 3)
Interactions between P. glauca and neighboring plants
are mostly competitive, but harsh conditions can trigger
less competitive or even facilitative effects. We planted
P. glauca seedlings at three different habitats to test
habitat effects (hypothesis 1). At each site, the seedlings
were planted inside or outside a small greenhouse to
compare the effects of warming vs. ambient temperatures
(hypothesis 2). Both inside and outside the greenhouses,
the seedlings were planted either with neighboring plants
or with neighbors removed, to examine the interspecific
interaction at ambient and raised temperatures (hypothesis
3). Our results will provide insight how seedlings of treeline
species will respond to climate change, and how habitat
type and interspecific competition affect treeline shifts and
the establishment and growth of spruce seedlings.
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Results

Environmental manipulation

Mean ambient air temperatures differed by 2°C - 3.5°C
among three habitat types during the summer growing
season in 2010 (Table 1). Because of a failure of a logger
below treeline, air temperature data in 2011 were obtained
only from the above and near treeline sites, whose differ-
ence was only 1°C. Greenhouses increased air tempera-
tures by 3.22°C - 6.22°C in 2010 and 2.84°C - 3.37°C in
2011. Soil temperatures at 5 cm from the surface were
only obtained below treeline in 2011, where mean
temperature in the greenhouse was raised by 5.18°C. In
2012, mean soil temperatures inside vs. outside the green-
houses at the above and the below treeline sites differed
less than 1°C while inside the greenhouse was 6.72°C
higher than outside at the near treeline site.

Light response curve (Additional file 1: Figure S1)
showed that seedlings’ photosynthetic performance
reached its maximum a little above 500 pumol m™2 s™*
light intensity, indicating that our measuring light inten-
sity of 1500 umol m™ s™' was beyond seedlings’ light
saturation at all sites.

Greenhouses blocked summer precipitation, which
decreased air relative humidity (RH) and soil percent
volumetric water content inside the greenhouse to
77.2% - 92.3% (similarly in 2012) and 74.2% - 82.6% of
ambient levels, respectively (Table 1). The greenhouses
also decreased light intensity on average to 68% (+2.78
SE) of ambient light levels depending on weather con-
ditions; however, this reduction of light intensities was
not statistically different (t-test, P=0.45). The inside
greenhouse light intensity had reached over 1000 pumol
m~2 s (Table 1) at the below treeline site where the most
shaded condition was expected among the sites. Light
intensity in the greenhouses was always above the levels
that caused photosynthetic light saturation (a little above
500 umol m™2 s™*; Additional file 1: Figure S1) on sunny
days. This suggested that seedlings inside the greenhouses
at all sites were not shade-adapted. On cloudy days, light
levels in greenhouses were below saturation (Table 1).
However, all photosynthetic measurements were made at
saturation (1500 pmol m™> s7'). Although caution is
needed in interpreting data, we believe that the use of the
greenhouses did not affect our photosynthesis results.

Seedling size

For several variables, results of three-way ANOVA indi-
cated that there were significant interactions between
habitat type and temperature, and between temperature
and removal treatments (Table 2). High temperatures
influenced the growth response (relative growth rate,
RGR) of both height and number of needles of P. glauca,
but not in the same way at each habitat. Above treeline,
both height and number of needles were increased
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Table 1 Comparisons of environment types at the study sites

Page 3 of 14

Site

Below treeline Near treeline Above treeline

Elevation (m) 618 670 1169
Vegetation type Spruce forest Shrub tundra Alpine tundra
Two dominant species (or growth forms) Moss Moss Dryas
Empetrum Lichens Graminoids
Summer 2011
Air temperature mean (°C) Ambient n/a 10.36 9.27
Inside greenhouse n/a 13.73 1211
Mean of daily maximum Ambient 224% 18.60 15.03
Inside greenhouse 31.39* 2541 21.01
Mean of daily minimum Ambient 6.07* 4.25 494
Inside greenhouse 7.13% 5.63 6.20
Soil temperature mean (°C) Ambient 342 n/a n/a
Inside greenhouse 8.60 n/a n/a
2012 Soil temperature mean (°C) Ambient 9.75 3.69 8.91
Inside greenhouse 10.00 1041 8.94
2010 Air temperature mean (°C) Ambient 12.51 10.69 8.73
Inside greenhouse 15.73 16.91 12.39
January 2011 Air temperature mean (°C) —15.60 -13.13 —9.51
Light (umol m-2 s-1) Sunny day Ambient* 1656.50 n/a 1276.57
Inside greenhouse* 124152 n/a 855.70
Light (umol m-2 s-1) Cloudy day Ambient* 376.86 51217 500.58
Inside greenhouse* 164.85 31885 38299
Air % Relative humidity (%) Ambient n/a 93.56 86.88
Inside greenhouse n/a 7219 80.21
2012 Air Relative humidity (%) Ambient 78.23 84.61 81.20
Inside greenhouse 73.17 67.12 7191
Soil % Volumetric water content Ambient* n/a 47.15 23.60
Inside greenhouse* n/a 35.00 19.50
Soil % Volumetric water content (Sampling) 5342 5249 2036
Soil CN ratio 17.72 8.63 1326
Soil texture Sandy Loam Loam Sandy Clay Loam
Soil Bulk density (g/cm3) 0.182 0.795 0.559
Soil pH 6.0 50 6.5
Depth of thaw (cm)* 74.83 7271 45.00
*Data 2010.

