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Abstract

Terrestrial vegetation growth is stimulated by rising atmospheric CO2 concentration, a
warmer climate, and increased soil nutrient availability. However, as plants age,
progressive nutrient limitation is known to occur, especially in mature forests where
soil nitrogen is deficient. Yet the long-term growth response of mature trees to rising
CO. accompanied by changing climate and nitrogen availability in semi-arid mountain
regions is unclear. Here we used tree-ring widths and stable carbon (§*3C) and nitrogen
(5*°N) isotopes to investigate the drivers of radial growth of mature Qinghai spruce
(Picea crassifolia) in the central Qilian Mountains, northwest China, from 1840 through
2019. Tree growth benefited from improved nitrogen availability, chiefly via changes
in bioavailable nitrogen pools modified by a favorable climate during 1930-1964.
Enhanced intrinsic water-use efficiency (iWUE), driven by reduced stomatal
conductance (gs) related to intensive water stress, lead to radial growth declines in
1985-2002. Recent acceleration of tree growth was largely attributed to a CO:
fertilization effect through enhanced iIWUE during 2003-2019. Nitrogen availability
was positively related to tree growth from the 1920s onward until greater CO>
fertilization ensued from 2000 onward. Hence, the negative effects of low nitrogen
availability on growth could be mitigated or reversed by a high atmospheric CO>
concentration and warmer climate conditions. Our results suggest that mature spruce
forests still harbor potential to increase ecosystem-level carbon sequestration and
thereby partially mitigate climate warming. Such a nature-based solution in drought-

prone forests would be achieved under warmer-wetter climate conditions in northwest
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1. Introduction

The climate of northwest China has been changing since the 1980s, shifting from
warm-dry to warm-wet conditions, thus enhancing terrestrial vegetation productivity
and forest growth (Shi et al., 2003; Wang et al., 2020). There is mounting interest in
unveiling the underlying causal mechanisms by which tree growth is increased in
temperate, seasonally dry forests due to changes in either atmospheric composition—
increases in the ambient CO, concentration (ca) and nitrogen deposition or climate
(Ciencialaetal., 2018; Gao et al., 2018; Mathias and Thomas, 2018; Quadri et al., 2021;
Silvaet al., 2016). Controlled experiments do indicate that increases in ca can stimulate
the productivity of plants and improve their resource use efficiency, thus augmenting
vegetation carbon storage (Fernandez-Martinez et al., 2017). However, such CO:
fertilization effect on tree growth has not been widely confirmed under field conditions
where growth is also constrained by water shortage and soil nutrients deficit (Camarero
etal., 2015; Jiao et al., 2021; Norby et al., 2010; Terrer et al., 2019).

How climate change affects tree ecophysiology and forest tree growth differs under
varied environmental conditions. The responses of mountain forests to higher
temperatures are likely to be positive (Hember et al., 2019; Silva et al., 2016), whereas
severe droughts associated with rapid global warming decrease productivity and trigger
widespread tree mortality (Liang et al., 2016; Yan et al., 2021). Further, sustained
anthropogenic nitrogen deposition and increased nitrogen input to soils may also
promote forest productivity (Cienciala et al., 2018; Hember et al., 2019). Yet, soil

nitrogen availability has fallen in some natural forest ecosystems (Craine et al., 2018;
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Kou et al., 2020), with decreasing foliar nitrogen concentrations in central and southern
Europe reported (Pefiuelas et al., 2020). Far-reaching consequences of declines in
nitrogen availability include a weakened response of trees to elevated ca, and a reduced
ability of forests to sequester carbon (Mason et al., 2022; Norby et al., 2010; Terrer et
al., 2019). However, determining to what extent key environmental variables impact
tree growth still faces several challenges, impairing the reliability of predicting future
forest carbon sink.

Forest ecosystems have already taken up a considerable portion of anthropogenic
CO2 emissions (Friedlingstein et al., 2022). Accordingly, it is imperative to assess
whether mature forests will continue to function as carbon sinks as global warming
intensifies (Grassi et al., 2017). Theoretically, mature trees may be less responsive than
young trees to rising ca because of increased age-related hydraulic, photosynthetic, and
nutrient limitations (Jiang et al., 2020; Luo et al., 2004). Mature trees and forest stands
are not expected to serve as strong carbon sinks because of the proximal equilibrium
between carbon uptake and respiration (Jiang et al., 2020). However, old-growth forests
still accumulate huge amounts of carbon in their woody pools because their complex
stand structure that determines the capacity of forests uptake and store carbon
(Stephenson et al., 2014). Additionally, for an old tree, its overall carbon sink potential
might be higher than previously thought given the faster increase in tree growth rates
in recent decades (Palandrani et al., 2021). Faced with these conflicting observations,
the capacity of mature forests to continually sequester carbon needs to be quantified,

particularly in drought-prone mountainous regions that are vulnerable to drying
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conditions under future warming.

