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Many forest ecosystems have experienced recent declines in productivity; however, in some alpine regions, tree
growth and forest expansion are increasing at marked rates. Dendrochronological analyses at the upper limit of
alpine forests in the Tibetan Plateau show a steady increase in tree growth since the early 1900s, which intensified
during the 1930s and 1960s, and have reached unprecedented levels since 1760. This recent growth acceleration
was observed in small/young and large/old trees and coincided with the establishment of trees outside the forest
range, reflecting a connection between the physiological performance of dominant species and shifts in forest
distribution. Measurements of stable isotopes (carbon, oxygen, and nitrogen) in tree rings indicate that tree
growth has been stimulated by the synergistic effect of rising atmospheric CO2 and a warming-induced increase
in water and nutrient availability from thawing permafrost. These findings illustrate the importance of consid-
ering soil-plant-atmosphere interactions to understand current and anticipate future changes in productivity and
distribution of forest ecosystems.
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Recent alterations in atmospheric composition and climate have pro-
foundly affected the performance of plant species, causing shifts in
ecosystem distribution across biomes (1–3). A long tradition of re-
search in controlled environments supports the notion that plant
productivity and resource-use efficiency, particularly of tree species,
are stimulated under CO2 enrichment (4). However, in natural forest
ecosystems, rising atmospheric CO2 concentration has seldom trans-
lated into increased tree growth, an observation that is generally
attributed to water and/or nutrient limitation (5–8).

Globally, soil nutrient and water availability are key regulators of
ecosystem productivity (2, 9). Under nonlimiting conditions, the re-
sponse of trees and, by extension, forests to elevated CO2 should be
positive (10), but at the individual and ecosystem scales, productivity
declines when soil resources become limiting. This is evident in the
strong association between soil fertility and foliar assimilation of car-
bon and nitrogen (11, 12) and in the progressive nutrient limitation
that follows an initial CO2 stimulation of forest growth (13). Tree ring
records generally provide limited support for a CO2 “fertilization” of
forest biomes (7). However, in some alpine ecosystems, the combined
effect of climate warming and rising CO2 levels has been shown to
enhance the productivity of dominant trees (14–16), which could lead
to forest expansion. Investigating the mechanisms behind such re-
sponse is the objective of this study.

On the basis of anticipated connections between physiological, ec-
ological, and biogeochemical drivers of vegetation dynamics (17), we
hypothesized that synergies between fast processes (for example,
plant resource use and photosynthesis) and slow processes (for ex-
ample, species migration and soil development) control how ecosys-
tems respond to changes in climate and atmospheric composition.
Specifically, we expected to find concurrent shifts in tree growth
and forest distribution in alpine ecotones, triggered by rising tempera-
tures and atmospheric CO2 concentration and modulated by spatial
and temporal variation in the availability of soil resources. To test this
hypothesis, we characterized a vegetation gradient in eastern Tibet,
spanning forests, forest patches, and isolated trees growing in open
grasslands (Fig. 1 and fig. S1). In each of these habitats, we sampled
dominant Abies faxoniana trees and combined dendrochronological
and isotopic measurements to examine changes in tree growth, re-
source use, and time of establishment over the past ~250 years.
RESULTS

Tree growth acceleration
We identified a recent surge in tree growth for all trees across the gra-
dient. Steady, but very low, basal area increments (BAI) were observed
between the 1760s and the early 1900s (5 cm2 year−1). Marked in-
creases in BAI during the 1930s and then again in the 1960s (>15 cm2