Three habitat types: above, near and below treeline sites. Data were obtained during a growing season (except January temperatures). Mean summer
temperatures are recorded between 12-Jun-12-2011 and 29-Aug-2011 (the below treeline site was measured in 2010).

significantly by elevated temperatures. Near treeline,
height was increased with marginal significance by high
temperatures, but the number of needles was decreased,
although the differences between high and ambient
temperature treatments were not significant. Below tree-
line, height and number of needles were decreased when
temperatures were high, but not significantly.

Seedlings in higher temperatures increased heights
significantly above treeline (F (;, 51)=40.17, P <0.0001,

one-way ANOVA) and marginally significantly near
treeline (F (;, 54)=3.06, P =0.086, one-way ANOVA).
Although the difference below treeline was not signifi-
cant (F (1, 45 =2.00, P =0.16, one-way ANOVA), warmed
seedlings were 30% shorter without neighbors and 45%
shorter when neighbors were present relative to seed-
lings in the ambient temperature. There was a signifi-
cant interaction between temperature and removal for
RGR in height because there were increased competition
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Table 2 Results of statistics (general linear model, GLM)
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Factor

Habitat type (H) Temperature (T) Removal (R) H*T H*R T*R H*T*R

F P F P F P F P F P F P F P
Size measurements Ndf. 2 Ddf:144  Ndf: 1 Ddf:144 Ndf: 1 Ddf:144 Ndf:2 Ddf:144 Ndf 2 Ddf:144 Ndf: 1 Ddf:144 Ndf:2 Ddf:144
(1) RGR Heightf 9.51 0.0001 1126 0.001 023 0633 1543 <0.0001 196 0.145 505 0.026 143 0244
(2) RGR # of needles’ 2814  <0.0001 1.79 0.183 922 0.003 370 0.027 147 0232 050 0480 0.71 0493
(3) RGR Needle length® 710 0.0011  0.19 0.664 061 0438 172 0182 018 0837 006 0807 097 0380
Photosynthesis Ndf: 2 Ddf:143  Ndf: 1 Ddf143 Ndf: 1 Ddf:143 Ndf: 2 Ddf:143 Ndf 2 Ddf:143 Ndf: 1 Ddf143 Ndf:2 Ddf:143
(4) Photosynthesis* 3243  <0.0001 001 09312 044 0510 5292 <0.0001 124 02916 422 0.042 065 0523
% N and "°C Ndf. 2 Ddf47 Ndf: 1 Ddf47  Ndf:1 Ddf47 Ndf.2 Ddf47  Ndf:2 Ddf47 Ndf:1 Ddf47 Ndf. 2 Ddf47
(5) %N** 580  <0.0001 0.12 0.735 719 0.010 191 0.160 155 0223 005 0826 113 0333
©)°C 8.01 0.001 1027 0002 039 053 480 0.013 044 0646 085 0361 017 0200
ANCOVA Ndf. 2 Ddf:46 Ndf: 1 Ddf46  Ndf:1 Ddf46 Ndf.2 Ddf46  Ndf:2 Ddf46 Ndf:1 Ddf46 Ndf: 2 Ddf46
(7) %N** 595  0.0051 038 0.543 013 0719 3758 <0.0001 1.15 0324 044 0512 039 0680
®)'3C 1657 <0.0001 0.60 0441 050 0481 36.87 <0.0001 091 0.409 057 0456 019 0832

Trank, *yt =y/s, *log(y + 1), and **log (y) transformation to achieve homogeneity of variance. (Bold: P < 0.05).

Three-way ANOVA for relative growth rates (RGR) in (1) height, (2) number of needles, (3) length of the longest needle for size measurements; (4) photosynthetic
rate, (5)%N and (6) §'3C. ANCOVA for photosynthetic rate with (7)%N and (8) §"3C. The interactions between the treatments were shown; e.g., H*T (habitat type
and temperature). Significant differences were bold. Data were collected from 156 seedlings (one failed for photosynthesis, n = 155). ANCOVA was run using a
subset of seedlings (n =59). Transformation methods were suggested by Dr. J. McIntyre of Department of Mathematics and Statistics, UAF.

effects overall when the temperature was higher (Table 2,
Figure 1a).

Neighbor removal increased number of needles at all sites
but one (control above treeline, insignificant difference) and
there was no significant interaction with temperature
(Table 2, Figure 1b). The number of needles increased with
higher temperatures above treeline (F (5, 51)=6.97, P =0.01,
one-way ANOVA), but there were no significant effects at
the other two sites. Length of the longest needle decreased
over the summer due to leaf turnover. This decrease in leaf
length was significant only for those at the near treeline site
(P =0.001, Table 2, Figure 1c).

Overall, warming affected the RGR of seedlings posi-
tively above treeline, but had slightly positive to weakly
negative effects at the lower two habitat types.

Photosynthetic response

There was a significant interaction between temperature
and habitat type (P <0.0001, Table 2), because elevated
temperatures significantly increased photosynthetic cap-
acity (photosynthetic rate at 1500 pmol m™> s™') above
(F @, 51)=33.93, P <0.0001, one-way ANOVA) and near
(F 1, 54)=10.80, P =0.0018, one-way ANOVA) treeline,
but significantly decreased photosynthetic capacity below
treeline (F (1, 45=49.82, P <0.0001, one-way ANOVA).
Although post hoc Tukey HSD tests were not significant,
the interaction between temperature and removal effects

were significant (F (5, 143) = 4.22, P = 0.042), because com-
petition at the near treeline site became marginally more
pronounced under elevated temperatures than under am-
bient temperatures (F (3, s54)=3.88, P=0.054, two-way
ANOVA, Figure 1d).

