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Abstract

:

Research Highlights: Analyzing the contrasting ecological gradients makes it easier to understand the influence of climate on carbon accumulation. Background and Objectives: The increasing climatic variability has implications for vegetation, impacting on its ecological functions, among which carbon accumulation stands out. In the present study, we used climate-dendrochronology relationships to evaluate carbon accumulation in two conifer species that grow in contrasting humidity sites: Pinus strobiformis Engelm (mesic sites) and Pinus leiophylla var. chihuahuana (Engelm.) Shaw (arid sites). Materials and Methods: Using a dendrochronological approach, we estimated the correlation of biomass and carbon accumulation of each species with some climatic variables (temperature, precipitation, and a drought index) and generated a linear mixed model. Results: The response in carbon accumulation between species with respect to climate was significantly different. P. strobiformis showed a positive correlation with the climatic variables analyzed, while in P. leiophylla the correlation was negative, except with precipitation. Conclusions: These results show that forests in both mesic and arid sites are prone to climate changes, although their responses are different, impacting the productivity and carbon cycles of forest ecosystems.
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1. Introduction


Climate variability is a relevant issue and significant resources have been allocated to mitigate its effects on forest ecosystems [1]. Among the impacts caused by climate changes are the decrease in the range of distribution of some forest species [2,3], even if some have developed mechanisms of adaptation to such events [4]. Forests occupy almost one-third of the earth’s surface and provide direct and indirect ecosystem services [5,6,7]. These ecosystems are important sinks of carbon dioxide (CO2) [8,9] and store about 45% of the terrestrial carbon [10], which is relevant given the growing emissions of CO2 from anthropogenic activities [11,12].



In northern Mexico, the Sierra Madre Occidental is one of the most important forest reserves of the Country, as it contributes 66% of commercial standing timber at the national level [13]. It has also great ecological importance given its contribution to carbon sequestration [14] and also, the diversity of conifers thriving there (46% of pine species, nationwide) [15] give ideal opportunities to understand ecological processes related to hydroclimatic variations to be experienced by these ecosystems.



By estimating rates of carbon accumulation it is possible to identify management or conservation alternatives that contribute to mitigate the concentration of atmospheric CO2, as studied by Douterlungne et al. [16], Gómez-Díaz et al. [17], Návar [18], Pompa-García [19]; however, given the great diversity of species, there are still many that have not been studied [20,21]. In this sense, it is important to develop research to evaluate the influence that the specific characteristics of the sites have on the productivity, composition and structure of forests [22].



Analyzing contrasting ecological gradients makes it easier to understand the behavior of carbon accumulation [19]. Traditional methods for estimating carbon accumulation in forests frequently use destructive procedures, having a negative impact on the forest ecosystem. Conversely, a practical methodology could be applied to calculate carbon content by estimating biomass, without compromising the reliability of the results [18]. Allometric equations using the diameter at breast height and the average density, can be used to get an accurate estimation of carbon content in an individual tree.



It is known that radial growth and wood density differ among species and sites; however, integrating these variables into allometric equations and dendrochronological studies can provide precise results [23,24]. Furthermore, it is possible to increase the certainty of temporal and spatial analyses when inter- and intra-specific values of carbon concentration are used [25,26]. Pompa-García et al. [19], used a dendroecological approach to prove that climate and the characteristics of the site differently affect carbon accumulation in two coniferous species representatives of Mexico [19,27].



By combining tree-ring chronologies with allometric equations, we examined whether variations in the carbon accumulation patterns of Pinus strobiformis and Pinus leiophylla var. chihuahuana respond differentially to specific hydroclimatic drivers. We assumed that our approach provides a suitable basis for testing where there are statistically significant differences in carbon accumulation rates between the two species, according to specific climatic site conditions. Our approach found species-specific responses to climatic drives. Thus, tree ring data contribute to the evaluation of dynamic carbon balance models.




2. Materials and Methods


2.1. Study Area


The study area is located within the largest mountain massif in Mexico, which is the Sierra Madre Occidental (SMO) that spreads from the southeastern United States to northern Jalisco, Mexico and contains the highest floristic diversity in this Country [28] (Figure 1). This area is an important biological corridor of great economic and environmental value due to the ecosystem services it provides [15,29]. Its great extension and heterogeneous topography, with different climatic and edaphic conditions, explain that most of the plant communities in the SMO are of the zonal type, determined mainly by climate factors [15].



