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Abatract 

Carbon (C) allocation plays a crucial role for survival and growth of the alpine treeline 

trees, which, however, is still poorly understood. Using in situ 13CO2 labeling, we 

investigated the leaf photosynthesis and the allocation of 13C labeled photoassimilates 

in various tissues (leaves, twigs and fine roots) in treeline trees and low-elevation trees. 

Non-structural carbohydrate (NSC) concentrations were also determined. The alpine 

treeline trees (2000 m. a.s.l.), compared to low-elevation trees (1700 m a.s.l.), did not 

show any disadvantage in photosynthesis, but the former allocated proportionally less 

newly assimilated C belowground than the latter. Carbon residence time in leaves was 

longer in treeline trees (19 d) than that in low-elevation ones (10 d). We found an overall 

lower density of newly assimilated carbon in treeline trees. The alpine treeline trees 

may have a photosynthetic compensatory mechanism to counteract the negative effects 

of the harsh treeline environment (e.g. lower temperature and shorter growing season) 

on carbon gain. Lower temperature at treeline may limit the sink activity and carbon 

downward transport via phloem, and shorter treeline growing season may result in early 

cessation of root growth, decreases sink strength, which all together lead to lower 

density of new carbon in the sink tissues, and finally limit the growth of the alpine 

treeline trees.  

 

Keywords: alpine treeline, 13C pulse labeling, carbon allocation, non-structural 

carbohydrates (NSC), photoassimilates, sink activity 
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Introduction 

The alpine treeline, the most conspicuous vegetation boundary, is highly sensitive to 

global and regional environment change (Tranquillini, 1979; Körner, 1999). Trees near 

the alpine treeline are sensitive to low temperature that limits tree growth (Körner & 

Paulsen, 2004). Alpine treelines are believed to be associated with a common thermal 

threshold of 6.7 ± 0.8°C (soil temperature at 10 cm depth) in the growing season 

(Körner & Paulsen, 2004). The harsh alpine environment characterized by low 

temperatures, reduced CO2 pressure, strong winds, and intense UV-radiation (Körner, 

1999) may constrain physiological processes that subsequently limit photosynthesis, 

growth and survival of trees in the alpine treeline ecotone (Tranquillini, 1979). For 

example, McNown and Sullivan (2013) reported that, compared to low-elevation, white 

spruce trees at the alpine treeline showed reduced gross and net photosynthesis in 

northwest Alaska. However, classical gas-exchange studies of the leaves of treeline 

trees (e.g. Larix decidua, Picea abies, Pinus cembra) have not revealed any particular 

disadvantages for photosynthesis in these trees compared with those at low altitudes 

(Tranquillini 1979; Körner 1999).  

Photosynthetic carbon gain is only one aspect for the carbon balance of trees; another 

and probably even more important aspect is how photosynthates are allocated to and 

invested in various tissues of treeline trees. Tissue levels of non-structural 

carbohydrates (NSCs) being central for fueling growth, maintenance metabolism and 

carbon storage capacity, reflect the balance between C assimilation, allocation and 

consumption within a tree (Körner, 1999; Oleksyn et al., 2000; Hoch et al., 2002; Li et 
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al., 2002; Hoch & Körner, 2003). Two mechanisms might explain increases in tissue 

NSC concentrations under extreme environmental conditions. On one hand, when 

growth rather than photosynthesis is constrained by harsh environments, the tissue NSC 

concentrations often increase passively as carbon supply exceeds demand (Sala et al., 

2012; Palacio et al., 2014). On the other hand, to resist environmental stress, e.g. to 

prevent frost or drought damage, trees growing in severe environmental conditions 

often actively prioritize C storage and sugar accumulation over growth (Sala et al., 2012; 

Ouyang et al., 2021), because accumulation of soluble sugars in plant cells is 

responsible for osmotic adjustment to prevent cell water loss under drought (Woodruff 

& Meinzer 2011) and/or to prevent intracellular ice formation under sub-zero 

temperatures (Morin et al., 2007). It is, however, difficult to disentangle whether higher 

tissue NSC levels are due to lower sink demand than photosynthetic supply or due to 

an active accumulation for sustaining tree functioning under harsh environmental 

conditions.  

Carbon allocation has been evaluated via biomass partitioning (e.g. Wu et al., 2010) 

on the long-term and the flux of newly assimilated 13C-labelled carbon to particular 

plant compartment on the short-term (Epron et al., 2011). Carbon allocation within a 

whole tree is also affected by environmental conditions (Epron et al., 2012; Joseph et 

al., 2020), e.g. drought, shading, and nutrient limitation (Giardina et al., 2003; Ruehr 

et al., 2009; Bahn et al., 2013) as well as species competition (Hommel et al., 2016). 

Under moderate drought or low nutrient supply conditions, plants increase C allocation 

to the root system (Poorter et al., 2012), whereas, under low light conditions, they 
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allocate a relatively higher proportion of assimilated C to shoots, corroborating the 

‘functional equilibrium hypothesis’ (Bloom et al., 1985; Poorter et al., 2012). This 

hypothesis assumes that growth of those plant organs and tissues is prioritized, which 

enables the plant to enhance the acquisition of the most limiting resources (Bloom et al. 

