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Abstract:

 Altitude-related climatic factors, especially temperature, are important factors that affect tree growth in mountain forest ecosystems. The aims of this study were to estimate the intra-annual radial growth differences of Larix principis-rupprechtii (L. principis-rupprechtii) between its upper and lower distribution limits, at 2740 and 2040 m a.s.l, respectively. Dynamics of xylem growth were observed by collecting microcore samples weekly during the 2011 growth season. The result indicated that different strategies were adopted at the two selected sites. Trees at the upper distribution limit adopted an “intensive strategy” with higher maximum growth rates (0.69 cell·day−1) within a shorter duration of 95 days, producing 21 new tracheids. By contrast, trees at the lower distribution limit exhibited an “extensive strategy” with lower maximum growth rates (0.53 cell·day−1) over a longer duration of 135 days, producing 50 tracheids. The soil temperature was probably the main factor limiting the onset of cambial activity for L. principis-rupprechtii, its daily mean thresholds for onset were 0 °C and 1.4 °C at the upper and lower distribution limits, respectively. These results indicate that L. principis-rupprechtii is able to adjust its xylem growth according to environmental conditions.
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1. Introduction

Analysis of cambial activity and xylem formation (xylogenesis) is a useful tool to study the response of trees to global change [1]. The majority of previous studies on intra-annual xylem growth have been carried out in boreal forests [2,3] and at Alpine timberlines [4,5,6]. The trees studied have been primarily conifers (i.e., spruce, pine, and larch) [7].

Cambial activity and xylogenesis are regulated by both internal factors and climatic factors [8]. At high altitudes/latitudes, temperature (mean daily/heat sum) is regarded as the major determinant for the cambial reactivation in spring [9,10]. However, the influence of temperature weakens during the course of the growing season and wood formation ends within a wider range of time [11]. Some studies have concluded that a specific threshold must be exceeded to induce the onset of wood formation, i.e., an air temperature sum threshold of 85–90 d.d. (degree days) and/or mean daily air temperature of 5.6–8.5 °C is needed [12,13]. Soil temperature is not considered to be a direct limiting factor for xylogenesis [14]. Nevertheless, warming of the belowground parts of the tree is also required for full resumption of cambial activity [15], since frozen soil will inhibit water uptake and activity in root systems [16]. Therefore, compared with air temperature, there may be more complicated relationships between soil temperature and tree growth onset.

Studies of intra-annual xylem growth along altitudinal transects are beneficial to understanding climate-driven changes in tree growth [17]. Particularly in temperate and cold climates, air temperature is the most important environmental variable along elevational gradients [18]. Previous studies have revealed that a shorter growing season [19] and declining radial growth are general trends as altitude/latitude increases [20,21]. However, whether the shorter duration of xylogenesis is due to later onset, or to earlier cessation remains unclear. The contrary results by Moser et al. [22] on larch and by Treml et al. [23] on spruce were attributed to the differences between evergreen and deciduous conifers. Thus, the variation of intra-annual xylem growth with altitude may be mediated by diverse climate regimes as well as species-specific traits.

As an indigenous species, Larix principis-rupprechtii Mayr. (L. principis-rupprechtii) is one of the most dominant species within cold temperature coniferous forests in north-central China. This species is mainly distributed at middle and high elevations (1800–2800 m a.s.l.) in montane areas [24]. Considering its total area of nearly 140,000 hm2 (36°30′ N~43°40′ N, 111°30′ E~118°30′ E) [25], L. principis-rupprechtii may play an important role in soil and water conservation and the carbon cycle for regional ecosystems. Based on a previous dendrochronology analysis, temperature in May had a positive effect on L. principis-rupprechtii annual growth, especially at high elevations [26]. Therefore, we selected two different altitude sites (2740 m a.s.l. and 2040 m a.s.l.), which represented the upper and lower distribution limits of L. principis-rupprechtii. The aims of this study were to (1) compare the xylem growth pattern of L. principis-rupprechtii at its upper and lower distribution limits during the growing season of 2011, including the variation of growth onset and cessation, the rate of cell production, and the total cell numbers; and (2) analyze the threshold air and soil temperatures required for initiating cambial activity at the two distribution limits. We hypothesized that at the upper distribution limit of L. principis-rupprechtii the duration of xylem growing season would be shortened and the amount of new xylem cells would be reduced compared to the values at the lower distribution limit.



