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Abstract

:

Chir pine (Pinus roxburghii Sarg.) is a common tree species with ecological and economic importance across the subtropical forests of the central Himalayas. However, little is known about its growth response to the recent warming and drying trends observed in this region. Here, we developed a 268-year-long ring-width chronology (1743–2010) from western Nepal to investigate its growth response to climate. Based on nearby available meteorological records, growth was positively correlated with winter (November to February; r = 0.39, p < 0.05) as well as March to April (r = 0.67, p < 0.001) precipitation. Growth also showed a strong positive correlation with the sum of precipitation from November of the previous year to April of the current year (r = 0.65, p < 0.001). In contrast, a negative relationship with the mean temperature in March to April (r = −0.48, p < 0.05) suggests the influence of warming-induced evapotranspiration on tree growth. Spring droughts lasting 4–6 months constrain Chir pine growth. These results are supported by the synchronization between droughts and very narrow or locally missing rings. Warming and drying tendencies during winter and spring will reduce forest growth and resilience and make Chir pine forests more vulnerable and at higher risk of growth decline and dieback.
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1. Introduction


Global climate change is significantly affecting forest ecosystem functions and species distribution, thereby altering forest composition, increasing the risk of loss of some ecosystem services, and threatening human wellbeing [1]. With a warming rate that exceeds the global average and a drying trend in recent decades, the central Himalayas are one of the most vulnerable regions worldwide for climate-induced environmental disasters [2,3]. However, a paucity of long-term instrumental climatic records is a major challenge to understanding impacts of changing climate on Himalayan forest ecosystems [4]. To date, our understanding of responses of the forest ecosystem in this region to climatic change is still incomplete.



In recent decades, several studies have investigated forest radial-growth responses to changing climate in the central Himalayas and surrounding regions using tree-ring data [4,5,6,7,8,9,10,11,12,13,14]. However, most studies focused on subalpine forests, showing variable growth responses to climate across different species, sites, and topographical conditions. Some studies reported that tree growth near the alpine timberline is mainly controlled by pre-monsoon precipitation [5,6,9,10,12]. Meanwhile, other studies concluded that tree growth is mainly limited by cold pre-monsoon temperatures [7,15], cold conditions from February to June [4], and dry environments from July to September [16]. In comparison with subalpine forests, little is known about the growth response of subtropical and tropical forests to climate change in the central Himalayas. Several studies in the Himalayas revealed that subtropical and tropical tree species showed dendrochronological potentials [17,18,19] As a dominant tree (with total stem volume 11.62 m3/ha and total biomass 9.9 t/ha) across the Himalayan subtropical zone [20], Chir pine (Pinus roxburghii) is a representative species for investigating impacts of climate change in recent decades on the subtropical forest ecosystem. However, its dendrochronological potential has not yet been fully explored [21,22].



The objective of this study was to investigate growth response to climate change of Chir pine from a subtropical region of western Nepal. We hypothesized that warming and drying climate trends would strongly limit radial growth of Chir pine, and if confirmed, this places subtropical Chir pine forests at risk of local dieback episodes in the event of a climate regime-shift.




2. Materials and Methods


2.1. Study Area


The study site was located in the mid-hills of far western Nepal, the junction of the western and the central Himalayas. It is located in the Kailali district (80°59′–80°62′ E and 28°96′–29°93′ N) in the Himalayan subtropical zone. The elevation of the sampled Chir pine (Pinus roxburghii) forest ranges from 1680 to 1710 m a.s.l. (Figure 1).



Chir pine is widely distributed across the Himalayas (from Afghanistan to Bhutan) and can grow up to 30–40 m in height. It grows at elevations from 800 to 2100 m a.s.l. across the subtropical Himalayas and their foothills, commonly on sunny and well-drained slopes with sandy and acidic soils [23]. It is commonly associated with Shorea robusta Gaertner f., Terminalia alata Heyne ex Roth., Terminalia bellirica (Gaertn.) Roxb., Syzygium cumini (L.) Skeels, and Toona ciliata M. Roem. at lower elevations, and with Juglans regia L., Schima wallichii (DC.) Korth., Quercus and Rhododendron species at its upper elevation distribution. Harvested timber is locally used for construction and furniture, and resin is tapped from the trunks of living trees. Resin tapping is one of the most important income sources for the local communities.