Together, tree-ring basal area increment (BAI), intrinsic water-use efficiency
(iWUE) estimated from tree-ring stable carbon isotopes (5**C), and stable nitrogen
isotopes (5'°N) can be used to track and infer historical changes in forest productivity,
plant physiology, and nitrogen demand relative to soil availability (McLauchlan et al.,
2017; Rayback et al., 2020). Tree-ring 8'*C can provide insight into gas-exchange
regulation and photosynthesis processes and reveal long-term tree water-use responses.
As derived from the &3C values in tree rings, iWUE is a function of the carbon
assimilation rate (A) and stomatal conductance (gs) (Ehleringer et al., 1993). A greater
IWUE has been linked to water limitation and an ecophysiological response of trees to
increasing ca (Saurer et al., 2004). Increases in iIWUE may sometimes lead to higher
rates of tree growth (Guerrieri et al., 2019; Palandrani et al., 2021; Rayback et al., 2020),
but this is not always the case when interacts with other limiting abiotic factors, such
as drought stress and low nutrients availability such as nitrogen (Giguere-Croteau et al.,
2019; Gonzéalez de Andrés et al., 2021; Wang, McDowell et al., 2020). Moreover, tree-
ring 8*°N signatures can be used to uncover long-term changes in the availability, status,
and cycling of nitrogen in forest ecosystems (Gerhart and McLauchlan, 2014; Mason
etal., 2022). Hence, investigating long-term trends in forest growth dynamics based on
multiple tree-ring proxies holds great promise.

In this study, we used dendrochronological measurements and tree-ring isotopic
proxies (833C and §'°N) to examine how atmospheric CO2, nitrogen availability, and

climate variables influenced the growth patterns of mature Qinghai spruce trees in the
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interior of central Qilian Mountains in China. Our aims were: (1) to analyze the growth
dynamics of mature trees; and (2) to elucidate the environmental drivers of tree growth
using climatic information as well as isotope-derived physiological information (i.e.,
IWUE and §*°N).
2. Material and methods
2.1. Study site and climate data

We conducted field research at the Sidalong Forest Farm (99° 54' 10" E, 38° 26’ 58"
N), in the central Qilian Mountains, northwest China (Fig. S1a). This study site is
located on a wet and shaded slope where the dominant tree species, Qinghai spruce (P.
crassifolia), is largely distributed at an elevation of 2600-3300 m a.s.l. The climate here
is influenced by the East Asian monsoon and the Westerlies (Li and Liu, 2000). Climate
records (1958-2019) from the two nearest meteorological stations (Qilian, 100° 10’ 48"
E, 38° 06’ 36" N, 2787 m a.s.l.; Minle, 100° 29’ 24" E, 38° 16’ 12" N, 2271 m a.s.l.)
show that the mean annual temperature is 1.0 — 4.1 °C, with total annual precipitation
of 288.2 — 526.6 mm. The maximum monthly vapor pressure deficit (VPD) occurs in
June while the highest monthly relative humidity (RH) is recorded in August (Fig. S1Db).
From 1958 to 2019, there were upward trends in mean annual temperature, total
precipitation, and VPD, but a downward trend in RH (Fig. S1c).

The following monthly climate variables were obtained and used by averaging

reliable data during 1958-2019 taken from both Qilian and Minle meteorological

stations (China Meteorological Data Service Center, http://data.cma.cn): mean

temperature, total precipitation, VPD, and RH. To calculate each VPD value, maximum
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temperature and minimum RH were used (Guerrieri et al., 2020). Because of short
duration of recording in local climatic data, we extracted a gridded monthly dataset
(spatial resolution: 0.5°%0.5°) for mean temperature, total precipitation, VPD, and self-
calibrating Palmer Drought Severity Index (scPDSI) for 1935-2019 from CRU TS 4.04
datasets (Harris et al., 2020). Monthly VPD from this gridded data was calculated as
the difference between the saturation vapor pressure (estimated from temperature) and
vapor pressure. For the series of climate factors obtained from meteorological data and
CRU dataset, we assessed their temporal trends using linear regressions (Figs. S1c and
S2) and compared their variability through standardized Z-scores using 1958-2019 as
the referenced period (Fig. S3).

2.2. Field sampling and tree-ring chronology establishment

At the field site, 22 mature and apparently healthy Qinghai spruce trees growing in
a pure natural forest stand, at an elevation of 2590 m a.s.l. were randomly selected and
sampled in June 2020. For each tree, its diameter at breast height (DBH) was measured
with a girth tape. From each tree, we extracted two 10-mm-diameter increment cores in
opposite directions at breast height (1.3 m above the ground), for a total of 44 obtained
cores.