year−1) led to accelerated growth in recent years (20 to 30 cm2 year−1;
Fig. 2). At the sampling event, tree age and size varied considerably
across the gradient (7- to 32-cm radius and 40 to 250 years; fig. S2).
The smallest/youngest trees were sampled in open grasslands, where
their ingress (~60 years ago) coincided with the increase in growth of
the largest/oldest trees in the forest interior (Fig. 2). Growth rates var-
ied with cambial age and tree size. Small/young trees have grown
faster than large/old trees (table S1 and Fig. 2), but all trees showed
a rapid increase in growth over the past century, coinciding with rising
temperatures and atmospheric CO2 levels (tables S2 and S3). Age-
related changes in ring width were nonlinear, with divergent trends
observed across the gradient (Fig. 3). Once ontogenic effects were
removed, normalized ring widths confirmed a steady increase in tree
growth with calendar year (Fig. 3). The analysis of ring widths and
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BAI using fixed diameters further corroborated that tree growth
increased across the gradient regardless of ontogenic effects (fig. S3).
Generally, stable late-to-early wood growth ratios (fig. S4) and a
stronger relationship between BAI and annual average temperatures
than with seasonal temperature fluctuations (table S3) indicate that
factors other than changes in the length of the growing season, as
considered below, may be responsible for rapid increases in tree
growth.
Silva et al. Sci. Adv. 2016; 2 : e1501302 31 August 2016
Carbon isotopes
Changes in tree ring carbon isotope ratios over time are consistent
with CO2 stimulation of photosynthesis. We observed a significant
decline in tree ring d13C values following atmospheric CO2 enrich-
ment (fig. S5). Atmospheric d13C values have been depleted because
of fossil carbon emissions (fig. S6) affecting wood isotope composition
of all trees, regardless of their age (fig. S7). For this reason, the analysis
of carbon isotope ratios must consider changes in atmosphere-to-plant
Fig. 1. Study site. (A) Map of the region. (B) Location of study site and Hongyuan County meteorological station. (C) Forest-grassland border. (D) Small
forest patches. (E) Isolated tree. Map source: Chinese Bureau of Surveying and Mapping and Google Earth. Photo credit: L. Silva.
Fig. 2. Basal area increment. Main curves: Average growth of trees sampled in old growth forests (black), forest border (red), forest patches (blue),
and isolated trees (green). Shaded areas represent SEs. Inner left: Relationship between BAI and age (log-transformed axis) indicating that increased
growth is partly, but not entirely (Fig. 3), influenced by ontogeny. Inner right: Average growth rates from the slopes of linear regressions (P < 0.001) of
BAI over time (table S4).
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13CO2 discrimination (D13C). A sharp decline in D13C was observed
in the early 1900s, marking the beginning of a continuous increase in
intrinsic water-use efficiency (iWUE), that is, the ratio between the
amount of CO2 fixed per unit of water lost through transpiration.
Increasing iWUE was strongly associated with rising temperatures
and CO2 concentration (tables S2 and S3). Since the 1960s, measured
iWUE values were at the same level or lower than those expected under
constant intercellular (Ci) to ambient (Ca) CO2 levels (gray triangles;
Fig. 4), with notable differences observed across habitats. Trees grow-
ing in the forest interior and patches had lower iWUE than those
growing in the forest border or isolated in the grassland. The largest
differences in iWUE among habitats were observed between trees in
forest patches and forest border (~20 mmol mol−1), but the overall in-
crease in iWUE across the gradient was severalfold greater than hab-
itat differences.

Oxygen isotopes
Consistent with changes in iWUE, an increasing trend in tree ring
d18O values was observed for all trees across the gradient (Fig. 4).
During the recent phase of tree growth acceleration, wood d18O
values increased between 3 and 5‰, a response that was positively
Silva et al. Sci. Adv. 2016; 2 : e1501302 31 August 2016
associated with atmospheric CO2 and temperature, and negatively
associated with precipitation (table S3). The strength of these rela-
tionships indicates that changes in leaf gas exchange (that is,
increased iWUE) and, possibly, a warming-induced shift in local hy-
drology (that is, enrichment of soil water d18O values) rather than
precipitation amount were the main factors driving the trend in tree
ring oxygen isotopes. On the basis of the parallel increases in tree
growth and iWUE, it can be inferred that photosynthetic stimulation
could more than compensate for any declines in stomatal conduct-
ance, which is consistent with previous observations of warming-
and CO2-induced tree growth acceleration.