The central Himalayas are strongly influenced by the South Indian monsoon during summer and by the westerly jet stream during winter [3]. The study region receives less monsoon precipitation than eastern Nepal. As the climate is influenced by two different weather systems, a high inter-annual variability in climate is common across the central Himalayas [24]. Monthly mean maximum and minimum temperature recorded at the Dadeldhura climate station (29°18′ N, 80°35′ E, 1848 m a.s.l., located ca. 30 km from the tree-ring sampling site) were 15.5 °C and 4.1 °C in winter and 26.0 °C and 17.2 °C in summer, respectively (Figure 2). Annual precipitation is ca. 1300 mm (1972–2016) and ca. 70% of total annual precipitation occurs during the monsoon season (June to September). This region is characterized by four distinct seasons: spring (March to May), summer (June to August), autumn (September to November), and winter (December to February). The growing season starts at ca. mid-April and ends in late September. In recent decades, winter and pre-monsoon temperatures have been significantly increasing (p < 0.05) and precipitation shows a decreasing trend (not significant) (Figure 3).




2.2. Sample Collection and Dendrochronological Analyses


To highlight influence of climatic change on forest growth, we selected a natural forest site without resin tapping and logging. The sampling site is located on a gentle slope (5–8°). Sampling was carried out with an increment borer by extracting cores at 1.3 m (breast height) from mature trees. A total of 49 increment cores from 39 healthy living trees were included to assess climate–growth relationships of Chir pine.



Collected cores were kept in paper straws in the field and processed according to standard dendrochronological techniques [25]. Firstly, dried wood samples were fixed in the slots of wooden core mounts, then sanded and polished with gradually finer grades of sand paper until ring borders were clearly visible under a stereoscope microscope. Ring width was measured with the LINTAB measuring system at 0.01 mm accuracy (Rinntech, Heidelberg, Germany). The measurement and quality of cross-dating were checked using the computer program COFECHA (http://www.ltrr.arizona.edu/software.html) [26]. Due to the lack of reliable synchronization of a few ring-width series, those samples that did not cross-date well were excluded from the site chronology. The standard ring-width chronology was developed with ARSTAN software (http://www.ldeo.columbia.edu/tree-ring-laboratory/resources/software) [27] and detrended with the linear or negative exponential functions based on graphical check of the growth trend of raw ring-width measurements. Then, the detrended individual ring-width series were averaged using a biweight robust mean. Such detrending and standardization processes remove the age-dependent trends from the raw chronology and maximize the climatic signal of the resulting chronology or mean series of ring-width indices [25]. In order to retain more low-frequency variations, the standard chronology was used for further analysis.



The mean sensitivity (MS, relative variation in width between consecutive rings), the first-order autocorrelation (AC1), the mean series inter-correlation (RBAR), and the Expressed Population Signal (EPS) of the chronology were calculated for the common interval (1900–2010). The portion of the chronology with expressed population signal (EPS) values exceeding 0.85 [28] and including more than 10 samples was used for further analysis. A 50-year moving window with a 25-year overlap was used to compute running RBAR and EPS, which revealed the variation in tree growth over the common period.




2.3. Climate-Growth Relationships


To investigate the climate-growth response of Chir pine, we used monthly climatic data (mean temperatures and total precipitation) from the Dadeldhura meteorological station, where instrumental precipitation and temperature records were available since 1972 and 1978, respectively. We also used Climate Research Unit (CRU) data from the nearest 0.5° grid (29–29.5° N, 80.5–81° E) to further test climate-growth responses. CRU climate data were downloaded using the Climate Explorer webpage (https://climexp.knmi.nl/). Pearson correlations were calculated between the chronology and local climate records from previous July to current September including different seasons to identify dominant climatic factors limiting radial growth. Partial correlation was also used to measure the linear relationship between two variables, such as tree-ring chronology and pre-monsoon precipitation, after having excluded the effect of a third variable, such as pre-monsoon temperature. Due to short climate data, we did not assess the temporal stability of the climate-growth correlations. We used this approach due to its simpler interpretation as compared with response functions based on the reduction of climate data variability using principal components analysis.