All wood increment cores were air-dried and sanded using progressively finer
sandpapers (from 120 to 1200 grit sizes) (Stokes and Smiley, 1996). We then visually
cross-dated the samples by recognizing the characteristics of narrow or wide rings.
Tree-ring widths were measured using LINTAB 6 (RINNTECH, Heidelberg, Germany)

at a resolution of 0.001 mm and their cross-dating was checked by TSAP-Win and
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COFECHA software (Holmes, 1983). We also employed a negative exponential
function to remove the underlying biological growth trends from the raw ring-width
series. To create a standardized tree-ring width chronology, we utilized the biweight
robust mean to average all the individual indices in the ARSTAN program (Cook, 1985)
(Fig. S4). The reliable standardized chronology, with a subsample signal strength
greater than 0.85, started in 1830. We selected the period from 1840 to 2019 for analysis,
excluding the initial 10 years in stable carbon and nitrogen isotope analysis to avoid
potential juvenile effects.

The raw ring-width chronologies were converted into basal area increment (BAI)
series, to provide a more accurate measure of changed stem woody biomass (Peters et
al., 2015). BAI was calculated assuming concentric growth, as follows:

BAIl =m x (R?2—R%,) (1)
where R corresponds to the stem radius at year t, which is the year of ring formation
(Biondi and Qeadan, 2008). If a sample lacked the pith, we estimated the missing inner
diameter by applying a geometric method (Duncan, 1989), and then summed all
previous ring widths to determine the tree radius at each year. The individual BAI series
of all sampled trees were then averaged for the 18402019 period, to generate the stand-
level tree growth chronology (Fig. 1a) via biweight robust means and using the ‘dpIR’
package (Bunn et al., 2022) for R v4.1.3.

2.3. Stable isotope measurements
Five cores (one per tree) were chosen to measure both the §'3C and §*°N in wood

and to obtain carbon-to-nitrogen ratios (C/N). All cores were cross-dated, correlated
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well with the master BAI chronology (r = 0.71-0.88, p < 0.05), and included the 1840—
2019 period. Using a stainless-steel blade, the cores were manually dissected into
annual rings under a microscope; individual whole rings were then pooled into a single
sample for the same year. These pooled samples were ground in a ball mill into a
homogeneous fine powder (about 200-mesh) and then oven-dried at 55 °C for 48 h.

To measure the 3'3C, 8N, as well as carbon and nitrogen concentrations of the
samples, we used a flash combustion method at the Laboratory of Stable Isotope and
Global Change in Shaanxi Normal University (Xi'an, China). Each sample (0.07-0.08
mg for carbon and 7 mg for nitrogen isotope determination) was loaded into a tin
capsule and combusted in an elemental analyzer (EA Isolink, Thermo Fisher, Bremen,
Germany) interfaced with continuous flow mode to a gas isotope ratio mass
spectrometer (Delta V Advantage, Thermo Fisher, Bremen, Germany). The stable
isotope values are reported in delta (8) notation (in per mil, %o) relative to the
international reference standards:

§13C or 815N = (% — 1) x 1000 @)
where Rggmpre and Rgpanaara 1S the ratio of 3C:*2C or *N:N in the sample and
corresponding standard, using Vienna Pee Dee Belemnite (V-PDB) and atmospheric N>
for carbon and nitrogen isotopes, respectively. The analytical precision of the stable
isotope measurements was calibrated using laboratory standard materials, Sigma-
Aldrich a-cellulose (8*3C = —24.25 %), and wood internal standard from Qilian juniper
(average 8N = —5.24 %o). The analytical errors (standard deviations) were 0.03 %o (n

= 30) for 8*3C and 0.12 %o (n = 84) for 6*°N, based on replicate measurements of the
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reference standards. Further details about the quantification of *°N in tree rings can be
found in Wang et al. (2022).
2.4. Calculating intrinsic water-use efficiency (IWUE)

The iIWUE and ratio of leaf intercellular CO> to atmospheric CO> concentrations
(ci/ca) were derived from the discrimination against 13C (A'®C). The AC was calculated
from the tree-ring 5'3C as follows (Farquhar et al., 1982):

A3C = (6"°C, — 6'°C,)/(1 + 6'3C,/1000) (3)
where 6'3C, is the isotope value of atmospheric CO2 and §°C,, is that of tree-ring
wood. The A®C was also calculated as the following formulas:

ABC=a+ (b—a)x(c/cy) (4)
where ¢, refers to atmospheric CO2 concentration; a (~4.4 %o) is the fractionation
arising from the diffusion of CO2 in air via stomata, and; b (~27 %o) is the
discrimination of ribulose bisphosphate against **CO2 during carboxylation (O’Leary,
1981). The estimated annual values of ¢, and 5*3CO. were obtained from the work of
Belmecheri and Lavergne (Belmecheri and Lavergne, 2020). The iWUE, i.e., the ratio
of assimilated carbon (A) to water loss through transpiration (stomatal conductance; gs),
was calculated as follows (Ehleringer et al., 1993):