Nitrogen isotopes and C/N ratios
Tree ring d15N values varied significantly across the vegetation gradi-
ent (table S2), with no clear trends observed over time (Fig. 5). Wood
d15N values of forest trees were always below atmospheric levels (0‰),
whereas values of wood d15N beyond the forest border ranged be-
tween 1 and 5‰, with the highest values observed for isolated trees.
These results indicate different sources of soil nitrogen across the gra-
dient, but the role of soils in modulating tree growth rates can be bet-
ter understood when trends in wood nitrogen concentrations are
considered. Wood carbon–to–nitrogen (C/N) ratios were highest
(>750) in the forest interior ~100 years ago and isolated trees during
their initial establishment, implying strong nitrogen limitation. Con-
currently with the recent surge in growth, all trees experienced linear
declines in C/N, converging to <400 in recent years, which indicates a
recent increase in soil nitrogen availability.
DISCUSSION

Increasing tree growth and forest expansion
At the upper limit of alpine forest distribution in eastern Tibet, we
documented a strong acceleration of tree growth in recent years.
Growth rates of dominant A. faxoniana trees were positively asso-
ciated with rising temperatures and atmospheric CO2 levels, showing
a response similar to those observed in other alpine ecotones (14–16).
Here, the trajectory of BAI since ~1760 can be divided into three main
phases: (i) a phase characterized by very low growth before the early
1900s, (ii) a phase characterized by a steady increase in growth since
the early 1900s, (iii) and a phase characterized by sharp surges in
growth in the 1930s and 1960s. During the past few decades, annual
growth increments were 5 to 10 times higher than those documented
in the 19th century, with the relative ages of trees in different habitats
suggesting that tree growth acceleration was associated with the
establishment of trees in grasslands. This observation is consistent
with our hypothesis and the colonization strategy of this species.
A. faxoniana trees can live longer than 350 years and form dense for-
est stands at altitudes ranging from 1500 to 3900 m above sea level
(asl), where they become dominant through pulses of establishment
when environmental conditions are favorable (18, 19).

Tree growth acceleration was ubiquitous in different habitats;
however, some differences in the timing and magnitude of growth
response across these habitats imply differences in resource availabil-
ities (discussed below). Small/young trees recently established in the
grassland have grown faster (>2.5-fold) than large/old trees in the for-
est interior. In forest patches, the first phase of growth increase pre-
ceded the response observed in other portions of the gradient,
Fig. 3. Regional curve standardization. Top: Ring widths aligned to
cambial age, showing that growth rates are influenced by the ontogeny
(size/age) of the tree. Bottom: Ring widths divided by the average value
at each cambial age (that is, ring width index), showing increasing
growth even when normalized by ontogeny.
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possibly as a result of plant community diversification (table S4) and
associated plant-microbe interactions (20), known to facilitate forest
expansion through patch formation in other ecotonal regions (21, 22).
During the recent phase of growth acceleration (since 1960), trees
have grown faster (~60%) in forest patches and forest border than
in the forest interior. Despite these differences, BAI and normalized
ring width trajectories, which control for ontogenic effects (23, 24),
show increasing growth rates for all trees across the gradient.

Carbon isotopes: The effect of atmospheric CO2

Consistent with a scenario of CO2 fertilization (15, 16), we identified
parallel increases in iWUE and BAI for all trees across the gradient,
but significant interactions were observed between habitat and CO2