Foliar N and C, and their relationships with photosynthesis

Foliar N and C were indicators of seedlings’ nitrogen
availability and drought stress, respectively. Nitrogen
concentration of needles was significantly higher above
treeline where photosynthetic rates were also high
(Table 2, Figure le). There, the foliar %N was at a level
previously suggested to be adequate for growth (1.45%,
Carter 1992). All of the seedlings near treeline and most
of the ones below treeline had nitrogen levels indicative
of severe deficiency 1.05%, (Carter 1992). Except in one
treatment, seedlings with neighbors had significantly
higher nitrogen concentration in needles than did ones
without neighbors at the same site (Table 2, Figure 1le).
8'°N values of P. glauca have been observed to range
between -1%o and -11%o due to variations in nitrogen
availability to plants and their relationships with mycor-
rhizal fungi that supply organic nitrogen; hence, %N and
8'°N are often correlated (Hobbie et al. 2009). In our
study, all but one (-0.80%o) of the 59 subsampled seedlings
had a positive value of 8N (+2.91%o0 + 0.19SE, data not
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Figure 1 Results of growth response of Picea glauca. Relative growth rates (RGR) of (a) height, (b) number of needles, and (c) length of the longest
needle (n=156). (d) Gross photosynthesis rate (n = 155). (e) Percentage of N content (n = 59). The upper dotted line is an adequate nitrogen level (1.45%). The
lower dotted line is a severe deficiency level (1.05%). (f) 8"3C content (n=59). CTRL = control temperatures. GH = elevated temperatures. Above = above treeline
site, Near = near treeline site, Below = below treeline site. Error bars show one standard error.
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shown), and %N did not correlate with §'°N (Additional
file 1: Figure S2).

With respect to C, 8*3C levels in needles of seedlings
growing above treeline were less negative (more
enriched) than the levels in needles from other habitat
types (Figure 1f). Overall, 8'C levels under ambient
temperatures were more negative (more depleted) than
the ones under elevated temperatures. This could indi-
cate a small amount of water stress in the greenhouse.
However, this difference was only significant above treeline.
All seedlings had 8"C values of —29.42%o ~ —32.81%o,
which is within the range or even slightly more negative
than previously published data for Picea (-26%o to —31%o;
Grossnickle 2000, or —29%o for P. glauca; Livingston et al.
1999). This indicates that no seedlings suffered from severe
water stress, that they could open their stomata in order to
obtain CO,, and could discriminate against heavy “>C
during needle production.

In order to assess whether foliar %N or 8">C explained
the differences in photosynthetic performance, we ran
ANCOVAs, using photosynthesis data as a dependent
variable and either %N or §'°C as covariates. In both
cases, the covariates eliminated the interaction effects
between temperature and removal (Table 2), but not the
habitat by temperature interactions and the main effects
of habitat type. Variation in %N or 8§'C partially explained
the significant effect of habitat on photosynthetic rates,
but did not make it insignificant in the ANCOVA, sug-
gesting that additional factors that differ among habitats
were important.

Discussion

Elevated temperature increased growth and photosyn-
thetic rates most strongly above treeline and slightly
near treeline, but decreased them below treeline, which
indicates that warmer temperatures have different effects
depending on habitat. Climate warming can cause
drought stress on plants, and such unfavorable abiotic
conditions commonly trigger facilitative effects in a plant
community. However, our 8"C results suggest that
temperature-induced drought stress was not an import-
ant factor in our experiment, and we saw no evidence
for facilitation, suggesting that climate warming will
have a positive effect on the growth of seedlings where it
is currently too cold for P. glauca. Warmer temperatures
increased competition between spruce seedlings and
neighboring plants at all sites.

Above treeline, where seedlings did not suffer from
drought stress, photosynthetic rates were increased by
elevated temperatures. The seedlings above treeline, both
inside and outside the greenhouse, had foliar nitrogen
levels close to what is considered an adequate level
(1.45%, Carter 1992), yet the seedlings outside at ambient
temperatures did not photosynthesize as much as the
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seedlings at high temperatures, indicating that higher
temperatures increased photosynthesis rates when N
was not limiting. Higher temperatures could increase
either activity or production of Ribulose 1,5-bisphosphate
carboxylase/oxygenase (Rubisco) and other Calvin cycle
enzymes, which would amplify carboxylation capacity.
Plants tend to produce more Rubisco than needed, par-
ticularly when nitrogen is abundant (Stitt and Schulze
1994). The high foliar nitrogen concentration suggests
abundant Rubisco. Therefore, it appears that an increased
amount of Rubisco allows the seedlings under high
temperatures to fix more carbon and allocate enough
photosynthates for both height and needle growth.

Seedlings near treeline also increased their photosyn-
thetic rates significantly under warming relative to am-
bient temperatures at the same habitat type, although
photosynthetic rates near treeline were the lowest of all
sites. Unlike seedlings above treeline, warmed seedlings
allocated more carbon to height growth than to needle
production. In the ambient temperature, low photosyn-
thetic rates at the near treeline site may have occurred
because low soil temperatures induce stomatal closure
and inhibit photosynthesis (Goldstein et al. 1985) and
can suppress the height growth of P. glauca (Zhang and
Dang 2007). Near treeline was not invaded by spruce
until recently (Hamm 2007). Mineral soil just below the
organic soil (a depth of 15-20 cm) was frozen at the
end of May and soil quality differs from other sites
(Table 1), which might affect soil turnover and nutrient
availability, and subsequently establishment of spruce.
The increased soil temperature caused by the green-
house (Table 1) could increase the photosynthetic rates
and promote seedlings’ growth. However, because these
seedlings were nutrient-limited, there may have been a
trade-off between above and belowground growth,
which may have resulted in less carbon available for
aboveground growth and needle production than at the
above treeline site. Alternatively, allocation to height
over needle production may have resulted from compe-
tition for light. This allocation pattern has been seen
previously in Picea asperata; elevated temperatures sig-
nificantly increased height and root mass ratio, but de-
creased leaf mass ratio for P. asperata seedlings (Yin
et al. 2008). Perhaps a lack of needle production pre-
vented the near treeline seedlings from a rapid increase
in photosynthetic performance, and hence, from a rapid
increase in growth. Still, recent warming temperatures
have a potential to promote P. glauca seedlings by
increasing photosynthesis and height growth near
treeline.