IWUE =A/gs = (cq —¢))/1.6 =c4 X (1 —ci/cy)/1.6 5)

where A is the flux of net assimilation, measured as CO> uptake; g, is the leaf
stomatal conductance of water vapor (i.e., transpiration), and; the 1.6 value is the
diffusivity ratio of water vapor relative to CO2.Then we compared the measured iWUE

series to three scenarios—constant ci, constant ci/ca, and constant cs—ci (Fig. 2b)-to
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reveal differing trends in the leaf gas-regulation strategy of Qinghai spruce (Saurer et
al., 2004). A statistical correction method (McCarroll and Loader, 2004) was used to
take into account the discrimination effect from rising COz (i.e., the Suess effect) caused
by increases in anthropogenic emissions, and thus generate the corrected 8*3C series
(63Ceor, Fig. S5).

To distinguish the independent influence of climate and atmospheric CO2 upon
IWUE, we estimated the percent changes in iWUE driven by CO (iWUE-c,) and by
climate (IWUE-climate), respectively, since the 1840s (Figs. 2c and S8c) based on the
method of \Voelker et al. (2016). These two components of iIWUE were obtained to
identify whether climate or CO2 (or both) indirectly affected tree growth via
ecophysiological responses driven by an improved iWUE (Voelker et al., 2016).

2.5. Data analyses

Using segmented regression models designed in the ‘segmented’ package for R
(Muggeo, 2017), we determined the piecewise linear dynamics in tree growth for 1840—
2019. We considered one or more breakpoint years when the most significant
directional (linear regression) shifts in BAI chronology occurred (Table S1). By
combining the critical years emphasized by segmented models of BAI and the abrupt
changepoints in climate trends, we chose five sub-periods for further analyses: 1840—
1929, 1930-1964, 1965-1984, 1985-2002, and 2003-2019. Tree growth rates during
these sub-periods are shown in Table S2. Linear regressions were fitted to determine
whether significant temporal trends in tree-ring isotope proxies existed during each sub-

period (Table S2).
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The climatic responses of BAI and stable isotope chronologies were assessed using
Pearson’s correlation coefficient (Figs. S6 and S7). The temporal windows used for
analysis were monthly (from the previous June through the current September) and
multi-monthly. We also applied the first-order difference (fod) calculation to the
correlations, to obtain linkages on high-frequency variation.

Two linear mixed-effects models (LMMs) were built to characterize the BAI
patterns as a function of environmental and ecophysiological parameters over several
sub-periods (Tables S4 and S5), using the ‘Ime4’ package for R (Bates et al., 2015).
Fixed effects of the first model included ca, iWUE, and §'°N, while the second model
tested the effects of *°N and the two components of iIWUE driven by CO (i\WUE-c,)
and climate (iWUE-climate) separately. We used the second LMM to identify whether
CO: fertilization could affect BAI through an improved iWUE. Each predictor variable
was standardized, by calculating its Z-scores, before any model fitting, to enable direct
comparisons. Tree ontogenetic stage was introduced as a random effect considering five
age classes: young, < 20 years; middle-aged, 21-120 years; near-mature, 121-140 years;
mature, 141-180 years; and over-mature, > 180 years (Wang, Che et al., 2000).
Marginal and conditional R? values were calculated, using the ‘MuMIn’ package for R
(Barton, 2022), to express the proportion of variance explained by fixed factors and
fixed-plus-random factors, respectively. We also ran both LMMs for tree-ring $:°N for
each of the five sub-periods from the beginning of climatic records, to check for the
potential effects of variation in environmental factors (Table S3).

The individual contribution of each fixed factor to BAI variability (Fig. 4) was
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quantified using the ‘glmm.hp’ package for R (Lai and Nimon, 2022). This method uses
hierarchical partitioning to estimate the importance of each explanatory variable under
an unordered assessment of the total variance for each LMM of BAI (Lai and Nimon,
2022). The significance level was set at p < 0.05. All statistical analyses were
implemented in R v4.1.3 (R Core Team, 2022).
3. Results
3.1. Climate trends
From 1958 to 2019, the trends in observed temperature, total precipitation, and VPD

were significantly (p < 0.001) positive (0.039 °C year; 1.312 mm year %; 0.002 kPa
year 1), but RH decreased over time (—0.054 % year %, p < 0.001) (Fig. S1c). Using the
CRU data spanning a longer period (Fig. S2), similar shifts in temperature and VPD
were detected while precipitation increased (0.539 mm year!) from 1935 to 2019.
Temperature declined before 1968 (—0.028 °C year ) but later increased (0.016 °C
yeart). Similarly, VPD increased after 1964. The climate data obtained from
meteorological stations and CRU TS 4.04 were strongly correlated (r > 0.665, p <0.01)
and featured similar variability in temperature, precipitation, and VPD (Fig. S3).
3.2. Growth dynamics

Spruce BAI changed little (—0.007 cm? year ) during from 1840 to 1929 (Fig. 1a
and Table S2). However, trees began to undergo sustained increases in their growth
rates during the 1930s (0.140 cm? year?, p < 0.001), followed by smaller increases in
1965-1985 (0.111 cm? year ). The rate of tree growth then declined around 1985 and

this negative trend persisted until the early 2000s (—0.396 cm? year 2, p < 0.001). After
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that, tree growth accelerated significantly (0.736 cm? year*, p < 0.001), reaching its
highest rate since 1840.