Two sites with contrasting climatic conditions, located in the state of Durango, Mexico, were chosen for this study. The first is Santa Bárbara, located in the ejido El Brillante, municipality of Pueblo Nuevo, is a humid site with average annual temperature and precipitation of 11.5 °C and 1100 mm, being one of the areas with the highest precipitation in the State [30]. The second is a dry site located in Otinapa, municipality of Durango. It has an average annual temperature and rainfall of 12.6 °C and 600 mm. The climatic stations closest to the sampling sites are located at the towns of El Salto (with data for the period 1946–2016) and Otinapa (period 1962–2016).




2.2. Species Studied and Field Sampling


Two species with dendrochronological potential were studied [25,31,32]. At the Santa Bárbara site, we studied Pinus strobiformis Engelm., which has been considered synonymous with Pinus ayacahuite var. brachyptera (Engelm.) Shaw, by different authors [33,34] and grows in humid streams and well-drained soils [15]. At the Otinapa site, the studied species was Pinus leiophylla var. chihuahuana (Engelm.) Shaw (hereinafter, Pinus leiophylla), which grows well in shallow and poor soils with little precipitation [15,35].



The sample was taken from 15 dominant individuals selected at each site, whose general characteristics can be seen in Table 1, extracting two wood cores per individual, at 1.3 m in height, by a non-destructive method using a Pressler borer (Ø = 5.1 mm) (Haglof, Sweden). This sample size has been considered to be within the adequate range to detect climatic responses and growth trends in dendrochronological studies [27]. Besides, this sampling strategy helps reducing uncertainty in quantification of the studied variables and increases the comparability between sites [36] (Table 1).




2.3. Total Ring Width


The samples (growth cores) were dried at room temperature for three days and then mounted on wooden guides. The cores were then polished with coarse to fine-grit sandpaper (80 to 1000) to highlight their growth rings. Using the standard procedure of dendrochronological techniques, the rings were counted and dated annually [37]. Total ring width (TRW) was measured with a resolution of 0.01 mm. The dating was checked using the COFECHA program, which compares the series of each tree with a master chronology by species [38].




2.4. Estimation of Biomass and Carbon Accumulation


Assuming the circularity in the growth rings, the TRW values were used to reconstruct the historical diameters of the trees. To estimate biomass and carbon accumulation, the allometric equations implemented by Návar [18] were applied:


Bt = 0.0752 × D2.4448 × 2.0331p,



(1)




where Bt = total aerial biomass; D = diameter at breast height (1.30 m); and p = basic density (g cm−3). The basic density used for P. leiophylla was 0.44 while for P. strobiformis 0.42 [18].



The increase in diameter was calculated by multiplying by two the respective annual radial growth [39]. The annual biomass accumulation rates were calculated from the difference of the total Bt values between two consecutive years, these values were calculated for the common period (for both species) of the dendroclimatic analysis (1962–2016). The biomass yearly estimates were transformed into annual carbon accumulation (C). Radial growth in both studied species responded differently to environmental conditions, therefore, there must also have been a difference in carbon accumulation [27]. We used allometric equations to study the growth of the tree rings.




2.5. Statistical Analysis


Statistical differences in C and TRW between species were evaluated using the nonparametric Mann–Whitney U test paired with a 95% confidence level. This test was applied because the values of the analyzed variables did not meet the basic assumptions of a normal distribution.



To identify the influence of the age and climatic variables on carbon accumulation, a linear mixed model was used, performing the analysis independently for each species. The tree was considered as a random effect, and as fixed effects the cambium age and the climatic variables. The model was developed using the nlme library [40] of the R statistical package [41], applying the Restricted Maximum Likelihood Method. Graphic techniques were used to verify the normality and homoscedasticity of the residuals.



To generate the chronology of the species, a standardization was carried out to eliminate biological and geometric growth trends, making them comparable with each other. We used a negative exponential model, attempting to fit a non-linear classical model of biological growth as a function of time, obtaining the ring width index. The temporal autocorrelation associated to the previous year’s growth was eliminated, obtaining the residual chronologies of the sites. Standardization and timelines were developed with the dplR library in R [42,43,44]. To estimate the accumulation of carbon, we worked with the annual averages.



The carbon accumulation averages were significantly correlated (p < 0.05) with the climatic values during the common period (1962–2016). The monthly climatic variables analyzed were precipitation (P) and temperatures: maximum (Tmax), average (Tmed), and minimum (Tmin) referred to the current year and to the year prior to the formation of the ring. These data were gotten from the meteorological stations closest to each study site (Figure 1).