effects on tree growth. Habitat effects are reflected on divergent
D13C trajectories, which indicate higher iWUE in the forest border
Silva et al. Sci. Adv. 2016; 2 : e1501302 31 August 2016
and isolated trees than in the forest interior or forest patches. These
differences are consistent with the expectation of lower insolation and
higher moisture under closed canopies, where iWUE values measured
since 1960 show a relatively weaker stomatal regulation of leaf gas
exchange relative to a baseline of constant Ci/Ca (Fig. 4). Habitat dif-
ferences could also have resulted from gradients in soil nutrient avail-
ability (9, 13), which would have favored a stronger photosynthetic
response to elevated CO2 at and beyond the forest border, where
competition for nutrients is lower. Consistent with this interpretation,
trees sampled in open areas have grown faster than trees in the forest
interior, but the overall increase in iWUE (and growth)—observed for
all trees in response to rising temperatures and CO2 levels—was much
greater than differences between habitats. Moreover, the increase in
iWUE over time across habitats can be considered a moderate re-
sponse compared to those observed, for example, under drought
Fig. 4. Carbon and oxygen isotopes. (A and B) Atmosphere-to-wood carbon isotope fractionation (D13C) showing significant interactions be-
tween habitat and CO2 effects. (C and D) iWUE alongside a modeled baseline of constant Ci/Ca (gray triangles), below which measured values
suggest a relatively weaker stomatal control of gas exchange, attributed to increasing water availability. (E and F) Wood d18O values reflecting
changes in plant water source, attributed to thawing permafrost. Error bars represent SEs. Arrows show periods of tree growth acceleration.
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stress or strong stomatal regulation needed to maintain Ci constant as
Ca rises (25, 26). Furthermore, given that iWUE was not influenced by
fluctuations in precipitation and that increasing tree growth prevailed
across habitats, it is apparent that increasing efficiency (in this case)
was driven by photosynthetic stimulation rather than declining
stomatal conductance to conserve water.

Oxygen isotopes: The effect of soil water availability
Changes in wood d18O values over time suggest that recent perma-
frost thawing contributed to increasing tree growth and forest expan-
sion. The trajectory of tree ring d18O values mirror trends in BAI
and iWUE, indicating a positive photosynthetic response to rising
CO2 levels (27), accompanied by increasing d18O values of plant wa-
ter source. Following the general relationship between air tempera-
ture and d18O signatures of precipitation (d18O = 0.69temp − 13.6)
(28), the observed increase in wood d18O values suggest a ~5°C
warming, which is several times higher than the actual temperature
increase registered at the site (fig. S5). Therefore, warming-induced
changes in isotopic signatures of precipitation water cannot explain
the observed increase in tree ring d18O values, which, combined with
the weak relationship between wood d18O values and precipitation
amount (table S3), suggests a recent change in soil hydrology. With
a few exceptions—for example, water uptake by salt-excluding spe-
cies in saline environments (29)—there is no isotopic discrimination
during plant water uptake (30), and, as a result, tree ring d18O values
Silva et al. Sci. Adv. 2016; 2 : e1501302 31 August 2016
reflect those of soil water. As in many alpine ecosystems, soils at the
study site are cryogenic and can be classified into two main groups:
cryic (with mean annual temperature below 8°C) and pergelic (with
temperatures below 0°C). The latter category includes permafrosts,
which experience enhanced cycling of water, carbon, and nutrients
under warming (31). Currently, gelic materials are found within 100 cm
from the soil surface and, on the basis of the registered temperature
increase (fig. S5), it can be inferred that permafrost thawing at the
site began in the 1960s, coinciding with tree growth acceleration
and establishment into grasslands (as well as with a shift in iWUE
from higher to lower values relative to a baseline of constant Ci/Ca).
When meltwater infiltrates the frozen organic layer, it leads to sat-
uration in the pore spaces, mixing enriched and unenriched water
pools. As thawing progresses, the value of soil water d18O gradually
increases at rates that could explain the trend observed in tree rings
(32). A shift from pergelic to cryic conditions also permits greater tree
root development and nutrient uptake (33), favoring tree growth and
forest expansion. However, it is important to note that our d18O
results were obtained from bulk wood and—although the magnitude
and direction of d18O values of bulk plant materials is expected to vary
in concert with those measured in specific compounds, such as cellu-
lose (34)—wood d18O values are often considered less sensitive than
compound-specific records of hydrological change (35, 36).