To estimate drought severity we used the Standardized Precipitation Evapotranspiration Index (SPEI), a widely used drought index that assesses the cumulative climatic water balance (difference between precipitation and potential evapotranspiration) at multiple time scales [29]. It can show a lagged influence on growth. The SPEI data were calculated for the 1978–2010 period using local climate data. Pearson correlations were then calculated between ring-width indices and SPEI values from 1- to 20-month-long periods obtained with January to December data to assess the sensitivity of Chir pine growth to different drought time scales. For example, correlation of 5-month-long May SPEI to growth means that reduced growth would correspond to cumulative drought lasting from January to May.





3. Results


3.1. Statistics of Chir Pine Site Chronology


Narrow rings (at least 2 standard deviations below the average) were observed in 1915, 1937, 1938, 1969, 1970, 1971, and 2007. The most frequent locally missing rings dated at 1970 (20.5%, N = 39), followed by 1938 (12.8% N = 36) and 1969 (8.3% N = 39) (Figure 4a). More than 35% of locally missing rings occurred from 1969 to 1975.



A 268-year tree-ring width chronology (time span 1743–2010) of Chir pine was developed from the subtropical belt of Kailali, western Nepal (Figure 4b). A total of 4757 rings were measured with an average (±SD) annual ring width of 0.97 ± 0.29 mm (Table 1). Among them, only 34 rings were locally missing. The high value of mean sensitivity (0.36) indicates a remarkable inter-annual variation likely driving by climate. RBAR and EPS statistics show that the chronology is reliable for the period 1875–2010 (Figure 4c). However, RBAR peaked in the 1900s and then showed a declining trend thereafter, indicating maximum growth coherence in the early 20th century.




3.2. Climate- and Drought-Growth Relationships


There is a significant (p < 0.05) warming trend in spring since the 1970s in association with a non-significant drying tendency in the study area (Figure 3). As shown by the correlation analyses, the radial growth of Chir pine is likely limited by winter and pre-monsoon precipitation (Figure 5 and Figure 6). Tree growth is positively correlated with March (r = 0.42, p < 0.05) and April precipitation (r = 0.46, p < 0.05) (Figure 6a). On the other hand, its growth is negatively correlated with March (r = −0.45, p < 0.05) and April (r = −0.38, p < 0.05) temperatures (Figure 5). Overall, growth was significantly associated with March-April (MA) precipitation (r = 0.67, p < 0.001) and temperature (r = −0.48, p < 0.05) (Figure 5). Similarly, the sum of precipitation in November of the previous year up to April of current year (pN-A) showed a positive correlation with growth (r = 0.65, p < 0.001). In addition, the sum of precipitation in winter and November-December prior to the growing season was also significantly correlated with tree growth (p < 0.05). Likewise, we found similar but weaker climatic signals using CRU gridded climate data. The radial growth of Chir pine was positively correlated with pre-monsoon precipitation (r = 0.26, p < 0.01) and MA precipitation (r = 0.23, p < 0.05), while it was negatively correlated with pre-monsoon temperature (r = −0.26, p < 0.01) and May temperature (r = −0.29, p < 0.01). In addition, it showed significant and negative correlations with precipitation in June (r = 0.25, p < 0.05) (Figure 6b).



The partial correlation analyses further supported the likely domination of radial growth of Chir pine by winter and pre-monsoon precipitation. The correlation between mean temperature and sum of precipitation in MA is r = −0.69 (p < 0.001), and r = −0.58 (p < 0.001) for pN-A. As shown by the partial correlation analyses, the correlations between tree growth and precipitation in MA and pN-A are still significant (r = 0.57 and 0.58, p < 0.001) when controlling for the influence of temperature in corresponding seasons. In contrast, the correlations with temperature in both seasons are not significant (r = −0.12 and 0.18, p > 0.05) when controlling for the influence of precipitation.



The correlations with the SPEI drought index confirmed what was observed with climate data, namely that Chir pine radial growth is mainly constrained by dry March-April conditions (Figure 5c and Figure 7). This species is particularly sensitive to winter/spring drought for a 4–6 month window.