Finally, the relationship between carbon accumulation and drought was calculated using the Standardized Precipitation and Evapotranspiration Index (SPEI) [45], since this index considers the effect of temperature on evapotranspiration rates and quantifies the intensity of the drought on different time scales. It was calculated locally from instrumental climatological data using the R’s SPEI library [46] on time scales from 1 to 24 months, and the correlations between these values and carbon accumulation were calculated.





3. Results


3.1. Growth Characteristics and Carbon Accumulation


Significant differences were found in the variables TRW and C. The species P. strobiformis presented significantly higher values (TRW p < 0.01, C p < 0.05). The observed average values of carbon accumulation based on the radial growth were around 4.7 g cm−3 per year for P. strobiformis and 3.1 g cm−3 per year for P. leiophylla, although they varied from 0.5 to 10 g cm−3 per year in the analyzed period (1962–2016). Carbon accumulation, for both species, was similar until 1995; from that year on, the increase was irregular for both species, with decreasing tendencies in P. leiophylla (Table 1, Figure 2).




3.2. Internal and External Influences on Carbon Accumulation


The variations of the random effects of the trees in the mixed model were significant (p < 0.05) only for P. leiophylla, which indicates that the annual accumulation of carbon differs between trees of the same species, although the explanatory variables are constant since all the sampled trees are in the dominant category and with a similar age. The opposite case was found in the behavior of P. strobiformis (Table 2), where only the internal influences of the ring width (TRW) and age had significant effects on the annual carbon accumulation (p < 0.0001).



Carbon accumulation in P. leiophylla was positively influenced by the increase in the width of the ring and the cambial age (p < 0.0001), by the precipitation of the previous year and during the year of formation of the ring (p < 0.05 and p < 0.0001, respectively), as well as by the minimum temperature of the previous year (p < 0.05). On the other hand, the annual carbon accumulation decreased with lower average and minimum temperatures in the year of formation of the growth ring (p < 0.01 and p < 0.05, respectively) (Table 2).




3.3. Climate Sensitivity in Carbon Accumulation


Significant correlations (r) were found with the four explanatory variables, for the studied species, within the period 1962–2016 in different months (p < 0.05, Figure 3).



The accumulation of carbon in P. strobiformis showed positive correlations with the precipitation in the rainy season (June-July of the current year, average r = 0.27, p < 0.05) and negative correlations with the precipitation in the winter season of both the previous and current years (specific case December, average r = −0.29, p < 0.05).



Carbon accumulation was positively correlated with temperature in certain months, with the highest correlation (r, Pearson) with Tmax in the season from September to December of the previous year and the year of formation of the growth ring. The mean temperature was clearly significant for the accumulation of carbon in this species in the months of October and November, while the minimum temperature showed significance in the period from February to June (excluding April) and also in October of both years.



Pinus leiophylla presented a significant positive correlation (p < 0.05) of C with respect to precipitation, particularly in October and November of the previous year, as well as February of the ring’s formation year, where it obtained the highest value. On the other hand, the carbon accumulation of this species in relation to the different temperatures, showed a negative correlation in several months (Figure 3). Between the maximum temperature and carbon accumulation (C), there was a correlation in the period from September to December of the previous year and from March to November of the year of formation of the growth ring, presenting the highest absolute value of correlation in the month of September of the previous year (r = −0.69, p < 0.05). The correlation between the ring width variable and temperature was only significant in the month of September of the previous year and only with respect to the maximum temperature.



In relation with the average temperature, C presents a significant negative correlation in almost all the months year round, with the exception of October (average r = −0.44, p < 0.05). With the minimum temperature, the correlation was negative in the months of November of the previous year until July of the year of the ring’s formation, except February and including again November and December of the year of ring’s formation (average r = −0.32, p < 0.05).




3.4. Relationships between Drought and Carbon Accumulation


The accumulation of carbon had a different response in the two species. Pinus strobiformis expressed a negative correlation with the SPEI drought index (Figure 4). This correlation was higher in absolute terms (r = −0.3) from November to December, considering scales of 1–4 months. In contrast, in P. leiophylla, the accumulation of carbon in relation to drought (SPEI) showed the highest positive response (r = 0.3) on the scale of 12 to 20 months from July to October.





4. Discussion


The results showed a differential sensitivity between the analyzed species to climate variability, with the response in terms of carbon accumulation.



Biomass is an important biophysical parameter, helpful to understand the dynamics of carbon. Its space-temporal estimation provides valuable information to calculate the carbon captured and contributes to the scientific management of forests; the varied natural environments and also human activities cause changes in biomass [47,48]. Previous studies have shown that the estimation of carbon using allometric equations and considering estimated percentages of carbon concentration in woody biomass, give elements of confidence in the estimation of captured carbon [18,19,25].