1985; Poorter et al. 2012). However, intensive stress conditions damaging a plant can 

also lead to allocation patterns that oppose the functional equilibrium hypothesis. For 

example, intensive drought strongly reduces sink activity belowground thus decreasing 

the carbon demand and consequently leads to reduced belowground allocation of new 

assimilates (Hagedorn et al., 2016; Joseph et al., 2020).  

Thirty years ago, Mordacq et al. (1986) already applied 13CO2 labelling method to 

trace and estimate the carbon allocation within young Chestnut trees. However, only 

few studies found used C-isotope labeling methods to quantitatively analyze carbon 

allocation and partitioning of newly assimilated C within trees at the alpine treeline. 

Using 13CO2 labeling technique, Kagawa et al. (2006) found that a higher proportion of 

July and August photoassimilate was allocated to belowground parts of Larix gmelinii 

saplings grown in a continuous permafrost zone. In an another treeline labeling 

experiment with Pinus mugo, Ferrari et al. (2016) found that trees grown in lower soil 

temperature allocated less newly assimilated C to roots than those grown in higher soil 

temperature. Using 13C labelling, Streit et al. (2013) found that Larix decidua at the 

treeline showed a limitation of sink activities, reflected by slower C transfer rates 

belowground relative to lower elevation larch trees. However, recent large-scale NSC-

related studies found that both trees (Li et al., 2018) and shrubs (Wang et al., 2021) at 
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their respective upper limits actively allocate NSC belowground already in summer, in 

expense of growing season growth, to store NSC for over winter. Therefore, to explain 

these contrasting results and better understand the mechanisms for treeline formation, 

it is needed to precisely, quantitatively clarify the carbon production and allocation in 

treeline trees, using up-to-date methods/techniques.   

Hence, in this study, we applied whole tree 13CO2 pulse labelling to Betula ermanii 

Cham. trees growing at both the alpine treeline and lower elevation, and tracked the 13C 

tracer within the plant and transferred to the soil and the atmosphere. We compared 

13CO2 assimilation and allocation of newly assimilated C between treeline trees (TLTs; 

2000 m a.s.l.) and low-elevation trees (LETs; 1700 m a.s.l.) on the Changbai Mountain, 

northeastern China. Moreover, we determined NSC concentrations in leaves, twigs, and 

roots. We hypothesize that: (1) treeline trees and low-elevation trees have similar 

photosynthetic capacity as previously reported (e.g. Tranquillini 1979), but (2) the 

former allocates proportionally more newly assimilated C to roots than the latter in 

summer, due to active summer NSC storage in treeline trees recently proposed (Li et 

al., 2018; Wang et al., 2021), and higher summer root NSC levels found at the treeline 

trees than the low-elevation ones (Hoch & Körner, 2003).  

Materials and methods 

Study area 

The study was conducted within the Natural Reserve of Changbai Mountain (41°59′N, 

127°59′-128°E) in Northeastern China. The area is undisturbed because of its 

remoteness and high elevation. Vertical spectra of vegetation zones are developed with 
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mixed coniferous broad leaved forests distributed from 740 to 1100 m a.s.l, coniferous 

forests from 1100 to 1700 m a.s.l, mountain birch forests from 1700 to 1950 m a.s.l, 

and tundra above 2000 m a.s.l (Yu et al., 2014). The treeline is between 2000 m and 

2030 m a.s.l, and was defined as trees with a height of > 3 m and canopy cover of > 20% 

(Du et al., 2018). The dominant species at the treeline was the deciduous broad-leaved 

Betula ermanii. The climate is temperate continental climate with an annual 

precipitation ranging from 700 to 1400 mm (Cong et al., 2018), and annual mean 

growing season (late May – late September) temperature ranging from 3.4 to 8.8°C 

(mean growing season temperature is 5.9°C) (Cong et al., 2019). Soils were classified 

as mountain soddy forest soil.   

One representative site was selected at 1700 m (low elevation) and 2000 m a.s.l. 

(treeline elevation) on a west side of Changbai Mountain, respectively. Both sites had 

the same aspect (west-facing slope) and similar slope angle (~15°). Betula ermanii trees 

in the 1700 m site were naturally generated after a wind disturbance (Jin et al., 2021). 

Therefore, we could easily find isolated, healthy B. ermanii LETs with similar age 

(approximately 12-yr-old) as target individuals as B. ermanii TLTs in the 2000 m site 

(Fig. 2; Table 1), which provided the opportunity to study differences in partitioning of 

new assimilates between B. ermanii TLTs and LETs without any age effects. The air 

temperature at the treeline (2000 m a.s.l.) was, on average for the 31 days after pulse 

labelling (which took place during the growing season at the end of July) 2.5°C lower 

(Fig. 1a) than at the lower elevation (1700 m a.s.l.). The soil temperature at the treeline 

was on average by 1.7°C lower than at the lower elevation (Fig. 1b). The mean soil 
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water content at the treeline, probably due to thin soil, stronger wind and solar radiation 

there, was 33 %, which was clearly lower than that at the lower elevation (mean 42 %) 

(Fig. 1c).  