4. Discussion


4.1. Chir Pine Tree-Ring Chronology: Locally Missing Rings and Drought


This study developed a tree-ring width chronology of Chir pine for a subtropical forest in western Nepal. The high MS suggests that Chir pine in the subtropical forest is suitable for dendroclimatic studies. A high frequency of locally missing rings implies that the growth of Chir pine is likely limited by moisture, as is also seen in Himalayan birch in the central Himalayas [5,6]. In spite of a comparable frequency of locally missing rings (0.74%), their occurrence is not synchronized with Himalayan birch at alpine timberlines in the central Himalayas [5,6]. Given similar climatic responses of Chir pine and Himalayan birch, such a discrepancy might be due to different microclimatic conditions and tree species. Even though we cannot compare the frequency of locally missing rings or narrow rings with local climate over an extended time period due to a lack of long-term instrumental records, some of the narrow tree rings from this study were synchronized with drought events across Asian monsoon-influenced areas [9]. The growth of Picea smithiana in the western Himalayas is also significantly correlated with pre-monsoon precipitation [11]. Both Chir pine and Picea smithiana had locally missing rings in 1970 and 1937, suggesting that moisture deficiency limits tree growth and even causes the formation of locally missing rings. Similarly, most of the locally missing rings were observed during dry or low soil-moisture episodes (e.g., 1859–1876, 1933–1957, 1964–1973) in the western Himalayas [30]. Therefore, the frequency of locally missing rings in Chir pine represents a promising proxy of extreme climatic conditions for subtropical forests growing in western Nepal.




4.2. Climate- and Drought-Growth Associations: The Pivotal Role of Winter to Spring Conditions


The radial growth of Chir pine is significantly correlated with precipitation in winter and pre-monsoon season prior to tree growth based on both local meteorological records and CRU gridded data. However, it is difficult to understand the significant and negative correlation between growth and June precipitation derived from CRU gridded data, which can be related to the coarse spatial scale of these climate data. Previous studies in the central Himalayas have shown that pre-monsoon precipitation is the major growth-limiting factor for Himalayan birch (Betula utilis) [5,6], Himalayan fir (Abies spectabilis) [8], alpine dwarf shrubs (Cassiope fastigiata) [31], Himalayan spruce (Picea smithiana), Himalayan blue pine (Pinus wallichiana) [9,10], and Chir pine (Pinus roxburghii) [22]. Similar growth responses in different conifer trees species were also reported from surrounding areas such as in the western Himalayas [11,12,32,33], subtropical broadleaf tree Toon (Toona ciliata) in the eastern Himalayas [17], and in the southeastern Tibetan Plateau [34,35]. However, our study shows that precipitation from November of the previous year to April of the growth year limits the radial growth of Chir pine, suggesting a stronger drought stress for tree growth in the subtropical forest belt in the central Himalayas. The warming trend in spring will enhance moisture stress for the early growing season and ultimately limit tree growth [36]. Winter precipitation is also important to balance soil moisture during the early growing season and ultimately affects tree physiology during the early growing season and drives the onset of radial growth [37]. Moreover, thin or sandy soil layers and hilly slopes cannot hold enough water to counteract winter and spring drought stress to maintain tree growth and survival [38]. Thus, dry winters with warm air masses from the continental interior could retard tree growth reactivation in spring and reduce growth rates [39]. Similarly, winter drought further amplifies drought stress during the onset of radial growth and causes forest dieback, especially in low elevations and in drought-prone areas [40]. Given that a large proportion of total annual growth (earlywood formation) occurs in the early growing season [41,42], moisture availability during the early growing season is a primary control on tree growth [21,32].



Our sampling site is located in a warm subtropical region with mild conditions. The negative relationship between tree growth and pre-monsoon temperature indicates that tree growth can be further reduced by ongoing climate warming. The rising temperature could further amplify drought stress by increasing evapotranspiration rates or by raising vapor pressure deficit [24]. This is supported by previous studies from the Himalayas and surrounding areas [5,6,9,10,15,34,43]. In contrast, a significant positive correlation between tree growth and temperature was observed in the central Himalayas [4,7,13]. Such different climate responses might be due to different tree species across different macro- and micro-climates [44,45].