2. Materials and Methods


2.1. Study Sites

The study sites were located on Luyashan Mountain in Shanxi Province (38°40′ N~38°50′ N, 111°50′ E~112°00′ E, Figure 1). The climate type is semi-humid temperate with monsoon rainfall during summer. For the period of 1957–2010, the mean annual temperature was approximately 5.2 °C and the mean annual precipitation was approximately 468 mm with more than 60% of this falls during the monsoon season from June to September (Figure 2). Moreover, snow cover usually persists from previous November until May at the summit (2787 m a.s.l.). The climate in 2011 was typical of an ordinary year, considering the mean annual temperature was 5.1 °C and the annual precipitation was 496 mm (Figure 2).

Figure 1. Location of study area in north-central China (a) and the landscape of the study area (b–d).
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Figure 2. Comparison of the mean daily air temperatures (a), and the monthly sums of precipitation (b) for the monitoring year 2011 (black) and the 1957–2010 average (grey). The grey shading in (a) indicates the mean minimum and maximum temperatures averaged over the 1957–2010 period. Data were obtained from the nearest State standard meteorological station in Wuzhai (38°55′ N, 111°49′ E, 1401 m a.s.l., linear distance ca. 20 km north of the study site).
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The vegetation on Luyashan Mountain is divided into four vertical belts: the grassland and birch forest belt (1300–1500 m a.s.l.), the birch and poplar forest belt (1500–1900 m a.s.l.), the cold coniferous forest belt dominated by Picea meyeri Rehd. et Wils. (P. meyeri) and L. principis-rupprechtii (1850–2700 m a.s.l.) and the sub-alpine meadow belt (>2700 m a.s.l.) at the peak of the mountain [27]. The soil under the coniferous forest vegetation belt is mountainous brown forest soil, a well-drained sandy loam characterized by 12%–18% clay and 50%–60% fine sand [28].

The sites of the upper and lower distribution limits of L. principis-rupprechtii were set on both north-facing slopes (approximately 20–30°) to minimize habitat differences caused by micro geomorphological factors. Especially, the upper site corresponded to a treeline ecotone, as trees were very sparse and the tree height above the site decreased abruptly, with only isolated L. principis-rupprechtii and P. meyeri.



2.2. Tree Selection

At each site, three mature L. principis-rupprechtii trees were selected for growth observations. Trees with polycormic stems, partially dead crowns, reaction wood or evidence of damage due to parasites were avoided. Wood formation was monitored weekly from April to November in 2011. Microcores were collected from around the stem at breast height (1.3 m) using a Trephor tool, placed in an ethanol solution (50% in water) and stored at 5 °C to avoid tissue deterioration. In the laboratory, the microcores were dehydrated with successive immersions in ethanol and embedded in paraffin. Transverse sections of 6–10 μm thickness were cut using a Leica RM 2235 rotary microtome (Leica Microsystems, Wetzlar, Germany) and stained with 1% safranin and 0.5% fast green (in 95% ethanol) [5]. The sections were observed using a Nikon Ni-U light microscope under bright field and polarized light to follow the cambial activity and to differentiate the xylem growth.



2.3. Cambial Activity and Xylem Differentiation

In each sample, the radial number of cells in the cambial zone (CZ), radial enlargement phase (EN), cell wall thickening phase (WT), and mature (M) cells were counted along three radial rows (Figure 3). In cross section, cambial cells had small radial diameters and thin cell walls. Enlargement cells were characterized by thin primary cell walls with a radial diameter roughly two or more times that of the dividing cambial cells. Polarized light was used to discriminate between enlargement and wall thickening tracheids. Mature cells showed empty cell lumen and red cell walls [5].