 

13C pulse labeling 

The 13C pulse labeling was conducted with 4 replicate trees labeled at both elevations 

on 25 July 2017 (Fig. 2), which was a sunny day. The distance between two neighboring 

trees was at least 5 m to avoid any potential disturbance on the pulse labeling (An et al., 

2015). Two months before isotope labeling, we dug a square trench (hereafter referred 

to as plot) around each tree with 1.6 m x 1.6 m at 1700 m and 1.4 m x 1.4 m at the 

treeline elevation, according to crown width and rooting depth. These trenches were 

packed with polyethylene film and refilled with soil afterwards (Dannoura et al., 2011). 

The trenches were extended to 30 cm and 20 cm depth at low and treeline elevation, 

respectively, to cut off roots from plants outside, ensuring all roots and root exudates 

within the soil originating from the labeled tree, thus avoiding neighboring plants 

effects on soil respiration.  

For the 13C labelling, a chamber was installed around the whole tree crown in each 

plot on the day before labeling. The chambers made of a steel frame had the following 

dimensions: 1 m width × 1 m breadth × 1.1 m height (Fig. 2). Supported by steel pads, 

the chamber frames were installed above the forest floor (Fig. 2). Immediately before 

labelling the top of the chamber was kept open and then sealed with a transparent 

polyethylene film (more than 90% light transmittance). 
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We applied antifogging agent on the inside walls of the chamber to reduce water 

vapor condensation during the 13C pulse labeling, increasing light intensity and 

reducing 13CO2 dissolved in water drops (Fig. 2). The 13CO2 was released by injecting 

60 ml of 4 mol L-1 HCL into 11.94 g solid Na2
13CO3 (99 atom% 13C, Cambridge Isotope 

Laboratory Inc.). Previous studies suggested that HCL should be added very slowly to 

avoid or minimize impacts on stomata opening of leaves (An et al., 2015; Keiner et al., 

2015; Potthast et al., 2021; Liu et al., 2021). The 60 ml HCL solution was added in 6 

times (10 ml each), and each 10 ml was very slowly added with a syringe from outside 

the chamber into the solid Na2
13CO3 to keep the chamber CO2 at approximately 600 

ppm across the labeling duration of 4 hours. The beaker containing solid Na2
13CO3 was 

mounted to the steel frame inside the chamber. To guarantee uniform distribution of the 

13CO2, the air inside the chamber was circulated by four small electric fans (5V, 8 inches 

in diameter) fixed at the four corners of the chamber (Bahn et al., 2009). During the 

labeling period, air temperature inside each chamber was stabilized by ice packs 

mounted in the center of each chamber (Bahn et al., 2013). The temperature inside and 

outside each chamber was measured during the 4 hour-labelling period, and the air 

temperature inside chambers at both elevations increased very similarly (Table S1). The 

CO2 concentration in the chamber was monitored by an infrared gas analyzer (CIRAS 

Ⅲ, PP-systems, Amesbury, MA, USA) which detects both 12CO2 and 13CO2. We took 

into account that the response of the CIRASⅢ to 13CO2 is about 30% lower than to 

12CO2 (personal information from the manufacturer). Labelling lasted for 4h and the 

chambers were removed thereafter (Fig. 2). 
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Sampling and analysis of 13C 

Within the 31-day chase period following the 13C pulse labelling, leaves, twigs, roots 

and soil samples were taken at 4h and 2, 4, 6, 9, 15, 22 and 31 d after the 13C labeling. 

Additional sampling was performed before labeling (24 July, 2017). At each sampling 

time, one twig with its attached leaves was taken for leaves and twig samples, and two 

soil cores with 5 cm in diameter, at a distance of about 20 cm away from the tree stem. 

These soil samples were collected over the entire depth of the plot (30 cm and 20 cm 

depth at low and treeline elevation) and pooled thereafter (Ruehr et al., 2009). Roots 

were separated from the soil with a sieve with a two 2 mm mesh. The sieved soil 

samples were air-dried and stored at 4 °C, and root samples were washed by wet sieving 

with a 0.5 mm mesh size to remove attached soil and debris. All leaves, twigs and roots 

samples were oven-dried at 65 °C for 48 h and ground to fine powder with a ball mill 

for further analyses (i.e. 13C, NSC). At the end of the experiment, the entire trees were 

harvested and the biomass of leaves, twigs and roots of each tree was determined. All 

plant biomass samples were dried for 48 h at 70 °C and weighed for subsequent analyses. 

Atmospheric air, foliage- and soil-emitted CO2 were collected at 4h, and 2, 4, 6, 9, 

15, 22 and 31 days after the 13C labeling. Three samples of atmospheric air were 

gathered with a syringe at about 2 m above the soil surface (Wu et al., 2010). Soil 

respiration was sampled with opaque PVC chambers (internal diameter 10 cm, height 

13 cm). Two opaque PVC collars per plot were permanently installed and pressed into 

the soil to a depth of 2 cm before the labelling. The collars were closed with chambers 
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for 30 min to cover the soil surface where living above-ground plants were clipped 

before (Hafner et al., 2012). Then gas from the chambers was collected after 30 min 

through rubber pads at the top with a syringe and transferred to gas sampling bags 

(MBT42-1, Dalian Hede Technology Co., Ltd., Dalian, China). To determine the 13C 

of leaf respired CO2, air was collected from branch bags. Within each plot, two bags 

made of opaque polyethylene film were each placed over a branch (Carbone & 

Trumbore, 2007) and sealed with duct tape for 30 min to let the CO2 concentration rise. 