The Chir pine forest may be highly vulnerable to warming-induced drought stress under ongoing climatic changes due to a high loss of moisture by evapotranspiration, which would not be replenished unless pre-monsoon precipitation can make up the difference. Decreasing trends in winter and pre-monsoon precipitation were observed, with increasing drought and rising temperatures in recent decades across western and northwestern Nepal [24,46]. Under severe drought conditions, high competition for moisture between neighboring trees will further exacerbate drought stress for tree growth [47,48,49,50]. As shown in a recent study, low winter and spring precipitation can cause a delay of the initiation of xylogenesis and contribute to the occurrence of the locally missing rings in years with extremely dry springs [51]. Ongoing warming temperatures could not only cause soil moisture deficiency but also amplify temperature-induced drought stress, thereby limiting tree growth and posing a risk of die-off under a warming climate [52,53,54,55,56].





5. Conclusions


Chir pine from the subtropical belt of the western Nepal Himalayas is sensitive to moisture availability during winter and spring. Since the 1970s, the central Himalayas have been experiencing a warming and drying tendency, and thus Chir pine forests may become more vulnerable to warming-induced drought stress. To further improve our understanding of the growth response of trees in the subtropical Himalayan forest, additional research is needed on other tree species and localities in the region. This will help to more completely evaluate the potential impacts of global warming on subtropical forests and related local livelihoods in the central Himalayas.
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Figure 1. Location map (a) of the tree-ring sampling site of Chir pine (⋆) and the Dadeldhura local meteorological station (▲), located in western Nepal, and (b) view of the sampled site. 
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Figure 2. Climate diagram showing monthly mean temperature (1978–2016) and precipitation (1972–2016) records in Dadeldhura, western Nepal. 
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Figure 3. Time series of spring (March to May) precipitation (1972–2016) and temperature (1978–2016) from the Dadeldhura meteorological station. Spring temperature showed a significantly increasing trend, and spring precipitation showed a decreasing trend, but not significant. 
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Figure 4. (a) Percentage of locally missing rings (LMRs) over the well-replicated period (1875–2010); (b) Tree-ring width chronology of Chir pine from Kailali, western Nepal Himalayas, with the 10-year moving average curve (solid red line), sample depth (the blue line shows the number of sampled trees or sample depth); (c) variation of mean series inter-correlation (RBAR) and Expressed Population Signal (EPS, dashed blue line) over time (the horizontal blue line represents the EPS threshold (i.e., 0.85) often used to demonstrate well-replicated chronologies). RBAR and EPS were calculated using 50-year moving windows with a 25-year overlap. 
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Figure 5. Comparison between ring-width indices of Chir pine and March-April precipitation (1972–2010) (a), temperature (1978–2010) (b) from meteorological records at Dadeldhura, and March Standardized Precipitation Evapotranspiration Index (SPEI) calculated at 5-month-long intervals (1972–2010) (c). 
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Figure 6. Pearson correlation coefficients calculated between ring-width indices and the mean of monthly, seasonal temperatures, and sum of monthly and seasonal precipitation from previous-year July (pJ) to current-year September (S), previous-year November to current year April (pN-A) based on climatic data from the meteorological records at Dadeldhura (a), Climate Research Unit (CRU) grid (29–29.5° N, 80.5–81° E) (b), and the Chir pine ring-width chronology from western Nepal. Significance levels: * p < 0.05 and ** p < 0.001. DJF: December to February; MAM: March to May; JJA: June to August; SON: September to November; MA: March to April. 
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Figure 7. Fields of highest Pearson correlation coefficients calculated between monthly values of the Standardized Precipitation Evapotranspiration Index (SPEI) (1972–2010) and the Chir pine ring-width chronology. Correlations above 0.25 and below −0.25 (shown as color-filled contours) are significant at the 0.05 level. SPEI values were calculated for 1- to 20-month-long intervals (X axis). 
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Table 1. Characteristics of the Pinus roxburghii ring-width chronology for a common interval, i.e., the best-replicated period (1900–2010).
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	Variable (Units)
	Values





	No. trees/No. cores
	39/49



	Mean tree-ring width (mm)
	0.97



	AC1, first-order autocorrelation
	0.59



	Locally missing rings (%)
	0.71



	MS, mean sensitivity
	0.36



	RBAR, mean series inter-correlation
	0.45
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