Trade-offs are important for the survival of plants in
infertile environments, which are common in the Arctic
and subarctic. Instead of partitioning all photosynthates
to tissues that support growth, slow growing species
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invest in storage and traits that conserve resources (Grime
et al. 1997, Grime 2001, Diaz et al. 2004). Alternatively,
plants may trade-off resource allocation between roots
and shoots (Tilman 1988). Conifers, including spruce,
tend to allocate photosynthates toward belowground
biomass when either soil nutrients or water are scarce
(Waring 1987, Grossnickle 2000). In some places, positive
relationships between aboveground net primary product-
ivity and belowground net primary productivity have been
seen, but in boreal forests, there is often a negative rela-
tionship (Litton and Giardina 2008). In boreal forests,
there is also a negative relationship between the mean
annual temperature and total belowground carbon flux,
presumably due to changes in resource allocations with
increasing nutrient availability caused by rising tempera-
tures (Litton and Giardina 2008). While our experiment
focused on aboveground allocation only, as temperature
increased, the seedlings showed differences in allocation
by habitat type, indicating differences in their growth
strategies. Seedlings above treeline increased total photo-
synthates, thereby increasing in height and the number of
needles, perhaps also increasing in belowground biomass.
Seedlings near treeline apparently allocated photosyn-
thates mainly toward height and possibly some toward
belowground structures, presumably due to lack of nutri-
ent availability as indicated by their low foliar N (Waring
1987, Grossnickle 2000).

In contrast to the other two habitats, warming affected
seedlings negatively below treeline; there, elevated temp-
erature decreased photosynthetic capacity (Figure 1d).
The below treeline site is a mature spruce forest whose
current environment is favorable for mature P. glauca
trees. However, if the current temperature regime is not
the same as when these trees were established, and it is
near the upper limit of the species’ tolerance now, a slight
increase in temperature could make the habitat unfavor-
able to the species. During the 2010 growing season, both
the average temperature and the average maximum
temperature in a greenhouse below treeline were much
higher, by 3°C and 9°C, respectively, than the ambient
temperatures (Table 1). The optimal temperatures for
photosynthesis of P. glauca seedlings have been reported
as 15°C or 25°C (Man and Lieffers 1997). Mature trees of
P. glauca in the Alaska Range decreased their growth
when the average July temperature in Fairbanks reached
16°C or higher, which on average corresponds to 11.5°C at
the Headquarter of DNPP (Wilmking et al. 2004). The
average temperature in the greenhouse below treeline
(15.7°C) was greater than this threshold (Wilmking et al.
2004), and the average maximum temperature (31.1°C) is
also too high for the optimal temperature in photosyn-
thetic performance of seedlings (Man and Lieffers 1997).
Our results suggested that the current habitat of mature
spruce forests will likely become less favorable to both
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mature and juvenile P. glauca species as climate warms in
the future.

Although negative effects of warming on P. glauca have
been reported by previous studies (e.g. Barber et al. 2000,
Wilmking et al. 2004), considering the species’ distribu-
tion, our result that the environment of below treelines
would become unfavorable to P. glauca due to elevated
temperatures was surprising. P. glauca occurs from Alaska
to South Dakota, Wyoming and northern New England,
and the southern limits fall into the 18°C July temperature
isotherm (Nienstaedt and Zasada 1990). Alaska is near
the northern edge of its distribution and why a species
that can reside in more southern areas has suffered
from summer warming in Alaska is puzzling. One possible
explanation is due to ecotypic genetic differentiation
between Alaskan and non-Alaskan P. glauca. Alaskan P.
glauca had a unique haplotype of chloroplast DNA that
distinguished it from P. glauca in northeastern North
America (Anderson et al. 2006, de Lafontaine et al. 2010).
P. glauca in Alaska was assumed to have been able to sur-
vive the last glacial maximum in the Beringia refugium,
not only due to the local microclimate, but also due to be-
ing adapted to severely cold climate (Anderson et al. 2006).
Perhaps the seedlings in our experiment originating in
DNPP are genetically better adapted to cold temperature
more than P. glauca from different origins, and are more
sensitive to warmer temperatures.