Nitrogen isotopes and wood C/N: The effect of
nutrient availability
The role of permafrost thawing in accelerating tree growth is further
supported by wood nitrogen content, because permafrost thawing
can increase both water and nutrient availability to trees. We found
evidence of strong nitrogen limitation in the forest interior ~100 years
ago (C/N >750) and in isolated trees during their initial develop-
ment. In recent decades, wood nitrogen content increased signifi-
cantly (C/N <400), regardless of tree age or habitat. This finding
indicates a marked change in nitrogen availability, which coincides
with the recent phase of tree growth acceleration, and would have
allowed a sustained positive response to elevated CO2. This interpre-
tation is consistent with recent studies of European forests, where
growth acceleration (also accentuated in 1960s) was attributed to
increasing nitrogen deposition (37). In contrast with European forests,
eastern Tibet is distant from industrial centers and receives very low
amounts of nitrogen via atmospheric deposition (<0.5 g N m−2 year−1)
(38). Moreover, if changes in C/N ratios had been caused by atmo-
spheric deposition, then this would have affected the isotopic
composition of trees across the entire gradient. Instead, contrasting
d15N signals indicate different sources of nitrogen in different
portions of the gradient. Evidently, the analysis of tree ring d15N
values is complicated by the fact that trees can recover nitrogen from
dying cells during the conversion from sapwood to heartwood (39).
Nevertheless, d15N signals remain stable after heartwood formation,
thus providing an indication of changes in nitrogen source (40, 41).
Symbiotic interactions lead to low d15N values because nitrification
supplies plants with 15N-depleted amino acids that are near the at-
mospheric signature. Here, tree ring d15N values indicate a greater
contribution of nitrogen-fixing organisms in forests and a predom-
inant contribution of 15N-enriched organic forms in patches and
isolated trees (20, 33, 42), which could explain the differences we ob-
served in tree growth patterns and iWUE across habitats. Alterna-
tively, differences in tree ring d15N values could be the result of
Fig. 5. Nitrogen isotopes and C/N ratios. Regression lines represent
changes occurred since 1900 at different habitats. Error bars represent SEs.
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increased rooting depth with increasing tree size (43), but we did not
find a significant effect of tree size on d15N values. Moreover,
changes in root depth cannot explain the decline in C/N ratios across
the gradient, which is consistent with a scenario of nitrogen inputs
from thawing permafrost.

Final considerations
By combining dendrochronological and isotopic measurements, we
showed that recent changes in climate and atmospheric composition
have had a strong positive effect on tree growth attributed to direct
and indirect drivers (that is, photosynthetic stimulation and resources
released from permafrost thawing). Multiple lines of evidence point to
a connection between the physiological performance of dominant
trees and shifts in forest distribution, which is consistent with
expected responses for alpine ecosystems, but contrasts with recent
accounts of growth decline in forests dominated by trees of the same
genus (Abies) and at similar altitudes in other parts of the world (8, 44).
The eastern Tibetan Plateau has been described as a stable region
where “climatically induced ecological thresholds have not yet been
crossed” (45). This assessment, which is based on palynological re-
cords of the past 600 years, suggests that the recent surge in tree
growth and expansion of forests reported here have yet to be mani-
fested at broader scales. Notably, the response of dominant trees is not
necessarily representative of broad trends in forest distribution. For
example, it has been argued that “the world’s most frequently applied
sampling design,” that is, the dendrochronological analysis of dom-
inant trees, can lead to biases in growth trends in excess of 200%
relative to nondominant trees (46). Nevertheless, our analysis includ-
ed trees of various ages and sizes in different habitats, which mini-
mizes the chance of a systematic bias (23, 24, 47). We suspect that
discrepant site-specific responses to changes in climate and atmo-
spheric composition can be explained by differences in edaphic
properties. Accordingly, we anticipate that consideration of soil-
plant-atmosphere interactions in future studies will improve our
ability to predict and manage shifts in productivity and distribution
of forest ecosystems.
ber 23, 2020
MATERIALS AND METHODS

Study site
The study site is located near the Waqie Grasslands National Park
(33°03.858′N and 102°48.847′E), in a remote part of the Sichuan
Province, China (Fig. 1, A and B). It represents a typical forest-
grassland ecotone located at ~3650 m asl in the eastern side of
the Tibetan Plateau. The regional climate can be characterized as
a typical plateau continental climate with high solar radiation,
short-cool summers (mean, July; maximum/minimum, 14.6°/7.6°C),
and long-cold winters (mean, January; maximum/minimum, −3.0°/
−17.2°C). A short plant-growing season is determined by the in-
fluence of the southeastern monsoon, and the winter climate sys-
tems is dominated by cold air masses originating from Siberia.
Approximately 80% of the annual precipitation is distributed dur-
ing the growing season, which begins at the end of April or early
May and ends in late September. According to data recorded at the
Hongyuan County meteorological station since 1960 (fig. S3), the
average annual temperature has increased significantly over
Silva et al. Sci. Adv. 2016; 2 : e1501302 31 August 2016
the past decades from 0.5° to 1.5°C before the 1980s (with few ex-
ceptions) to 2° to 2.8°C in the 2000s. The average annual precipi-
tation ranges from 50 to 80 cm with no systematic change observed
over time.