Subsequently, the gas of bags was collected with a syringe and transferred to other gas 

sampling bags.  

The δ13C values of leaves, twigs, roots and soil samples were measured with an 

isotope ratio mass spectrometer (Delta V Advantage, Thermo Fisher Scientific Inc., 

Bremen, Germany) coupled with an elemental analyzer (Flash 2000HT, Thermo Fisher 

Scientific Inc., Bremen, Germany). Air samples were analyzed for carbon isotope 

composition and CO2 concentration with a GC IRMS (Thermo Fisher Precon+GC Box-

Delta V Advantage), which was linked to a mass spectrometer (Delta V Advantage, 

Thermo Fisher Scientific Inc.). The isotope analysis of sample and reference materials 

was carried out according the recommendations and the identical treatment principle 

described by Werner and Brand (2001). 

 

Analysis of non-structural carbohydrates 

For the extraction, dried and homogenized plant material was mixed with 80 % ethanol, 

incubated at 80 °C in a water bath shaker for 30 min, and then centrifuged at 4000 rpm 
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for 10 min. The precipitates were re-extracted twice using 80 % ethanol. The combined 

supernatants retained to determine soluble sugars by the anthrone method (Dubois et 

al., 1956). The ethanol-insoluble pellets were used for starch extraction. Starch was 

extracted from the solid residues after placing in water at 80°C to remove the ethanol. 

The residues were boiled with 2 ml of distilled water for 15 min. After cooling to room 

temperature, 2 ml of 9.2 M HClO4 was added for 15 min to hydrolyze the starch. Then 

4 ml distilled water was added, and the mixture was centrifuged at 4000 rpm for 10 min. 

Subsequently, the solid residues were extracted one more time with 2 ml of 4.6 M 

HClO4 and the hydrolised sugars were determined with the anthrone method. 

Concentrations were determined at 620 nm using a 721 spectrophotometer (TU-1810, 

Beijing Purkinje General Instrument Co., Ltd., Beijing, China) (Wang et al., 2017). The 

concentrations of soluble sugars, starch, and NSC (soluble sugars plus starch) were all 

expressed on a dry matter basis (% d.m.). 

 

Calculations 

13C in samples was expressed as δ13C value (‰)，relative to Pee Dee Belemnite (PDB) 

standard. The isotopic ratio (13C/12C) of each sample Rsample was calculated by the 

following equation (Boutton, 1991; Simard et al., 1997):

 

𝑅𝑠𝑎𝑚𝑝𝑙𝑒 = (
δ C13

1000
+ 1) × 𝑅PDB      (1) 

RPDB = 0.011237 is the isotopic ratio of 13C/12C in PDB. 

Atom % (% of 13C in total carbon atoms) of the sample was calculated as follows 

(Simard et al., 1997):   
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atom% = (
𝑅sample

𝑅sample+1
) × 100%                   (2) 

The 13C enrichment in different plant organs as a result of the 13C labelling was 

calculated as 13C atom% excess according to Eqn 3 for total carbon: 

atom% excess C = atom%s
13 − atom%b                  (3) 

where atom%s  and atom%b  represent the atom% of the sample at a given time 

point after labelling and natural abundance sample taken before labelling, respectively. 

We applied an indirect method (mass balance method) instead of a direct 

measurement to obtain δ13CNSC (Eqn 4) and estimate the tissue soluble 13Cexcess. We 

assumed that higher 13C signals (i.e., higher 13C atom %) were due to newly assimilated 

carbon and thus mainly contributed to NSC. Therefore, the soluble 13Cexcess of the non-

structural carbon was determined with Eqn 5: 

δ CNSC =13 δ Cbulk−δ Cunlabeled×1313 (1−[NSC])

[NSC]
                    (4) 

soluble Cexcess
13 = atom%NSC − atom%unlabeled                    (5) 

where δ13Cbulk and δ13Cunlabeled represent the δ13C of bulk labelled sample and unlabeled 

sample, respectively, and [NSC] is the concentration of non-structural carbohydrates in 

plant tissues. 

The 13C excess pool (mg) in NSC of plant compartments was calculated using Eqn 

6, and the area based soluble 13C excess (mg/m2 projected area) of each compartment 

(per unit projected area) was calculated according to Eqn 7:   

soluble Cpool excess
13 (mg) =

soluble Cexcess
13

100
×

C %

100
× DW                (6) 

projected soluble Cexcess
13 (m g m2⁄ ) =

soluble Cexcess
13

100
×

C %

100
× B      (7) 
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where DW is the dry weight of plant biomass compartments (expressed in mg); B is the 

dry weight of plant compartments per projected area (expressed in mg m-2); C % is the 

percentage of C in the sample; the projected area of each plant was determined 

according to tree crown width. 

The δ13C values of foliage and soil respiration were obtained with the following 

equation (Subke et al., 2004): 

δ Crespired =13 δ Cchamber×[CO2]chamber−δ Catmosphere×[CO2]atmosphere
1313

[CO2]chamber−[CO2]atmosphere
      (8) 

where δ13Cchamber and δ13Catmosphere are the isotopic composition of CO2 from chamber 

and ambient atmosphere air, respectively, and [CO2] is the CO2 concentration. 