Our growth and photosynthesis results suggest that
interactions between P. glauca and neighboring plants
were mostly competitive, and that competition was
aggravated under elevated temperatures. Seeing strong
competitive effects above treeline contrasts with previ-
ous alpine studies that concluded facilitation was more
important than competition between plants under a
harsh abiotic environment (Callaway 1998, Cavieres et al.
2002). Limiting factors for the growth of plants at high al-
titudes include non-resource factors such as temperatures,
winds and disturbance of soil rather than resources such
as soil nutrients; the opposite is true at lower altitudinal
sites (Callaway et al. 2002). At the two higher sites (above
and near treeline), rising temperatures eliminated one of
the non-resource limiting factors, so soil resource may
have become a stronger limiting factor. On the other
hand, the seedlings below the treeline site, the current
habitat of a mature forest, recorded negative effects of
elevated temperatures on the seedlings, but again no facili-
tation effects were seen. Where facilitation develops in
harsh environments, there is likely a trade-off between the
damaging effect of winter winds, which is lessened by
being close to neighbors, and reduced nutrient availability
due to uptake by neighbors. Because no physical damage
by winds occurred in the mature forest, there was no obvi-
ous advantage there for seedlings to have neighboring
plants. Seedlings below treeline were mostly under severe
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nitrogen deficiency, so belowground competition was
presumably the limiting factor for the below treeline
seedlings, as Callaway et al. (2002) suggested.

Our experiment suggested that competition and nutri-
ent availability may limit growth of the P. glauca seedlings
under warming even though warming has a positive effect.
This result is consistent with previous P. glauca experi-
ments. Warming increased the growth of transplanted P.
glauca seedlings for more than three years in arctic tundra
sites and belowground competition limited growth there,
presumably due to nutrient competition (Hobbie and
Chapin 1998). Effects of competition with Populus tremu-
loides (aspen) on the growth of P. glauca increased more
than proportionally when temperatures rose (Cortini et al.
2012). P. glauca seedlings in boreal forests did not obtain
any benefits from neighboring shrubs and herbaceous
plants (Cortini and Comeau 2008). Sullivan et al. (in press)
found evidence that the growth of P. glauca was increased
by increased nutrient availability due to warmer soil
temperatures, rather than air temperature. These results
are similar to what we found and suggest that competi-
tion, especially belowground competition between spruce
seedlings and neighboring plants, could limit the growth
of P. glauca seedlings when temperatures increase in the
future. Since our study focused on aboveground allocation,
further studies on seedlings’ resource allocation including
belowground allocation are needed to support this in-
terpretation. If the negative effect of competition becomes
more pronounced than the positive effect of warming,
expansion of spruce habitat in the future may not occur so
rapidly as treeline expansions have proceeded for the past
50 years in DNPP (Stueve et al. 2011, Hamm 2007).

Our study centered on seedlings of P. glauca at tree-
line ecotones, while many other studies have focused on
mature trees of this species. Because successful recruit-
ment and establishment of seedlings are essential for
expansion of treeline, studying the response of seedlings
to changing climate is necessary. Most importantly,
seedlings are generally more vulnerable than mature
trees and likely more sensitive to environmental changes
such as warming temperatures. Successful recruitment
years may be followed by decades with no recruitment
at treeline as in Russia (Gervais and MacDonald 2000).
Similar observations of pulses of recruitment have been
made in Sweden (Kullman 1991, Dalen and Hofgaard
2005). This indicates that seedlings are sensitive to inter-
annual variability in climate, which affects their recruit-
ment, establishment, or mortality. However, trees might
need only a few summers of extraordinarily good weather
for recruitment to keep up the species’ population (Kérner
2012). Our study focused on establishment and growth of
surviving seedlings, and found that habitats above and
near treeline have a potential to promote the growth of
spruce seedlings as climate warms. Further studies of seed
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viability and germination, growth of older seedlings and
saplings, and causes of mortality of seedlings in the field
before and after establishment would also improve our
understanding of seedlings’ growth capacity at treeline
ecotones in the warmer future.

Conclusion

Our results suggest that increasing temperatures would
favor the growth of P. glauca seedlings at those places
where it is too cold now. On the other hand, it is question-
able whether Alaskan P. glauca would be able to continue
to grow in its current habitat below treeline as climate
warms. Current mature forests could become unfavorably
warm for seedling growth of P. glauca. Warming may also
promote increased competition, likely belowground, which
could slow rates of habitat expansion of P. glauca above
treeline. P. glauca is likely to remain the dominant treeline
species, and treeline expansion will keep occurring in this
subarctic mountain region as the climate warms, but may
not be as fast as we have seen during the past 50 years.

Materials and methods

Study area description

The study area was located in Camp Denali and North
Face Lodge, one of the private inholdings within DNPP
near the southwestern end of the Kantishna Hills approxi-
mately 46.7 km north of the Alaska Range (Hamm 2007).
The closest weather station is approximately 3 km away
at Wonder Lake (63° 29'25”N, 150° 52’17”W, elevation
646 m, which is between our near treeline and below
treeline sites. Western Regional Climate Center. http://
www.wrcc.dri.edu) indicated that mean temperature,
mean humidity, and total precipitation during the experi-
mental period in 2011 (June 12 - August 29) were 10.75°C,
75.78% and 20546 mm, respectively. The Wonder Lake
temperature was similar to that measured in our near
treeline site (Table 1). Three experimental sites were
established, at different habitat types relative to the
current treeline: a site above, near, and below (Table 1).
At each site, two plots (on relatively flat ground no more
than 5 m apart) were randomly chosen within vegetation
representative of that where P. glauca occurred in the area
(if it occurred).

The highest, above treeline site (63°32'17”N, 150°
5324”W, elevation 1169 m) was on an exposed hilltop
with no aspect and no shade (Figure 2a). The area was
covered with subarctic and alpine tundra species, but
rocks and soil were also exposed. Vegetation of the study
area included evergreen (Cassiope tetragona, Loiseleuria
procumbens, Rhododendron lapponicum, Dryas octope-
tala) and deciduous (Salix spp.) tundra shrub species,
forbs (Primula cuneifolia, Anemone narcissiflora, Oxy-
tropis nigrescens), graminoids (Carex spp), and moss and
lichen species.


http://www.wrcc.dri.edu
http://www.wrcc.dri.edu
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Figure 2 Experimental sites. (a) Above treeline. (b) Near treeline. (c) a sapling found at the near treeline site. (d) Below treeline.