The statistical differences detected between the two studied species in terms of carbon accumulation, show the influence of the environmental or climatic differences of each site on the respective wood formation and carbon accumulation [24,30].



Regarding the relationships of the carbon captured with respect to the climatic variables analyzed, it was observed that there were significant correlations in both species. Pinus strobiformis was correlated with precipitation to a lesser extent than P. leiophylla (Figure 3). This could be due to the less limiting humidity conditions in which the first species develops [31]. In the case of P. leiophylla, precipitation had a greater influence on the winter season, which is consistent with what was found in other studies [49,50], in which it was observed that low-intensity precipitation achieves greater infiltration in deep soils, improving their water storage, thus becoming a trigger for the growth and improvement of tree conditions [50,51,52].



The trend of the positive correlations of carbon captured in P. strobiformis with the different temperature modalities here analyzed, agrees with that reported by Juday et al. [53] who mentioned that warmer conditions favor the growth of trees in cold regions. On the other hand, P. strobiformis could present adaptations to temperature changes, including as a response its capability to develop under the protection of other dominant trees, which prevent the solar rays from reaching it directly [23,54]. This emphasizes the ecological importance of P. strobiformis within the succession of forests, given its tolerance to shade [55]. In this sense, it is known that pine species with a wide spatial distribution such as P. strobiformis and P. strobus var. chiapensis can better withstand some effects of climatic changes [56].



The case is the opposite for P. leiophylla, in which negative correlations of carbon captured with temperatures are associated with high evapotranspiration rates, which caused a decrease in carbon uptake since warm conditions affect the cell wall of the tracheids, thus reducing the absorption of carbon by the stomatal closure [57], finding a high vulnerability in the trees of warmer areas to heat stress [58].



In the first 15 years of the period analyzed, a greater accumulation of carbon can be observed in P. leiophylla than in P. strobiformis (Figure 2), which decreased notably in the mid-1990s. Our results show that P. leiophylla has a high climatic sensitivity (EPS = 0.92). The limitation of water combined with high temperatures (Figure 4c) exerts pressure on radial growth, leading to negative impacts on forest productivity and carbon sequestration [51,59,60,61], which is common in areas with limited water supply [49]. Thus, carbohydrate production is limited given the high evapotranspiration demand.



The opposite occurs in complacent species such as P. strobiformis, which commonly lives in humid sites [30,33]. The soil moisture favors metabolic processes in trees, not affecting their growth even when temporary dry conditions are present [50]. The role of latewood as a proxy of larger carbon accumulation is a very interesting question, however, further research on this topic is recommended.



The results of the mixed model (Table 2) partially agree with those reported by Pompa-García and Venegas-González [62]. The variables cambial age and ring width were highly significant within the results obtained in the studies of both species, indicating a strong relationship of ontogenetic influences (age and radial growth) on carbon accumulation in P. strobiformis, while these influences, combined with external (climatic) variables, affected carbon accumulation also in P. leiophylla.



The correlation of the captured carbon with the SPEI drought index was different between the species studied, being positive with P. leiophylla and negative with P. strobiformis (Figure 4). This could be explained because P. leiophylla, which develops in dry environments, has limited water resources that exert more pressure on radial growth, reducing the width of the ring and increasing the density of the wood. This increase was also observed in P. pinaster [57], revealing that the investment of carbohydrates in the construction of the cell wall continues despite the scarcity of water, while there was a decrease in the rate of radial growth [23]. This is consistent with the changes in density produced by droughts [63]. In a study carried out in P. strobiformis, it was found that populations acclimatized to the low-water treatment presented lower net CO2 uptake [64], which is consistent with the negative relationship found between drought and accumulation of carbon in the species of the present study (Figure 4). These variations would also imply differences in carbon accumulation and storage and biomass production, implying modifications of forest productivity.