To determine mean residence time (MRT) of 13C excess in leaves, the following 

exponential decay function was fitted (Ruehr et al., 2009): 

𝑁(𝑡) = 𝑁0𝑒(−𝑡)  (9) 

where t is the time in days after the labeling, N0 is the initial 13C excess at time t = 0 

directly after labelling (maximum of 13C),  is the decay constant, and Nt is the amount 

of 13C after time t. The MRT was then calculated as 1/. 

 

Data analysis 

Overall differences between TLTs and LETs in size, age and biomass were analyzed 

using a t-test. To test differences in isotopic signature (i.e., 13excess values and soluble 

13C excess) between TLTs and LETs, the independent t-test was applied at every time-

points of 13C dynamics during the 31-day chase period. Mean values and standard errors 

are given in the tables and figures. 
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Results 

Tree size, biomass and photosynthetic capacity 

Base diameter, height and the total tree biomass, as well as annual mean tree ring width, 

were significantly lower in TLTs than in LETs (Table 1; Fig. 3), whereas the maximum 

photosynthetic rate (Amax) and stomatal conductance (gs) were significantly higher in 

TLTs than in LETs (Table 2). TLTs had significantly higher root-shoot ratio, but similar 

LMA and total leaf area per tree to LETs (Table 1). 

 

Atom% excess 13C  

The 13C atom% excess values in leaves of TLTs were significantly higher than those of 

LETs (p < 0.05) at the majority of the sampling dates (Fig. 4a). At the first sampling 

date (4 h after the labeling), leaf 13C atom% excess at both elevations reached the 

highest value and then decreased exponentially over time (Fig. 4a). The decrease rate 

was slower in TLTs than that in LETs (Fig. 4a), and thus the MRT was higher at the 

treeline (Table 3). In twigs, 13C atom% excess first increased after labeling and reached 

its maximum value on the 2nd day (LETs) and 4th day (TLTs) and thereafter it 

gradually decreased with time (Fig. 4b). It was remarkable that the peak values of twigs 

in TLTs came later than that in LETs, and then the signal decreased rapidly, but the 

values of twigs in TLTs and LETs were not different anymore after 22nd day (Fig. 4b). 

The 13C atom% excess in the fine roots did not differ at any sampling point between 

TLTs and LETs (Fig. 4c). The maximum 13C atom% excess values in fine roots was 
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found on the 15th day after the labeling in LETs, whereas the peak of the 13C atom% 

excess in fine roots of TLTs occurred on the 22nd day (7 days later). The 13C excess in 

soil was generally low and reached its maximum after 4 days at the treeline, but the 

observed differences between the two elevations in temporal dynamics of 13C excess 

were not significant (Fig. 4d). 

 

Soluble 13C 

Leaf soluble 13C excess (%) calculated according eq. 5 decreased, twig values 

initially increased and then declined, whereas values in fine roots increased during the 

sampling period in both TLTs and LETs (Figs. 5a-c). Leaf soluble 13C excess did not 

differ between TLTs and LETs, except a significantly lower value occurred in TLTs 

than in LETs on the 31st day after labeling (p < 0.05) (Fig. 5a). TLTs tended to have 

larger soluble 13C excess values in twigs than LETs but a significant difference was 

found only on the 15th day after pulse labeling (p < 0.05) (Fig. 5b). In contrast, the fine 

root soluble 13C excess seemed to be higher in LETs than in TLTs over the sampling 

period (Fig. 5c).  

The NSC concentrations in leaves and twigs did not vary with the elevation of trees, 

but TLTs had significantly higher root NSC concentration than LETs (Table 2). An 

overall trend showed that TLTs had lower levels of the labeled carbon assimilate pool 

than LETs (Figs. 6a-d). The soluble 13C excess pool in leaves decreased over time (Fig. 

6a), whereas values in fine roots tended to increase from the 2nd day to the 31st day 

after labeling for both LETs and TLTs (Fig. 6c). Twig soluble 13C excess pool in LETs 
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decreased over time, but those of TLTs remained relatively stable after labeling (Fig. 

6b). The total soluble 13C excess pool showed comparable steady declining trends in 

the two elevations (Fig. 6d).  

 

Soluble 13C density per area 

Taking into account the differences in tree biomass, we standardized the soluble 13C 

excess pool values showing in figure 6 based on unit biomass (eq. 6), or unit projected 

ground surface area (eq. 7). Again, an overall trend was that the soluble 13C density (i.e. 

per unit projected ground surface area) was lower in TLTs tissues than that in LETs 

after labeling (Fig. 7a-d). Soluble 13C density showed similar temporal patterns as their 

soluble 13C excess pool during the sampling period (Fig. 7a-d vs. Fig. 6a-d).  

Both leaf respiration and soil respiration of labeled carbon, expressed on the basis of 

leaf (or plot) area, or of the projected ground surface area, tended to be higher at 1700 

m than at the treeline elevation (Fig. 8a-d). There were significantly higher values of 

leaf respiration 13C excess for LETs on the 2nd day after pulse labeling (p < 0.05) (Fig. 