The near treeline site (63°31°09”N, 150°53’52”W/, elevation
670 m) was on a south-facing slope in open shrub tundra
with occasional, scattered P. glauca saplings (Figure 2b, c).
It was lower than altitudinal treelines elsewhere in the
Alaska Range (up to 1,550 m, Sveinbjérnsson 2000), pos-
sibly because of poorly drained soils underlain by perma-
frost. Recent climate change, however, has promoted white
spruce establishment and growth in this area for the past
50 years (Hamm, 2007). Treeline is defined not only by ele-
vation (Sveinbjérnsson 2000); considering heterogeneity of
treeline including topology, interaction with neighboring
vegetation and local climate that affect treeline, we followed
the broad definition of treeline as Stueve et al. (2011)
employed, which made us define this site as “near treeline
tundra.” There were very few juvenile P. glauca saplings in
this area (Figure 2b,c). Those that could be measured had
an average age between 18 and 19 years (n =3), based on
counting annual extension growth. Most of the area was
open and vegetation was composed of evergreen (Vacci-
nium vitis-idaea, Rhododendron subarcticum (USDA, ARS,
National Genetic Resources Program; formerly known as
Ledum palustre ssp. decumbens), Empetrum nigrum) and
deciduous (Betula nana, Vaccinium uliginosum, Rubus
chamaemorus) shrub species, graminoids (Carex spp),
lichens and mosses. The moss layer, mostly composed of
Sphagnum spp., was between 5 cm and 10 cm deep, and
was heavily mixed with lichens.

The below treeline site (63°32’10”N, 150°54'24”W/, ele-
vation 618 m) was located on a south-facing slope in a
mature white spruce forest (Figure 2d). We cored four
trees (randomly selected) near our site. The tree cores
gave an average age of 127.4 years after correcting for
time to grow to core height (Lloyd and Fastie 2003,

Hamm 2007), although this may not represent age of
the entire stand. The study site was not a closed can-
opy, but was sunny with occasional shading by mature
trees (P. glauca, Populus balsamifera). Vegetation was
composed of evergreen (Juniperus communis, V. vitis-
idaea, Rhododendron groenlandicum (formerly known as
Ledum palustre ssp. groenlandicum), Empetrum nigruni)
and deciduous (V. uliginosum) shrub species, and a thick
(more than 20 cm deep) layer of mosses.

Seedling preparation

Seedlings of P. glauca were grown in a greenhouse at
University of Alaska Fairbanks (UAF). Seeds in cones
were harvested in DNPP from three elevations, 640 m,
675 m, and 725 m between August 29 and September 1,
2008 by Dr. C. Roland of the National Park Service. The
cones were stored at a temperature of —26°C. In December
2009, spruce seeds were placed onto moist filter papers in
petri dishes and stratified at 4°C for more than sixty days.
In March 2010, seeds were moved into a growth chamber
at a temperature of 21°C and given 14 hours of light each
day to trigger germination (germination rate 38.0%). Each
germinated seed was planted in soil (greenhouse standard
media) in a pot measuring 4 cm diameter and a depth of
20 cm. Seedlings were watered with distilled water every
other day for 10 days, then 10-30 - 20 (Nitrogen 10%,
Phosphorus 30%, and Potassium 20%) fertilizer was applied
at 50 mg/L N for the first 10 days, followed by 100 ppm N
fertilizer for a week and 200 ppm N for about 45 days. Of
320 planted seeds, 53.4% survived (171 seedlings). Seedlings
were assigned to treatments (as described below; Table 3)
so that the seedlings with the same origin/similar size were
evenly spread throughout treatments. At a=0.05
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Table 3 Treatments, seed origin, original size and number of survivals of seedlings in September 2011

Origin 1 Origin 8 Origin 9 Height (cm) #Needles

Length (cm) Dead Survived n

Habitat Temperature Neighbors Site# n

Above  Control Control a 15 3 0

treeline  Control Removal b 4 3 0

(1169 m) High Control c 4 3 0
High Removal d 4 3 0
Above site total/average 57

Near Control Control e 15 3 0

treeline  Control Removeal f 14 3 0

(680 m)  High Control g 14 3 0
High Removal h 14 3 1
Near site total/average 57

Below Control Control k 15 3 1

treeline  Control Removal | 4 3 1

(617 m)  High Control i 14 3 1
High Removal j 4 3 1
Below site total/average 57
Total/Average 171

12

4.56 (1.60) 136.6 (53.1) 147 (0.20) 4 1
449 (1.52 150.0 (61.0) 4 (0.19) 0 14
4.00 (143) 1184(53.5) 149 (0.19) 0 14
7 (1.85) 113.1 (46.9) 6 (0.12) 0 14
4.31 (1.60) 129.5(53.6) 1.49(0.18) 4 53
4.02 (1.07) 162.2 (64.5) 1.550.23) 0 15
4.86 (1.53) 1739 (82.1) 161 (0.21) 0 14
4.77 (1.13) 1422 (43.2) 1.59 (0.21) 1 13
5.69 (0.84) 146.6 (42.2) 1.59(0.17) 0 14
4.84 (1.14) 156.23 (58.0) 1.59 (0.21) 1 56
3(1.30 1395 (54.3) 9 (0.16) 2 13
4.36 (1.27) 156.9 (70.6) 7 (0.21) 0 14
494 (1.88) 1553 (78.8) 49 (0.19) 8 6
4.96 (1.44) 1624 (67.2) 5(0.20) 0 14
4.60 (1.47) 153.5(67.7) 1.48(0.19) 10 47
4.58 (1.41) 146.4(59.8) 1.52(0.19) 15 156