This dynamic growth pattern over the last 180 years was in agreement with the
synchronous changes in BAI across all 22 sampled trees (Fig. 1a). Since trees had
narrow ranges of DBH (30-60 cm, mean 44.0 + 6.9 cm; Fig. 1b) and age (160—230
years, mean: 179 + 17 years; Fig. 1c). Therefore, age-related changes in growth rates

cannot explain the recent growth trends of Qinghai spruce in the study region.

(a) ? (b) ([’ Periods  Growth rates (cm? yr™')
- 1840-1929 —0.007
L6 6 Z
i = 1930-1964 0.140%**
2’ 3 3 g 1965-1984 0.111
.If" 1985-2002 —0.396%**
5300 S HHHBHH _ J 2003-2019 0.736%++
NE 200 30 40 50 60140 160 180 200 220
2 DBH (cm) Age (year)
= 204
5
=
o
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<
3
&
s 0 45 Z
8 e
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. . . . . . : . : s g
1840 1860 1880 1900 1920 1940 1960 1980 2000 2020

Year

Fig. 1. Tree growth pattern of mature Qinghai spruce. (a) Variation in tree radial growth expressed
as basal area increment (BAI) from 1840 through 2019. The shaded area represents the standard
deviation of all samples. The right y—axis shows the sample number of tree cores. Annual growth
rates of different sub-periods are the slope values of linear regressions, these are indicated by
conjoined dashed lines. Significance levels: *, p < 0.05; **, p < 0.01; ***, p < 0.001. Detailed
regression estimates are shown in Tables S1 and S2. Histograms show the distribution of sampled
trees grouped as a function of (b) stem diameter at breast height (DBH), and (c) age.

3.3. Variability of tree-ring iWUE and 6*°N
The 5'3Ccor series had a positive trend from 1985 to 2002 (0.036 %o year *, p < 0.05)
(Fig. S8a and Table S2). The trend for ci/ca turned negative from 1985 to 2002 (—0.0016,

p < 0.05; Fig. S8h). From 1840 to 1929, tree-ring iWUE increased (0.086 umol mol ™,
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p < 0.001), then it remained stable from 1930 to 1984, after which it rose from 1985 to
2019, increasing the most in 1985-2002 (0.809 pmol mol™, p < 0.001, Fig. 2a).
Variation in iIWUE closely followed the constant ci/ca scenario (Fig. 2b).

Before 1929, tree-ring 8'°N remained stable, then it increased from 1930 to 1964
(0.122 %o year , p < 0.001), after which it decreased at a mean rate of —0.228 %o year *
from 1965 to 2019, especially in 1985-2002 (—0.315%o year 1, p < 0.001) (Fig. 3a and
Table S2). The 21-year running correlations revealed an overall positive relationship (p
< 0.05) between tree-ring §*°N and growth during the past century (Fig. 3b). Tree-ring
5'°N and BAI covaried from 1920-2000, whether based on raw data (r = 0.353, p <
0.001) or high-frequency data (r = 0.501, p < 0.01) (Fig. 3c, d). The role of 8**N in
modulating tree growth is best illustrated through the LMMs (see section 3.6). Changes
in tree-ring 8N were consistent with those of wood C/N (r = 0.588, p < 0.001) in
1840-2019 (Fig. S9a). Wood C/N declined in 1840-1929 (slope = —1.366, p < 0.001),
rebounded significantly in 1930-1964 (slope = 4.625, p < 0.05), and then fell at a mean

rate of —14.482 year * between 1965 and 2019 (Fig. S9a and Table S2).
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Linear trends are depicted for five different sub-periods. Significant (p < 0.05) trends (increasing or
decreasing) are shown as thick solid lines; non-significant trends appear as dashed lines (regression
estimates can be found in Table S2). (b) The 21-year running correlation coefficients of tree growth
(BAIT) and 8N calculated considering the raw data or first-order differences (fod). The dotted lines
in panel (b) indicate thresholds for p = 0.05. Comparison of tree-ring 3*°N and BAI during the 1920—
2000 period based upon (c) raw values or (d) first-order differences (fod); their corresponding
correlation coefficients and p-values are also shown.