Figure 3. Phases of wood formation of Larix principis-rupprechtii in 2011 at upper distribution limit: (A) Cambial zone (CZ) on 24 April; no new xylem cell production observed; (B) and (C) enlarging (EN), wall-thickening (WT) and mature (M) cells on 20 July under bright field and polarized light, respectively; (D) wall-thickening (WT) and mature (M) cells on 29 August; and (E) mature cells (M) on 25 September.
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The phenology of xylem differentiation (phases of enlargement, cell wall thickening and lignification, and mature) was assessed for each tree. Five phenophases, including (i) first enlarging cell, (ii) first wall-thickening cell, (iii) first mature cell, (iv) ending of cell enlargement, and (v) ending of cell wall lignification, were calculated and expressed as day of year (DOY). The first appearance in spring of cells in the enlargement phase was defined as the onset of stem growth. The ending of cell wall lignification in late summer, when the cell walls of the last formed tracheids were completely formed (indicated by red colored cell walls and empty lumen), was defined as the end of growth. The duration of xylogenesis was calculated as the number of days between the onset of cell enlargement and the ending of cell wall thickening and lignification. The differences in the timing and duration of the growing phases—namely cell enlargement, wall thickening and maturation—between sites were determined using the Mann–Whitney rank-sum test (SPSS Inc., Chicago, IL, USA).

To assess the dynamics of radial growth, the total number of xylem cells was modeled for each site with a Gompertz function for the use of a nonlinear regression procedure included in the Origin software (OriginLab Corporation, Northampton, MA, USA). Furthermore, the estimated rate of cell production during the growing season was derived from the Gompertz function through the first derivation [29]. Considering that the number of cells in the annual rings varies within the tree circumference and consequently among different samples, standardization is required. The total cell number of the previous tree ring was recorded in every sample and was used for cell number correction for each tree [30].



2.4. Environmental Factors and Climate-Growth Relationship

Environmental factors, including air temperature, soil temperature and soil water content, were monitored at the upper and lower distribution limits during the entire year of 2011. We used two temperature loggers for each site. One was fixed at 1.5 m above the ground for measuring air temperature (Ta, °C) using a HOBO data logger (Onset Computer Corp, Bourne, MA, USA), and the other was buried in the soil at a depth of 20 cm for measuring the soil temperature (Ts, °C) and soil volumetric water content (SWC, m3·m−3) using a GP1 data logger (Delta-t, UK). Additionally, precipitation (mm) was collected at an automatic weather station (Onset Computer Corp, USA), which was located in a relatively flat area approximately 400 m above the upper distribution limit. The recording frequencies were every 30 min for all measurements.

The relationships between xylem growth and environmental factors were analyzed using Pearson correlation coefficients [31]. Xylem cell number increases (including total cells in enlarging, wall-thickening and mature phase) were calculated for one weekly interval based on the Gompertz function. For the same interval mean daily minimum, mean and maximum air and soil temperature, soil volumetric water content and precipitation sums were also calculated. Considering the majority of cells were produced during the phase of cell enlargement [32], the time period for the climate-growth relationship analysis was set as the period from the date of the onset of xylem growth to the date of the maximum growth rate.



2.5. Threshold Temperature

Logistic regression (SPSS Inc., Chicago, IL, USA) was used to calculate the 0.5-probability of cambium being active at a given daily temperature for the cambium onset in spring [13]. The time when the number of cambial cells started to increase after the dormancy was considered as the cambium being active. For each tree and site, the model was fitted with the respective temperature series (mean, minimum and maximum air and soil temperatures). The estimated thresholds were compared between the two sites using Mann–Whitney rank-sum test.




3. Results


3.1. Temperature and Water Conditions at the Upper and Lower Distribution Limits

Based on the daily values, the meteorological parameters showed significant altitude-dependent differences (analyses of independent T-test, P < 0.001) (Figure 4, Table 1). The mean annual air temperature in 2011 was −2.1 °C and 2.3 °C at the upper and lower distribution limits, respectively. This 4.4 °C difference between two sites was nearly maintained throughout the whole year. During the growth period (from May to September), the monthly mean air temperature varied between 3.9 °C and 10.7 °C and between 8.9 °C and 14.9 °C at the upper and lower distribution limits, respectively.