Vegetation gradient
We studied a natural vegetation mosaic with readily distinguishable
transitions between old growth forests and grasslands. We used a
systematic sampling design with five transects (fig. S1) to perform
a census of the vegetation (table S4) at the end of the growing season
(October 2012). Along each transect, ten 100-m2 plots were used to
characterize each portion of the gradient: forest interior, forest bor-
der, large patches (>15-m diameter), and isolated trees. At each plot,
two cores were taken (~1.3 m above ground level) from the largest
A. faxoniana using a wood Pressler borer. We sampled 10 trees in the
forest interior, 10 isolated trees, 11 trees at the border, and 11 trees in
forest patches at similar altitudes and in north-facing slopes to avoid
possible confounding effects from grazing—nomadic herders use
warmer south-facing slopes as pasture. Throughout the gradient,
the soil was a typical alpine Cryogenic Cambisol-Cyumbrept (Geli-
sols in the U.S. soil classification system), having gelic materials with-
in less than 100 cm of the soil surface and consisting of 19% clay,
66% silt, and 15% sand (pH 5.0 to 6.0) [0- to 10-cm depth; 1:2.5,
soil/water (v/v)].

Growth measurements
We used measurements of tree ring width from healthy dominant
trees of cylindrical stem to calculate BAI. This metric is closely re-
lated to annual aboveground productivity and unlike ring width,
which tends to decline with age, can reliably detect changes in growth
long after trees reach maturity (8, 23). To estimate BAIs over time,
wood cores were mounted, sanded, polished, scanned, and cross-dated,
and ring widths were measured using the software WinDENDRO
(Regent Instruments Inc.). Measurements of trees growing in the forest
and grasslands are presented separately to represent the gradient in
competitive environment and time of establishment. Assuming that
annual increments were uniform along each ring, BAI was calculated
as follows

BAI ¼ p � ðRt
2 � Rt�1

2Þ ð1Þ

where R is the tree radius and t is the year of tree ring formation.

Isotopic measurements
Growth curves were used to guide subsampling within wood cores
for isotopic analysis. Wood cores from the 12 trees best correlated
with the average chronology were destructively processed for the de-
termination of d13C, d18O, d15N, and C/N ratios. We measured the
isotopic composition of single or multiple (pooled) tree rings for
each individual tree. To determine d13C and d18O shifts, annual rings
were used during periods of high tree growth variation, and 3- to
5-year pooled rings were used to characterize periods of steady growth.
Because of low nitrogen concentrations, d15N determination always
involved the combination of three to five rings, in which total ni-
trogen concentration was also measured. In all cases, pooled samples
were obtained from individual tree cores and averages and SEs were
determined using data from multiple trees. Isotopic analyses were
6 of 8
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performed at the Stable Isotope Facility of the University of California,
Davis and are expressed as follows

d ð‰Þ ¼ ðRsample=Rstandard � 1Þ � 1000 ð2Þ

where Rsample and Rstandard are the abundance ratios of a given sample
and the standard, namely, the Vienna Pee Dee Belemnite formation
for d13C, the Vienna Standard Mean Ocean Water for d18O, and at-
mospheric d15N values.

The interpretation of carbon isotopes followed derivations nec-
essary to correct for variation in atmospheric d13C (48, 49)

D13C ¼ ðd13Cair � d13CplantÞ=ð1 þ d13Cair= 1000Þ ð3Þ

where D13C represents the discrimination against 13C, d13Cair is the
carbon isotope ratio of air (the source), and d13Cplant is the carbon
isotope ratio of the product (plant biomass).