A total of 12 treatments were tested on 171 white spruce seedlings. After two summers, 156 (or 91%) of seedlings survived. In the “High” treatment, temperature
was increased by small greenhouses. Above ground neighboring plants were removed in “Removal” plots. “Origin” is where the cones of the seeds were collected.
“Origin 1" =675 m, “Origin 8" =725 m, “Origin 9" =640 m. Mean “Height,” number of needles “#Needles,” and length of the longest needles “Length” (+SD) were
measured at the time of planting. “Dead” and “Survived n” were recorded in September 2011.

significance level, mean height, number of needles, and the
longest needle in each treatment group when planted were
not significantly different among treatments (F (11,150) =
1702, P=0.077, F (11509 =1210, P=0284, F (11159 =
1.690, P = 0.079, respectively).

Treatments

The spruce seedlings were planted at the study area
between June 2 and 11, 2010, under 12 treatments, con-
sisting of 3 habitat types, 2 temperature levels, and 2
competition levels (Table 3). Three habitat types were: 1)
above treeline on an exposed ridge with alpine tundra
vegetation; 2) near treeline in shrub tundra; and 3) below
treeline in a mature P. glauca forest (control); as described
above.

Two plots per site were established whose temperature
levels were either 1) elevated temperatures to simulate
climate change or 2) ambient temperatures (control). In
order to passively increase air temperatures, small green-
houses were used in each habitat type during the summer
seasons. Greenhouses were put into place in an early June
and disassembled in late August of each year. An A-frame
greenhouse (Figure 3a) constructed of 140 cm x 120 cm
rectangular wooden frames with a height of 85 cm was
covered with transparent 0.15 mm (0.6 mil) plastic sheet-
ing. Top parts of the front and back walls were loosely
opened for air ventilation. Through two growing seasons,
air temperatures and relative humidity (RH, only in 2011)
were recorded using temperature loggers (iButtons,

DS1921, DS1923; Maxim Integrated, San Jose, CA). One
logger was placed at the center of a greenhouse or an
outside site for taking air measurements. Another logger
for soil temperatures was buried just below the air logger.

In previous studies, no effect of greenhouses on soil
moisture was reported (Bret-Harte et al. 2002, Rixen and
Mulder 2009) despite a lack of precipitation inside. The
effect of winds could have been minimized by a green-
house during three months of the summer growing sea-
son, but not during the majority of the year (9 months)
after the greenhouse was disassembled in September, in-
cluding winter when physical damage of seedlings due to
wind was mainly expected.

Two levels of competition (Figure 3b) were 1) the
absence of competition - removal of neighboring plants
and 2) the presence of competition - neighboring plants
present (control). Each seedling was planted at the
center of a 15-18 cm diameter plot (Choler et al. 2001),
which was large enough that seedlings whose neighbors
were removed would not be shaded by surrounding
plants, with 2-5 cm of buffer zones between seedlings.
One seedling was planted with naturally occurring
neighbors in the plot, while the next seedling was
planted in a plot where aboveground biomass of neigh-
boring species was removed by clipping. Belowground
biomass was not removed, but the border soil between
the plot and outside vegetation was cut to a maximum
depth of 25 ¢cm with a knife to minimize belowground
competition. This condition was maintained by clipping
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Figure 3 Treatments. (a) Greenhouse (elevated temperatures) and outside (@mbient temperatures = control) sites above the treeline sites.
(b) Removal (presence of competition) and non-removal (absence of competition = control) sites.

the regrowth of neighboring plants in June and September
each year. If competition were occurring, seedlings would
grow better without neighbors. If facilitation were occur-
ring, seedlings would grow better with neighbors.

Our experiment was conducted at a remote location
with limited access, which limited what we could do.
The most important limitation was that we could only
have one greenhouse and one outside plot per site, in
which 14-15 replicated seedlings were planted. This design
limits our ability to extrapolate across the landscape, even
though we established our plots on representative locations
for each habitat type. Soil moisture was not statistically dif-
ferent between greenhouse and control plots in the same
site where we could measure it (Table 1; t test, P=0.45

above treeline, P = 0.49 near treeline). Given the constraints
of doing research in a private inholding in the National
Park, and the need to conduct measurements over a short
period of time to be biologically reasonable, we felt this
design was the best compromise.

Data collection and analyses

After two summers and one winter at the end of the
growing season of 2011, data were collected from 156
surviving seedlings (survival was 91%). Analyses included
non-destructive size measurements, maximum gross
photosynthetic rates, and concentrations of foliar nitro-
gen (N), carbon (C), and the natural abundances of °N,
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and "®C (expressed as 8'°N and §"°C, respectively) from
a subset of samples.