Figure 4. Environmental variables recorded at the upper (black line) and lower (grey line) distribution limits in the year of 2011, including the mean daily (a) air temperature, (b) soil temperature, (c) soil water content and daily precipitation sum (grey bar). (a–c) The mean monthly values are denoted by black and grey colors for the upper and lower distribution limits, respectively.
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Table 1. Characteristics of Larix principis-rupprechtii trees (n = 3 trees/site) and meteorological parameters recorded at the upper and lower distribution limits forest site in the year of 2011.



	
Site

	
Altitude (m a.s.l.)

	
Tree Height (m)

	
DBH (cm)

	
Age

	
Ta (°C)

	
Ts (°C)

	
SWC (m3·m−3)




	
annual

	
winter

	
GS

	
annual

	
winter

	
GS

	
annual

	
winter

	
GS






	
Upper distribution limit (Upper)

	
2740

	
5.7 ± 1.3

	
17.2 ± 7.3

	
43 ± 3

	
−2.1

	
−13.5

	
7.9

	
−1.7

	
−10.9

	
4.7

	
0.15

	
0.05

	
0.22




	
Lower distribution limit (Lower)

	
2040

	
15.3 ± 1.5

	
27.3 ± 5.6

	
34 ± 5

	
2.3

	
−9.1

	
12.2

	
2.8

	
−0.9

	
6.6

	
0.24

	
0.16

	
0.31






Abbreviations: DBH = Diameter at Breast Height, Ta = Air Temperature, Ts = Soil Temperature, SWC = Soil Water Content, winter = previous year of November-current year of March, GS (growth season) = May–September; mean ± SD (standard deviation).








Soil temperature, which lagged behind air temperature, was above zero after the snow had disappeared. During the period of snowmelt at the upper distribution limit, the soil temperature exhibited a plateau with a small amplitude fluctuation approximately 0 °C, which lasted for nearly one month until late May (Figure 4b). Because of the higher air temperature at the lower distribution limit, the soil temperature reached above zero almost one month earlier (9 April) than the upper distribution limit.

The average volumetric SWC was lower at the upper distribution limiting site (0.22 m3·m−3) than at the lower distribution limiting site (0.31 m3·m−3) for the duration of the growing season. From early April, when the snow began to melt, the soil water content started to increase. The soil water content fluctuated somewhat in the following months probably due to precipitation levels (Figure 4c, Table 1).



3.2. Cambial Activity and Xylem Differentiation

In late autumn and winter, when no cell production occurred, the dormant cambium was comprised of four and five cells. In late May, the cambial cells began to increase around 26 May (DOY 146) at the upper distribution limit versus 21 May (DOY 141) at the lower distribution limit. In summer, the cambial cells decreased to minimum values around 23 July (DOY 204) at the upper distribution limit, which was nearly two weeks earlier than the lower distribution limit. The maximum number of cambial cells (seven to eight cells) occurred in late June and early July for the upper and lower distribution limit, respectively (Figure 5).

Figure 5. Numbers of cells in the cambial zone, radial enlargement, wall thickening, and maturephase at the upper and lower distribution limits in the year of 2011. Error bars represent standard deviations.
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The timing of xylem differentiation differed between the upper and lower distribution limits. The onset of cell enlargement was observed in late May, and was seven days earlier for the lower distribution limit (Figure 5, Table 2). However, there was no difference in the timing of the onset of cell enlargement between the two distribution limits (Mann–Whitney rank-sum test, P > 0.05). On the other hand, a significant difference in the timing of the end of xylem differentiation was observed (P = 0.046), i.e., around the beginning of September (DOY 245) at the upper distribution limit and around early October (DOY 277) at the lower distribution limit.


Table 2. Timing and duration of xylem differentiation and cell production at the upper and lower distribution limits of Larix principis-rupprechtii trees in the 2011.