3.4. Contribution of multiple drivers to tree growth

The response patterns of BAI revealed a weak climatic signal (Figs. S6a, d and S7a,
d). BAI was positively correlated with June—July precipitation, RH, and scPDSI, but
negatively with early summer temperature and VPD. These relationships indicated
some dependence of growth on moisture availability.

Changes in BAI from 1840 to 1929 were associated with increases in iIWUE (Fig.
4a and Table S4), specifically in iIWUE-climate (Fig. 4b and Table S5), which
contributed most to the enhanced iWUE during this sub-period. From 1930 to 1964, the
marked increases in 8°N substantially augmented BAI, though iWUE was also a
significant predictor (Table S4); the change in IWUE-climate explained little of the
variance in BAI (Fig. 4b). A greater 31°N was responsible for the largest change in BAI,
accounting for 49.13% of its variance between 1930 and 1964 (Fig. 4a), corresponding
to the synchronous variation between these two parameters (Fig. 3c). From 1965 to
1984, iIWUE was marginally related to BAI (Table S4). From 1985 to 2002, however,
the general increase in IWUE became the chief factor determining the reduction in tree
growth, explaining 43.02% of its variance (Fig. 4a), of which the IWUE-climate
component explained 28.29% of the BAI variability (Fig. 4b). Finally, from 2003 to
2019, iIWUE underwent linear increases in tandem with the recent surge in BAI (Table

S4) and this contributed positively (60.00%) to the BAI increases (Fig. 4a). A
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significantly positive effect of iWUE-c, on BAI was also detected (Table S5), which

explained 55.76% of the BAI variance (Fig. 4b).
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Fig. 4. Respective contribution of each fixed effect towards the total marginal R? based on linear
mixed-effects models (LMMs) fitted to tree growth (BAI) during five different sub-periods. The
results of LMMs are presented separately in Tables S4 (for Fig. 4a) and S5 (for Fig. 4b). Fixed
effects of the first LMM included c,, iWUE, and 3*°N (a), while the second LMM focused on §*°N
and the two components of iIWUE (iWUE-c, and iWUE-climate) separately driven by CO; and
climate (b). We used the second LMM to determine whether CO- fertilization affects growth via an
improved iIWUE. Note that only significant effects (p < 0.05) are labeled with percentage numbers.

4. Discussion

Our study offers a novel perspective on the underlying drivers shaping growth
dynamics of mature, drought-prone forest trees and their ecophysiological responses to
rising CO2, global warming, and changes in nitrogen availability. As such, this work

advances our understanding of the carbon sink potential of mature trees over the long
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term in semi-arid mountain ecosystems.

We identified three main growth phases of Qinghai spruce since 1930 (Fig. 5): (i) a
phase characterized by a sustained increase in growth, from 1930 to 1964; (ii) a phase
characterized by remarkable growth decline, from 1985 to 2002; and (iii) a phase
characterized by unprecedented surges in growth rates, from 2003 to 2019. The LMMs
revealed that several environmental and ecophysiological predictors, i.e., ca, IWUE
(both iIWUE-c, and iWUE-climate), as well as §*°N, significantly affected tree growth.
However, the response of BAI to each variable differed in strength and direction during

the different sub-periods.

Fig. 5. Conceptual model showing how the dynamic interplay of climatic factors, nitrogen
availability, and atmospheric CO; influences the growth of mature Qinghai spruce over time.
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4.1. Tree growth benefited from improved nitrogen availability

Increasing nitrogen availability mainly arose via changes in bioavailable nitrogen
pools, which coincided with favorable climate conditions and low ca in 1930-1964
(Table S3). The level of anthropogenic nitrogen inputs at our study site was very low,
considering it belongs to remote mountain areas that are neither rapidly industrialized
nor densely populated. The data evidences supporting the above argument were detailed
in Wang et al. (2022). Therefore, our tree-ring 6*°N signatures mainly reflected internal
nitrogen processes in the study stand. Climate change and rising ca may generate long-
term modifications to soil nitrogen processes and nitrogen availability (Savard and
Siegwolf, 2022). On the one hand, the colder climate correlated negatively with the
variation in nitrogen availability (Table S3). Climate-driven changes in soil hydrologic
conditions alter key mechanisms of nitrogen cycling (Greaver et al., 2016). As reported
earlier (Liang et al., 2006), there was a severe and sustained drought in the 1920s and
early 1930s across northern China. Drought can inhibit nitrification and cause nitrogen
to accumulate in soil, but nitrification pulses can occur in response to abundant rainfall
(Wang et al., 2015). Moreover, because wetter climate conditions should increase rates
of denitrification, more *N-depleted nitrogen would be lost via the gas phase (Duncan
etal., 2013). These nitrogen cycling processes tend to strongly discriminate against °N,
thus increasing soil and/or plant §!°N, ultimately resulting in higher availability of
nitrogen (Elmore et al., 2016). On the other hand, tree-ring §'°N increased in tandem

with the rising ca over time (Table S3). CO2-reduction experiments and evidence from
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periods of low CO. might provide a possible explanation for the positive effects of ca
on plant nitrogen concentrations and nitrogen mineralization in soil (Ripley et al., 2013).