8a, c). 13C excess of soil respired CO2 either per plot (Fig. 8b) or per projected area (Fig. 

8d) showed similar temporal patterns for both elevations as their 13C values showed 

initially a strong increase followed by an asymptotic pattern with time.  

 

Discussion 

Temporal patterns showed that 13C from pulse-labelling was immediately 

incorporated into leaves, and newly formed photosynthates were rapidly transferred 
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from leaves to all tree compartments and to the soil (Figs. 4 and 8). As reported in 

earlier tree and shrub labelling studies (Ruehr et al., 2009; Anadon-Rosell et al., 2017), 

we found that the 13C signal in the aboveground components (leaves and twigs) was 

already present in the first samples collected only few hours after labeling. Moreover, 

the 13C tracer signal was detected in the fine roots and soil on the 2nd day after labelling 

(Fig. 4c,d, 8c,d), which demonstrated that new photosynthates were rapidly allocated 

to the belowground compartment for our sites at 1700 and 2000 m asl (Johnson et al., 

2002; Leake et al., 2006). An even faster photosynthetic 13C translocation to roots 

within 1 day after labeling was found in saplings (Blessing et al., 2015). Ruehr et al 

(2009) found that recently assimilated C allocated to roots and soil within 1 day after 

labeling, whereas it took 6 days until the label arrived in the aboveground compartment 

in 10- to 15-m-tall Scots pine in a dry area (Jospeh et al., 2020). 

TLTs sustained a relatively high level of maximum photosynthetic rate (Amax) (Table 

2), and consequently 13C maximum peak in leaves of the two elevations were 

comparable, even with a trend to higher soluble 13C excess values in leaves and twigs 

of TLTs (p < 0.05) (Figs. 5a, b), indicating that the lower temperatures at the treeline 

(Fig. 1a) did not negatively affect photosynthesis. Our findings differ from those of 

McNown and Sullivan (2013), who found that white spruce trees at the treeline showed 

reduced gross and net photosynthesis in northwest Alaska. In contrast, and in line with 

our findings, Körner and Diemer (1987) observed that in plants from high altitude 

exposed to low-temperature, net photosynthetic rates were not significantly reduced 

compared to those from lower altitude during the growing season. Lower growth often 
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observed at tree-line trees, as also observed in our study, may be rather due to a shorter 

growing season and reduced sink activity, and not due to reduced photosynthesis. It 

was, thus, observed that cessation of structural growth was correlated with phenology 

(season length) (Körner, 2015), which inevitably led to treeline plants growing slower 

than lowland plants. Furthermore, sink activity may be more constrained than 

photosynthesis by low temperature (Körner, 1999), as plant metabolism and microbial 

activity were tightly related to temperature (Zhu et al., 2012a, b).  

TLTs showed a slower decrease of 13C excess in leaves compared to LETs (Fig. 4a), 

reflected by longer MRT of labelled carbon in leaves (Table 3), and thus the peak of 

13C excess in twigs and fine roots of TLTs occurred later than that of LETs (Fig. 4b-c). 

These patterns might indicate a reduced sink activity and thus lower growth in TLTs 

under lower temperature (Table 1). However, it is difficult to disentangle whether the 

carbon accumulation in leaves is caused by lower sink activity or lower phloem 

transport or a combination of both. Similar result had been found in an earlier study, in 

which lower temperature decreased root turnover (Pregitzer et al., 2000). In addition, 

we found that TLTs had a narrower tree ring width (Fig. 3), representing a lower growth 

rate, which further corroborated our assumption of sink limitation. We, however, 

acknowledge that narrower tree rings could be also a result of a shorter growing season 

rather than reduced growth at a given time point during the season. However, it has 

been shown that growth rate is low under low temperature despite a relative high 

availability of photoassimilates (Körner, 2015). When growth is slow or cessative, 

plants commonly reveal a carbon overflow (photosynthesis exceeding growth) (Körner, 
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2003), leading to an accumulation of non-used assimilates in sink tissues and reduced 

export from photosynthetically active source tissues (Hagedorn et al., 2016). Thus, the 

slower transfer of carbon observed in the TLTs might reflect such an oversupply of 

photosynthates at the treeline. This interpretation is supported by results of a study, in 

which Larix decidua at the treeline revealed slower C transfer rates relative to lowland 

larch (Streit et al., 2013).  

We acknowledge that phloem transport rate might also be directly reduced by low 

temperature (Wardlaw & Bagnall, 1981; Lemoine et al., 2013), which, however, may 

not be the case in the present study, because the air temperature did not differ between 

TLTs and LETs (Fig. 1a), and the lower soil temperature for TLTs were still relatively 

high (>14°C; Fig. 1b). On the other hand, we speculate that the lower soil moisture at 

the treeline (Fig. 1c) might increase the fluid viscosity and thus decrease the phloem 

transport velocity in TLTs. Moreover, an alternative explanation may be the difference 

in root phenology between TLTs and LETs, as roots of LETs were still in the active 

growth stage and LETs were still in the phase of active basipetal phloem translocation, 

while TLTs were closer to the end of the growing season with slow fine root growth 

rate and their roots were already filled with stored carbohydrates (Table 2), due to active 

summer carbon storage (Li et al., 2018; Wang et al., 2021).  