	
Site

	
Onset

	
End

	
Duration




	
EN

	
WT

	
M

	
EN

	
WT

	
EN

	
WT

	
xylogenesis






	
Upper

	
150 ± 3

	
178 ± 4

	
190 ± 0 a

	
225 ± 8

	
245 ± 8 a

	
75 ± 11

	
67 ± 5 a

	
95 ± 12 a




	
Lower

	
143 ± 3

	
171 ± 4

	
176 ± 0 b

	
225 ± 3

	
277 ± 3 b

	
82 ± 0

	
106 ± 4 b

	
135 ± 3 b




	
Z

	
−1.826

	
−1.650

	
−2.236

	
−0.232

	
−1.993

	
−0.696

	
−1.964

	
−1.993




	
P

	
0.068

	
0.099

	
0.025

	
0.817

	
0.046

	
0.487

	
0.050

	
0.046






Abbreviations: EN, WT and M refer to the enlargement (EN), wall-thickening (WT) and mature (M) phase, respectively; onset and end of xylem formation phase are given in days of the year (DOY); letters (a, b) indicate significant differences between two sites based on Mann–Whitney rank-sum Test (P < 0.05).






Correspondingly, the durations of xylem differentiation phase (including cell enlargement, wall thickening and xylogenesis) were significantly different (Mann–Whitney rank-sum test, P < 0.05) except for the duration of cell enlargement. Additionally, the duration of xylogenesis was 95 days and 135 days for the trees at the upper and lower distribution limits, respectively.



3.3. Xylem Growth Comparison

The xylem growth was well fit by the Gompertz function with the high adjusted R2 values of 0.92 (P < 0.001). The total number of new xylem cells and the xylem growth rate differed between the upper and lower distribution limits (Figure 6). The trees at the upper site produced 50% fewer cells than the lower ones; these values were 21 and 50, respectively. The maximum rate of cell production occurred in late June and mid-July for the trees at the upper and lower distribution limit, which were 0.69 cell·day−1 and 0.53 cell·day−1, respectively.

Figure 6. (a) Dynamic of xylem growth (including enlarging, wall thickening, and mature cells) are modeled by applying the Gompertz function. (b) Daily xylem growth rates are calculated on the basis of modeled growth. Inflection points (day of the year ± standard deviation) are indicated.
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3.4. Climate-Growth Relationship

Soil temperature significantly and positively correlated with the cells production, especially the daily minimum soil temperature, which the correlations were r = 0.951 and r = 0.924 for the upper and lower distribution limits, respectively (Table 3A). The daily minimum air temperature was also positively correlated with cell production at both sites, whereas a significant positive correlation of the daily mean and maximum air temperature on cell production was only found at the lower site. Moreover, no significant correlation was found between cell production and precipitation, or between cell production and soil water content.


Table 3. Climate-growth relationship of Larix principis-rupprechtii at the upper and lower distribution limits in 2011. (A) Pearson correlation coefficients between total cell numbers and environmental factors in the period from the date of the onset of xylem growth to the date of the maximum growth rate. (B) Threshold daily minimum, mean and maximum temperatures of air and soil. The total cell numbers were the number of cells produced during one weekly interval based on the Gompertz function. The threshold temperature was the given daily temperautre with the 0.5-probability of cambium being active for the onset in spring.



	
Site

	
A: Pearson Correlation Coefficients

	
B: Threshold Temperature




	
SWC

	
P

	
Ta

	
Ts

	
Ta (°C)

	
Ts (°C)




	
min

	
mean

	
max

	
min

	
mean

	
max

	
min

	
mean

	
max

	
min

	
mean

	
max






	
Upper

	
0.546

	
0.374

	
0.685

	
0.660

	
0.631

	
0.951

	
0.945

	
0.935

	
2.8 ± 0.7 a

	
6.7 ± 0.5 a

	
11.5 ± 0.1 a

	
−0.07 ± 0.01

	
−0.07 ± 0.02

	
−0.05 ± 0.04




	
Lower

	
0.497

	
0.492

	
0.831

	
0.805

	
0.736

	
0.924

	
0.924

	
0.921

	
4.5 ± 0.6 b

	
9.4 ± 0.8 b

	
14.6 ± 0.9 b

	
1.23 ± 0.27

	
1.42 ± 0.28

	
1.71 ± 0.29






Abbreviations: SWC = Soil Water Content, P = Precipitation, Ta = Air Temperature, Ts = Soil Temperature; Significant correlation (P < 0.05) are marked bold; letters (a, b) indicate significant differences between two sites based on Mann–Whitney rank-sum Test (P < 0.05).