In our study, BAI benefited primarily from increasing nitrogen availability (Fig. 4a
and Table S4), similar to the improved nutrient availability after permafrost thawing at
a high-latitude site (Silva et al., 2016). Reductions in competitive pressure triggered by
growth releases might also explain, in part, the surges in growth of Qinghai spruce after
the dry 1920s (Liang et al., 2006). Forest dieback and tree death caused by severe
drought and/or thinning reduce plant nitrogen uptake rates and bolster the relative
retention of nitrogen in soils (McLauchlan et al., 2007). Again, the greater nitrogen
availability associated with growth releases caused by that drought disturbance was
likely related to the early stage of forest recovery (McLauchlan et al., 2007). In addition,
the significant increases in nitrogen availability and C/N in 1930-1964 (Fig. S9) were
coupled with faster tree growth. This could be due to more efficient nitrogen use to
enhance plant survival when soil moisture levels are sufficient (Quadri et al., 2021,
Zhang et al., 2020).
4.2. Varied growth stimulation with increasing IWUE

Across the 1840-2019 period, increased iWUE was characterized by a constant ci/ca
scenario (Fig. 2), suggesting different leaf gas-exchange strategies of Qinghai spruce in
response to changes in ca and climatic conditions (Saurer et al., 2004). During 1985—
2002, iWUE rose rapidly while the 8**Ccor decreased and ci/c, increased (Figs. 2a and
S8); inaddition, the influence of climate was slightly greater than that of CO2 (Fig. S8c).

Our results suggest that atmospheric water demand likely influences stomatal
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conductance, as shown by the positive relationships between early summer VPD and
temperature with iIWUE (Fig. S6b). In the Qilian Mountains, drought conditions due to
higher temperatures and reduced precipitation were reported for 1980-2001 (Gao et al.,
2018). Thus, higher demand for atmospheric water related to warming suggests the
avoidance of impaired hydraulic functioning at the expense of carbon uptake. Similar
observations can be found in other studies that found similar tree physiological
responses to moisture deficit despite increases in IWUE (Giguere-Croteau et al., 2019;
Gonzalez de Andrés et al., 2021; Wang, McDowell et al., 2020).

In the second phase (1985-2002), increases in iIWUE negatively affected tree
growth (Fig. 4a and Table S4) via changed climate conditions and nitrogen availability.
A noticeable growth decline period between 1980 and 2001 in Qinghai spruce was also
confirmed in the same study area (Gao et al., 2018; Wang, Chen et al., 2020). Given the
positive relationships between radial growth and moisture availability, drought stress is
likely to be the main factor responsible for the growth reductions (Figs. S6a, d and S7a,
d). Anegative correlation between BAI and temperature under drought conditions (Figs.
S6d and S7d) also implies the high sensitivity of BAI to water shortage. Again, the
sharp increases in IWUE may partially reverse the stem growth reduction, as evinced
by the greater variance of BAI explained by iWUE-climate (Fig. 4b and Table S5).
Lower nitrogen availability at this time (i.e., second phase) may also have been a factor
limiting the capacity of augmented iWUE to stimulate tree growth, though this effect
could not be confirmed here. Altogether, these results suggest that the lack of growth

stimulation in spite of an increasing iIWUE can be jointly explained by climate change,
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particularly drought stress, stomatal density reduction, and nutrient limitation (Giguere-
Croteau et al., 2019; Gonzéalez de Andrés et al., 2021; Wang, McDowell et al., 2020).
4.3. Recent accelerated growth was mainly driven by CO- fertilization

During 2003-2019, the stimulation by increasing CO2 levels might have been
responsible for the stark increase in iIWUE (Fig. S8c). The trend of increasing
precipitation at our study site also indicated greater availability of moisture, enabling
more stomata to remain open longer (Figs. S1c and S2). These conditions would have
allowed higher carbon assimilation to be the major driver of increases in iIWUE, which
other studies have also highlighted (Guerrieri et al., 2019; Palandrani et al., 2021;
Rayback et al., 2020).

Faster radial growth in 2003-2019 was largely attributed to that period’s CO:
fertilization effect coupled with increased iIWUE (Fig. 4). The positive correlation we
found between BAI and iWUE or iWUE-ca (Tables S4 and S5) provides supporting
evidence that rising ca could stimulate photosynthesis and then tree growth, consistent
with other findings of enhanced photosynthesis being the major driver of increased
IWUE and BAI (Guerrieri et al., 2019; Palandrani et al., 2021).