However, there is increasing indication in recent literature that carbon allocation in 

plants is strongly sink driven and directly controlled by environmental factors (Bahn et 

al., 2013; Epron et al., 2012; Joseph et al., 2020). The treeline trees had higher soluble 

13C excess in leaves and twigs (Fig. 5a,b) but lower soluble 13C excess in roots (Fig. 5c) 
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than the low-elevation trees, indicating that the treeline trees have less efficiency to 

allocate new assimilates belowground. These results are consistent with previous 

studies that demonstrated lower NSC concentrations in roots of trees and shrubs at their 

upper limits compared to lower elevations (e.g. Li et al., 2008a, b; Zhu et al., 2012b; 

Li et al., 2018; Wang et al., 2021). The low soluble 13C incorporation by treeline roots 

might be attributed to a lower demand for root growth (i.e. sink activity) or a limited 

downward phloem carbon transport or both. Furthermore, low soluble 13C in roots 

might also be a result of direct utilization of NSC for rhizodeposition (Hafner et al., 

2012), which is illustrated by the large 13C excess amounts in the soil (Fig. 4d). 

Moreover, although the treeline trees had smaller size (biomass, leaf area, crown-

projected area) (Table 1, Fig. 2) but higher photosynthetic capacity (Table 2) than the 

low-elevation ones, the standardized (i.e. area-based) soluble 13C excess in tissues was 

lower in trees at the treeline than at the low-elevation (Fig 7). These results suggest that 

the treeline trees, compared to the low-elevation trees, have less carbon available for 

growth. 

In contrast with the reduced belowground transport in TLTs than LETs, the root NSC 

concentration was measured to be significantly higher in the former than the latter 

during the study period from end-July to end-August (Table 2). In this time period, roots 

of trees at the upper limit (i.e. TLTs) and at lower elevations (e.g. LETs) within the 

treeline ecotone may face different phenological stages, as LETs were still in the phase 

of active basipetal phloem translocation, while roots of TLTs were already filled with 

stored carbohydrates, leading to higher root NSC concentrations in TLTs than LETs 
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(Table 2). Moreover, the root NSC measured (Table 2) may also include both “old” and 

“new” NSC. Previous studies indicated that root NSC showed a carbon age of > 10 

years (Carbone et al., 2013; Richardson et al., 2015), while soluble 13C measured (Figs. 

4 - 8) was the “new” NSC only. Therefore, we believe that this high root NSC 

concentration in TLTs may be the results of long-term accumulation (i.e., old NSC) and 

further also due to active carbon storage (i.e., new NSC) (Li et al. 2018; Wang et al., 

2021) at the expense of growth during the growing season (Li & Yang, 2004; Li et al., 

2003), ensuring the trees’ survival in the harsh treeline environment. This carbohydrate 

storage is crucial for regrowth of new leaves in a leafless state of deciduous trees in 

early spring (Marchi et al., 2005a, b; Zhu et al., 2012a). As a result of seasonal 

asynchronicity between C supply and demand, C storage serves as a buffer pool to cope 

with the imbalance of supply and demand (Fischer & Höll, 1991; Newell et al., 2002). 

As previously reported for deciduous species (Chapin et al., 1990), carbon compounds 

are stored in ligneous tissues, particularly in stems and roots (Chapin 1980). Moreover, 

a recent study corroborated this hypothesis by the finding that woody roots and stems 

of B. ermanii trees at high elevation are the most important storage tissues for 

carbohydrates over winter (Cong et al., 2019).  

 

Conclusions 

In line with our 1st hypothesis, we found that the treeline trees did not show any 

disadvantage in assimilation compared to low-elevation trees, indicating a 

photosynthetic compensatory mechanism of trees growing in harsh environment with 
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lower temperature. Although the elevational difference was 300 m only (1700 m vs. 

2000 m a.s.l.), we did find, contrary to our 2nd hypothesis, that treeline trees 

proportionally allocate less newly assimilated C belowground than low-elevation trees, 

which may be a combined result of the differences in sink activity, phloem carbon 

transport velocity, and root phenological stages caused by different growth conditions 

(mainly temperature and soil water conditions) between the treeline trees and low-

elevation trees. The present study indicated an overall trend that the treeline tree tissues 

had a lower soluble 13C density (i.e., per unit projected ground surface area) of newly 

assimilated carbon than the low-elevation tree tissues. This provides new insights into 

the carbon-physiological mechanisms for the alpine treeline formation, and provide 

carbon-physiological evidence for recent findings that lower growth rate (Ren et al., 

2019) caused by low carbon density in combination with shorter growing season length 

associated with temperature (Gao et al., 2022) co-determine the high-elevation tree 

growth. We, therefore, conclude that a low soluble carbon density during the shorter 

growing season is a primary control of the alpine treeline formation. Moreover, the 

present study will also contribute to precisely predict the alpine treeline dynamics in 

response to longer growing season associated with currently rapid climate warming.  
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Figure legends 

 

Fig. 1. Dynamics of mean daily air temperature (a), mean daily soil temperature (b) and 

average soil moisture (c) (Mean ± SE) during the 13C pulse labeling (n=4 per elevation). 