3.5. Threshold Temperature

A significant difference was found in the daily air temperature thresholds for cambium onset between the upper and lower distribution limits (Mann–Whitney rank-sum test, P < 0.05). For the trees at the upper distribution limit, the thresholds of the daily air temperature were approximately 2.8, 6.7 and 11.5 °C for minimum, mean and maximum, respectively (Table 3B). The values for the trees at the lower distribution limit were approximately 2.5 °C higher. For soil temperature, no significant difference was observed between the upper and lower distribution limits (P > 0.05). A slight variation in the threshold for the minimum and maximum soil temperature was found at both sites, which ranged from −0.07 to −0.05 °C at the upper distribution limit and from 1.23 to 1.71 °C at the lower distribution limit.




4. Discussion


4.1. Comparison of Xylem Growth Patterns at the Upper and Lower Distribution Limits

Our results support the hypothesis that the different xylem growth pattern was found between the upper and lower distribution limits. Compared with trees at the lower distribution limit, xylogenesis at the upper treeline was characterized by (i) a considerably shorter duration (6–7 weeks) of xylem growth, (ii) a sharp and high amplitude of the cell production rate, and (iii) a total newly formed xylem cell production of less than half that of the lower distribution limit.

In European and North American conifers in cold environments, xylem growth mostly occurs from May to October [33,34]. A similar trend of L. principis-rupprechtii was observed, i.e., the onset of the cambial zone occurred in late May and xylem formation ended during early September at the upper treeline or early October at the lower distribution limit. Accordingly, the duration of xylem formation lasted between 95 and 135 days, which indicated a clear 40-day shortening of the growing season with an increase in elevation of ca. 700 m. Similarly, in the Swiss Alps Larix decidua has been observed to have a 36 day shortening of the growing season with an increase in elevation of ca. 800 m [22]. The small discrepancy with our results can perhaps be explained by the higher elevation of our upper site (600 m altitudinal difference).

Rate of cell production is very important in the progress of the growing season [35]. Our results demonstrated that different cell production rates of L. principis-rupprechtii showed different life strategies between the upper and lower distribution limits. At the lower distribution limit, trees exhibited an “extensive strategy” of xylem growth, with a longer duration but lower maximum growth rates. By contrast, at the upper distribution limit, trees adopted an “intensive strategy” with a shorter duration but higher maximum growth rates [36]. Different altitudes are associated with different thermal regimes, which strongly influence the availability of water and nutrients for trees, mainly in cold ecosystems [37]. Thus, as an efficient strategy, a much shorter growth season and much faster maximum rate of cell production was required by the trees at the upper distribution limit.

Both the rate of cell production and the length of the growing season may influence the number of newly formed xylem cells [38]. Within the same habitat, based on the competitive production principle, trees tend to achieve great overall productivity by accelerating the rate of cell production [39]. However, in different habitats, the controlling factor for the formation of new cells may change. For example, Prislan et al. found that xylem ring widths in beech depended more on the length of the growing season than on the rate of cell production at lower elevations. The opposite was observed at higher elevations [40]. Thus, at high altitude and in colder environments, trees tended to produce fewer total cells in order to guarantee enough time for newly formed cells to complete lignification before winter [5]. This is consistent with the observation in our study of a strong correlation between total cell production and air/soil temperature, particularly the minimum soil temperature.