4.4. Declining nitrogen availability did not limit tree growth in recent decades

Continuous declining nitrogen availability, as indicated by tree-ring §°N, occurred
in 1965-2019 when the ca was higher and the climate was warmer (Table S3). Rising
temperature- and COz-induced changes to soil water deficits could alter both net
nitrogen mineralization rates and plant nitrogen demand, especially in water-limited

regions (Mason et al., 2022). On the one hand, warmer early summers led to decreased
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tree-ring 51°N (Table S3); however, some studies did not find this negative relationship
when trying to explain changes in foliar or tree-ring 5'°N across ecosystems concerning
climatic factors (Guerrieri et al., 2020; Tang et al., 2022). An increasing temperature
may extend the plant-growing season, especially in high-altitude mountainous regions,
strengthening the plant demand for nitrogen such that its supply is exceeded, thereby
reducing its availability in soil (Craine et al., 2018; Elmore et al., 2016). Higher air
temperatures can also induce soil water deficits that negatively influence the net
mineralization rates of nitrogen (Churkina et al., 2010). Furthermore, rising
temperatures generally stimulate microbial activity, shortening the residence time of
organic matter in soil and increasing the supply of bioavailable nitrogen to plants
(Hobbie and Hogberg, 2012). On the other hand, we found that higher and increasing
Ca Negatively affect nitrogen availability (Table S3), consistent with previous studies
(Craine et al., 2018; McLauchlan et al., 2010, 2017]. Rising CO2 enhances the rate of
photosynthesis, which increases the demand for plant-available soil nitrogen and lowers
the overall nitrogen availability (Luo et al., 2004). A greater ca may also reduce the net
mineralization of nitrogen and diminish its supply in soil, and hence its uptake by plants
(Billings and Ziegler, 2005). Nitrogen availability can be also reduced by increasing
organic storage with rising CO2, namely in wood biomass and recalcitrant plant litter,
and via enhanced microbial immobilization (Luo et al., 2004).

The synchronous decline of §°N and C/N in 1965-2019 (Fig. S9a) may also suggest
a decrease in soil nitrogen availability because of increased nitrogen sequestration in

wood. One possible explanation is progressive nitrogen limitation, whereby nitrogen
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availability declines as a result of increasing sequestration by organic pools, including
microbial biomass, wood, and recalcitrant plant litter (Luo et al., 2004; McLauchlan et
al., 2010). The decreased wood 5°N might have resulted from a more closed nitrogen
cycle in the ecosystem with less nitrogen deposition in remote areas, implying less 1*N-
enriched nitrogen was lost through denitrification and/or nitrate-flushing processes
(Craine et al., 2015). Consequently, nitrogen’s uptake and retention by plants increased
with greater demand for it, by them absorbing °N-depleted nitrogen from soils and/or
relying more on the symbiotic associations with fungi that provide light nitrogen
(Hobbie and Hogberg, 2012). This interpretation is further supported by the declining
wood C/N, driven largely by augmented tree-ring nitrogen storage (Fig. S9).
Furthermore, lower C/N values are often found when plants tend to compete for more
carbon gain when their growing conditions are favorable (Zhang et al., 2020).

In the last phase, 2003-2019, tree growth was not markedly constrained by
declining nitrogen availability but in fact enhanced by CO fertilization. This suggests
that large and mature Qinghai spruce forests still retain high potential as carbon sinks.
Significant positive relationships between tree-ring §°N and growth (Figs. 3¢ and d)
were detected during the 1920-2000 period. Our results emphasize that the recent
declining nitrogen availability did not reduce growth, suggesting a shift from nitrogen
to CO> as the driving force of mature tree growth dynamics. During this period, the
positive effect of increased CO2 on tree growth may have outweighed any detrimental

effects of nitrogen limitation, and also possibly benefited from greater water availability.
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5. Conclusions

This study elucidated the environmental and ecophysiological drivers of radial
growth patterns of mature Qinghai spruce over the last 180 years, specifically the
underlying factors contributing to recent growth accelerations. Tree growth started to
increase in 1930 and growth rates accelerated over the last two decades. Nitrogen
availability positively affected growth with a substantial yet dynamic impact from the
1920s onwards. Recent accelerated growth was driven primarily by CO; fertilization,
possibly due to higher photosynthesis rates. Tree growth of mature spruce was not
markedly constrained by gradual nitrogen limitation as the higher CO. levels and
increasing temperatures since 2000. Our results also emphasize the need to explicitly
consider how long-term carbon-nitrogen interactions, in addition to water stress,
contribute to trees’ nitrogen dynamics and acquisition in mountain conifer forests. This
would benefit accurate assessments of the current and future potential of the
productivity and carbon storage potential of forests in temperate, seasonally dry

mountainous regions in the face of ongoing environment change.
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