* denotes overall significant differences at p < 0.05 between the 1700 m and 2000 m 

plots. 
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Fig. 2. Pictures of the labeling experimental set-up at the low-elevation (a, 1700 m) and 

treeline (b, 2000 m a.s.l.) plots on Changbai Mountain. 

 

Fig. 3. Annual mean tree ring width of Betula ermanii trees (mean ± SE, n=4 trees for 

each elevation plot) at 1700 m and 2000 m a.s.l. (treeline). * denotes significant 

differences (T-test, p < 0.05) between the 1700 m and 2000 m plots. 
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Fig. 4. Temporal variation of 13C excess (atom %; mean ± SE) in Betula ermanii-soil 

system: a leaves, b twigs, c fine roots, and d soil during the chase period (n = 4 per 

elevation). * denotes significant differences (p < 0.05) between the 1700 m and 2000 

m plots. 
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Fig. 5. Temporal variation of soluble 13C excess (%; mean ± SE) in Betula ermanii: a 

leaves, b twigs and c fine roots during the chase period (n = 4 per elevation). * denotes 

significant differences (p < 0.05) between the 1700 m and 2000 m plots. 
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Fig. 6. Temporal variation of soluble13C excess pool (mg13C; mean ± SE) in Betula 

ermanii compartments: a leaves, b twigs, c fine roots, and d total pools during the chase 

period (n = 4 per elevation). * denotes significant differences (p < 0.05) between the 

1700 m and 2000 m plots. 

  

D
ow

nloaded from
 https://academ

ic.oup.com
/treephys/advance-article/doi/10.1093/treephys/tpac048/6581640 by Lib4R

I W
SL user on 12 M

ay 2022



U
N

CO
RRE

CTE
D

 M
A
N

U
SC

RIP
T

Just beca 

42 
 

 

Fig. 7. Temporal variation of soluble 13C excess per projected area (mean ± SE; mg13C 

m-2) in Betula ermanii: a leaves, b twigs, c fine roots, and d total pools during the chase 

period (n=4 per elevation).  
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Fig. 8. 13C loss (mean ± SE; n = 4 per elevation) of foliage respiration on the basis of 

leaf area (a) or projected ground surface area (c), 13C loss of soil respiration based on 

plot are (b) or projected ground surface area (d) in relation to time following Betula 

ermanii labelling. * denotes significant differences (p < 0.05) between the 1700 m and 

2000 m plots.  
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Table 1. Size, age and biomass of pulse-labeled Betula ermanii Cham. trees. Values are 

means (n = 4) and standard errors. Different lower-case letters within each row indicate 

a significant difference at p < 0.05 between the 1700 m and 2000 m plots (T-test). 

Characteristic Low-elevation Treeline 

Elevation (m) 1700 2000 

Base diameter (cm)  3.50 ± 0.06a 2.74 ± 0.09b 

Height (m) 2.27 ± 0.16a 1.35 ± 0.11b 

Age 11.8 ± 1.7a 12.3 ± 1.4a 

Total tree biomass (g) 704.9 ± 126.8a 257.0 ± 68.7b 

LMA (g m-2) 73.55 ± 4.84a 82.80 ± 3.36a 

Total leaf area (m2) 0.41 ± 0.13a 0.17 ± 0.08a 

Root-shoot ratio 0.25 ± 0.05b 0.40 ± 0.03a 
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Table 2. Maximum photosynthetic rate (Amax) and stomatal conductance (gs) measured 

on leaves of randomly selected Betula ermanii trees from 24 July to 1 August, and tissue 

mean concentration (% in dry matter) of non-structural carbohydrate (NSC) measured 

in samples taken from the labelled B. ermanii trees at 2, 9, 15 and 31 day after 13C 

labeling (n = 4) in low-elevation (1700 m) and treeline (2000 m) plots. Values are given 

in “mean ± SE”. T-test was used to detect differences at p < 0.05 between the 1700 m 

and 2000 m plots. 

  

Low-elevation 

(1700 m a.s.l.) 

Treeline 

(2000 m a.s.l.) 

P-value 

Amax (μmol m-2 s-1) 10.00 ± 0.43 13.70 ± 1.00 0.013 

gs (mmol m-2 s-1) 159.67 ± 13.69 280.67 ± 17.07 0.005 

Leaf NSC (%) 21.2 ± 0.7 23.2 ± 0.7 n.s. 

Twig NSC (%) 11.2 ± 0.5 11.3 ± 0.4 n.s. 

Fine root NSC (%) 7.8 ± 0.4 9.4 ± 0.4 < 0.05 
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Table 3. Carbon mean residence time (MRT) (𝑁(𝑡) = 𝑁0𝑒(−𝑡) , MRT = 1/) and 

coefficient of determination (R2) from the exponential decay function of 13C excess (%) 

in Betula ermanii leaves during the 31-day after the pulse labelling in low-elevation 

(1700 m) and treeline (2000 m) plots (n = 4 per elevation). 

Elevation 

(m a.s.l.) 

λ  MRT (d) R2 

1700  0.101 ± 0.04 9.9 0.66  

2000  0.052 ± 0.02 19.2 0.66  
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