4.2. Role of Soil Temperature in Cambial Activity Onset and Its Threshold Values

Compared with the air temperature, the role of soil temperature might also be very important for cambial reactivation [41,42]. This is because soil warming is able to alter xylem differentiation both in the root and along the stem. In our study, stem cambial activity was initiated when the soil temperature increased to 0 °C. Neither the soil temperature thresholds for xylogenesis nor the timing of the onset of xylem growth were significantly different between the upper and lower distribution limits. By contrast, the air temperature thresholds for xylogenesis were significantly different between altitudes. Therefore, our results suggested that soil temperature was the main limiting factor that controlled the onset of cambial activity in this study area. Our previous study on intra-annual stem radial growth of P. meyeri at Luyashan Mountain by using point dendrometers also indicated that soil temperature determined the initiation of radial growth [43]. This is agreement with Kirdyanov et al., who stated that a soil temperature above 0 °C is needed for triggering cambial activity [44].

However, some studies reported that a much higher soil temperature should be reached for cambial resumption. A daily mean soil temperature below 6 °C strongly limited root activity and water uptake in temperate trees [45]. Körner who studied northern treelines, did not detect cambial activity at a soil temperature below 3–5 °C [46]. However, Schenker et al. proposed minimum soil temperature for the root growth of seven broad-leaved trees was 2.3–4.2 °C [47]. Considering these species’ natural distribution limits at higher elevations, their roots are likely to have lower thermal limits. In Canada, the needles of evergreen conifers were temporarily active once the soil temperature increased to 0 °C during the warmest days of winter and early spring [16,48]. In China, L. principis-rupprechtii that can survive in environments where the mean annual temperature is less than −4 or −2 °C appear to be more adapted to living at low temperatures [49].

The range of the threshold temperature may depend not only on species-specific traits but also on the climatic conditions, which control the length of the period that is suitable for xylem growth. A previous study reported that 100 days was the minimum period for xylem growth [11]. In the upper distribution limit of our study, the trees initiated cambial activity once the daily soil temperature increased above 0 °C, which guaranteed sufficient time for a growing season with a length of 95 days. If the threshold of the soil temperature is assumed to be 2 °C, the length of the growing season required for complete differentiation probably will be insufficient.



4.3. Cessation of Xylem Growth

The cessation of xylem growth between two altitudes showed statistically significant differences. The same trend of large variability in the timing of ending was also observed in some other reports studying growth along montane altitude transects [13,20,50]. Based on previous studies, the cessation of xylem growth may be triggered not only by the photoperiod and/or air temperature, but is also probably regulated by tree social status [32], resource availability [51], or other internal physiological mechanisms [52]. Considering from the cause and correlation of xylem cell phenology, some studies demonstrated that the delayed cessation of wood formation could contribute to a greater amount of xylem cell, which was required more time for cell differentiation [53,54,55]. In Moser’s research of Larix decidua in the Swiss Alps [22], the termination of cell differentiation was simultaneous, which can partial explained by the similar total cell number along the altitudes.




5. Conclusions

Our results support the hypothesis that xylogenesis differs between the upper and lower distribution limits in L. principis-rupprechtii; there was a clear 40-day shortening of the growing season and a reduced total number of new xylem cells with an increase in altitude of ca. 700 m. Different strategies were adopted by the trees between the upper and lower distribution limits. Because of the cold environment, trees at the upper distribution limit adopted an “intensive strategy” to complete xylem growth during a shorter growing season but with a higher maximum growth rate; these trees produced 21 new cells. By contrast, trees at the lower distribution limit exhibited an “extensive strategy” with a longer duration but a lower maximum growth rate; these trees produced 50 new cells. The total cell numbers were largely dependent on the daily soil temperature and minimum air temperature during the major period of xylem growth at both sites. Estimated using mean daily values, soil temperature was likely the main factor controlling the initiation of growth of L. principis-rupprechtii in this region; the thresholds of daily mean soil temperature were 0 °C and 1.4 °C for the upper and lower distribution limits, respectively, while the air temperature thresholds were 6.7 °C and 9.4 °C, respectively. At present, there are insufficient data available from comparative studies across different years. We suggest that more work be conducted in the future on intra-annual growth of trees at their distribution limits.
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