Ci ¼ Ca � ðD13C –aÞ = ðb–aÞ ð4Þ

where a is the discrimination against 13CO2 during diffusion through
the stomata in the gaseous phase (4.4‰), and b is the net discrimina-
tion due to carboxylation (27‰).

iWUE ¼ A=g ¼ Ca � ½1 � ðCi=CaÞ � � 0:625 ð5Þ

where A is net carboxylation, g is the leaf stomatal conductance, and
0.625 is the relation between conductance for CO2 molecules and wa-
ter vapor.

Measured iWUE was compared with modeled values (gray trian-
gles; Fig. 4) used to delineate a theoretical baseline of constant Ci/Ca

accounting for changes in CO2 partial pressure over time and across
altitudinal gradients (50). The interpretation of iWUE results was assisted
by independent measurements of oxygen and nitrogen isotopes (41).

Statistical analysis
To summarize the strength and direction of relationships between
environmental and tree ring variables, we used pairwise correlations
applied to the entire data set (table S3). A regional curve standard-
ization was performed using ring widths aligned to cambial age to
remove ontogenic effects and assess the consistency of growth trends
over time. Ring widths of all trees were divided by the average
growth for each cambial age, and the resulting normalized data were
plotted in relation to calendar year (23). To evaluate the effect of tree
size, growth rates were compared using fixed diameters plotted in
relation to calendar year using rings formed when all trees reached
the target size (24). When appropriate, least-squares regressions were
used to describe trends in growth and wood chemical composition at
different portions of the gradient. In all cases, adjusted coefficients of
determination (r2) and probabilities were reported. In addition, two
sets of mixed-effects models were used to further analyze the data
(tables S5 and S6). The first encompassed the entire chronology,
examining changes in growth since 1760. The second targeted the
period since meteorological record keeping began (1960). Both
models included tree identity and/or calendar year as random effects,
Silva et al. Sci. Adv. 2016; 2 : e1501302 31 August 2016
with random intercepts and slopes centered at the fixed-effects (51).
Alternative mixed-effects models were tested using different combi-
nations of explanatory variables (table S2). The most parsimonious
model was selected on the basis of Akaike’s information criterion
(AIC) defined as AIC = −2L + 2K, where L is the maximum log-
likelihood of the model, and K is the number of parameters in the
model (52). BAI values were log-transformed, and isotopic data were
normalized—that is, divided by the historical average—before anal-
ysis. Transformations and number of measurements used in each
analysis are shown in the Supplementary Materials. Untransformed
values and associated SEs are shown in the main text. In all cases,
significance levels were set at P < 0.05.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/8/e1501302/DC1
fig. S1. Sketch of sampling design, showing five transects distributed across a typical alpine
forest grassland transition.
fig. S2. Relationship between tree age and size at the time of sampling (y = 0.06x + 10.08; r2 =
0.41; P < 0.01).
fig. S3. Normalized tree ring widths and basal area increments plotted over time using
individual measurements of all rings formed when trees reached two fixed diameters (10 to 11
and 30 to 31 cm).
fig. S4. Late to early wood growth indicating stable seasonal growth patterns in recent decades.
fig. S5. Wood and atmospheric carbon isotope composition.
fig. S6. Meteorological data and atmospheric CO2.
fig. S7. Relationship between tree age and wood carbon, oxygen, and nitrogen stable isotope
ratios (green, isolated trees; blue, forest patches; red, forest border; black, forest interior).
table S1. Summary of mixed-effect model examining changes in tree growth over time at
different portions of the vegetation gradient.
table S2. Summary of mixed-effect models relating environmental factors and isotopic proxies
of physiological performance during the recent tree growth acceleration phase (since 1960).
table S3. Pairwise correlations of untransformed variables performed using the entire data set.
table S4. Linear basal area increment (BAI) trends used to estimate growth rates, summarized
in Fig. 2 by habitat and time periods.
table S5. Floristic composition and ecological characteristics of the dominant tree species.
table S6. An information-theoretic approach to evaluate multiple mixed-effect models and
derive predictions that best represent the documented changes in tree growth.
table S7. Structure of mixed-effect models used in this study.
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