Size data was obtained between August 27 and 31,
consisting of height, number of needles and the longest
leaf length of each seedling. Based on size measurements
in May 2011, relative growth rates (RGR) that were used
for statistical analyses were calculated for a comparison
as follows:

RGRgze = (In Sizegpa -
.... Durations =

In Sizeinitial)/ (daYﬂnaI - daYinitial)
90 7 93 days

Maximum photosynthetic capacity of seedlings was
measured between 11:50 am and 5:25 pm from August
28 to September 3. For the seedlings in a greenhouse,
measurements were taken on the day when the green-
house sheeting was removed. Net photosynthesis and dark
respiration rates were measured from all but one seedling
(one failed, n=155) using a LiCor 6400XT portable
photosynthesis system (LiCor, Lincoln, NE, USA) under
the same CO, concentration of 400 ppm. Maximum net
photosynthesis rates were recorded every 2 seconds for
one minute (30 records) after placing a sample chamber
over a seedling 2 cm from its top and exposing the seed-
ling to a light intensity of 1500 umol m™2 s™" (full sunlight
level) for two minutes. This shoot included a mixture of
new and old needles. Just after photosynthesis was
recorded, the light was turned off (0 pmol m™> s~ light in-
tensity). After one minute of seedling acclimation to dark-
ness, 30 dark respiration records were measured with the
same time interval. Each set of 30 records was averaged
and used to calculate an average gross photosynthesis rate
per seedling as follows:

Gross photosynthesis = Net photosynthesis (a positive value)

— Dark respiration (a negative value)

We assume that measurements in the dark represent
respiration in the light, although we acknowledge that
gross photosynthesis defined in this way possibly overes-
timates respiration because of the Kok effect, the inhib-
ition of respiration in the light (Kok 1948, Heskel et al.
2013). However, very little difference between day and
night time respiration of black spruce seedlings was seen
previously (Way and Sage 2008).

We wanted to know whether the reduction of the light
intensity by the greenhouse sheeting was substantial or
negligible for seedlings’ photosynthetic performance. In
order to estimate the maximum capacity of photosyn-
thetic performance, a light response curve was created
in March 2011, using 9, two-month old seedlings raised
in a greenhouse from the same set of cones originating
from Denali, with the same protocol stated previously.
In addition, in the field, light levels inside and outside
the greenhouses were measured using a light sensor on
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the LiCor 6400XT photosynthesis system. The sensor was
placed facing directly to the sun light and data were re-
corded every 2 seconds for one minute. Data were obtained
both sunny and overcasting days, obtaining 2—4 data per
either inside or outside a greenhouse, then averaged.

Leaf area of each seedling was estimated by establishing
a relationship between the total length of needles held in
the sample chamber and their area. The needles used by
photosynthesis measurements could not be harvested
because this would damage the seedlings. Instead, needles
of a-month-old seedlings that were from the same sets of
cones but not planted in the field, were harvested prior to
the field experiment. Leaf length and area of all harvested
needles were measured and a linear regression between
leaf area and leaf length was constructed:

Leaf area (cmz) = 0.0781 xL*N

Where L is the average length of the needles and N is
number of needles used. In the field, the number of nee-
dles 2 cm from the top of each seedling was counted,
and the lengths of four representative needles were mea-
sured. Area was estimated from the length of those
needles.

In order to investigate the relationship of foliar N and
C with photosynthesis rates, 10-15 needles were col-
lected from a subset of seedlings (n =5 per treatment, 59
total due to failure of a photosynthetic rate) after each
size measurements. Stable isotope fractionation in §°N
and 8"°C was focused to explain plants’ dependency in
nitrogen on mycorrhizal association (§'°N) and plants’
drought stress level (8'3C). Samples were dried at 60°C
and ground. Concentration of N, C, §"°N and §"°C were
determined by continuous flow isotope ratio mass
spectrometry using a Costech ECS4010 Elemental Ana-
lyzer (Costech Analytical Technologies Inc.Valencia,
CA) interfaced to a Finnigan Delta plus XP isotope ratio
mass spectrometer via Conflo III interface (Thermo
Fisher Scientific Inc., Waltham, MA) at the Alaska
Stable Isotope Facility at UAF.

Other environmental data were obtained either in the
fall of 2010 or 2011. Three soil samples per site (<5 m
from the plots) were collected by cutting soil with a
knife and measured the volume. Each sample was dried
at 105°C over 3 days and weighed to calculate a bulk
density and water content. Another sample per site was
collected for CN, pH, and texture tests. The percentage
of C, N contents of soil was analyzed at the Forest Soils
Laboratory at the UAF School of Natural Resources and
Extension. Soil pH was tested using a pH test indicator
(General Hydroponics-USA, Sebastopol, CA, USA). Tex-
ture was defined by Bouyoucos Hydrometer Method. In
addition to sampling, soil volumetric water content was
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measured using a Hydrosense soil water measurement
system (Cambell Scientific Inc., North Logan, UT, USA).

Data on size measurements, gross photosynthesis rates,
and foliar CN data were analyzed using three-way ANOVA
(general linear model (GLM) with habitat, temperature
and competition as main effects and all possible interac-
tions). Post-hoc tests (Tukey’s HSD) were used to interpret
significant effects. A subset of the photosynthesis data was
also analyzed by ANCOVA. Either N concentration or
8'3C was used as a separate covariate in order to assess
whether foliar %N or fractionation of §'C explained
the differences in photosynthetic performance. Data were
tested for homogeneity of variance before the analysis
using four tests (O’Brien, Brown-Forsythe, Bartlett and
Levene); if necessary, data were transformed using rank-
ing, weighted standardization, or log transformation as in-
dicated in Table 2. When interaction terms were
significant, data were further analyzed using one-way
ANOVA.

Additional file

Additional file 1: Figure: S1. Light response curvefrom two-month old
seedlings (n=9). Error bars show one standard error. Figure S2. Relationship
between %N and 8N of subsampled needles. 5N = — (05225932 foliar
%N) + 34072357. (n =59, I = 002, P = 0.2588).
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