5. Conclusions


In this study, growth rings have proven their reliability as proxies of carbon dynamics and their responses to site-specific hydroclimatic variations. The studied species showed significant differences in carbon accumulation. Pinus strobiformis at the mesic site tended to be positively correlated with changes in temperature and precipitation, while at the arid site Pinus leiophylla was negatively correlated with these variables. Something similar occurs in relation to drought, finding that carbon accumulation in the species of the dry site is positively correlated, in contrast to the behavior of the species that grows in the wet site. The sensitivity of carbon sequestration to the climate in both species is relevant in regions where there are abrupt changes in climatic events, such as severe and recurrent droughts that have been scientifically documented in the study area. Our approach found species-specific responses to climatic drivers and that tree ring data can contribute to the evaluation of dynamic carbon balance models.
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Figure 1. Location of the study sites in northern Mexico, in the state of Durango, with photographs of the ecosystems studied (a) and local climatograms of the weather stations “El Salto” and “Otinapa” (b); the diagrams show the monthly distribution of precipitation (P) and temperature (T). 
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Figure 2. Average trends and standard error (mean ± SE) of the variables annual ring width (TRW) and annual carbon accumulation for the period 1962–2016. 
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Figure 3. Correlation indexes between carbon accumulation and monthly data of the climatic variables for the two species studied. P = precipitation, Tmax = maximum temperature, Tmean = average temperature, Tmin = minimum temperature. The months in lowercase and uppercase correspond to the months of the previous year and the current year, respectively. The dashed horizontal lines show the p = 0.05 level of significance. 
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Figure 4. Associations of carbon accumulation by drought for: (a) Pinus strobiformis and Pinus leiophylla. The graphs show the correlation values (r, Pearson) between carbon accumulation and the standardized precipitation and evapotranspiration index (SPEI) drought index on scales from 1 to 24 months (x-axes), calculated from January to December (y-axes); correlations greater than r = 0.35 are significant (p < 0.01). (b,c) show the SPEI drought index (period 1962–2016) for the El Salto and Otinapa stations, respectively; the blue and red bars indicate positive and negative SPEI values corresponding to wet and dry conditions, respectively. 
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Table 1. Average characteristics of the trees studied in the dendroclimatic analysis. The expressed population signal (EPS) was > 0.85 for the analyzed period (1962–2016).
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	Species
	Pinus strobiformis
	Pinus leiophylla





	Site
	Santa Bárbara
	Otinapa



	Coordinates
	23°41′ N 105°25′ W
	23°58′ N 104°57′ W



	Elevation (m)
	2844
	2430



	Diameter at breast height (cm)
	38.13 ± 1.59
	34.93 ± 1.56



	Height (m)
	13.67 ± 0.58
	11.33 ± 0.75



	Amplitude of the chronology
	1945–2016
	1934–2016



	Age (years)
	49 ± 3.11
	52 ± 1.85



	Ring width (mm)
	3.23 ± 0.20
	2.49 ± 0.11



	Accumulated carbon (g cm−2)
	4.65 ± 0.13
	3.05 ± 0.07







The means outlined in bold were significantly different (p < 0.05) using the nonparametric Mann–Whitney U test. Values are annual means ± standard error (SE).
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Table 2. Estimates of mixed linear models for carbon accumulation in the tree rings of the two species studied.
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Pinus strobiformis

	
Pinus leiophylla




	

	
Estimator

	
SE

	
Estimator

	
SE






	
Fixed parameters

	

	

	




	
Intercept

	
−3.83 × 10−3

	
3.22 × 10−1

	
−6.16 × 10−1 d

	
2.64 × 10−1




	
TRW

	
2.725 a

	
8.00 × 10−2

	
2.46 a

	
9.07 × 10−2




	
Age

	
3.67 × 10−2 a

	
7.11 × 10−4

	
2.94 × 10−2 a

	
1.10 × 10−3




	
Pp

	
−2.65 × 10−5

	
3.94 × 10−5

	
1.59 × 10−4 d

	
6.25 × 10−5




	
Tmax

	
−2.08 × 10−3

	
1.30 × 10−2

	
1.08 × 10−2

	
9.46 × 10−3




	
Tmed

	
−1.58 × 10−4

	
2.02 × 10−2

	
−2.07 × 10−2 c

	
6.87 × 10−3




	
Tmin

	
1.32 × 10−3

	
1.34 × 10−2

	
−1.83 × 10−2 d

	
8.57 × 10−3




	
PpPY

	
−2.3 × 10−6

	
3.97 × 10−5

	
2.62 × 10−4 a

	
5.88 × 10−5




	
TmaxPY

	
−1.81 × 10−3

	
1.31 × 10−2

	
6.35 × 10−3

	
1.04 × 10−2




	
TmedPY

	
−3.50 × 10−2

	
1.93 × 10−2

	
1.15 × 10−2

	
6.81 × 10−3




	
TminPY

	
−8.34 × 10−3

	
1.34 × 10−2

	
1.87 × 10−2 d

	
8.55 × 10−3




	
Covariance parameters

	

	

	




	
AIC

	
106.1082

	
576.2677




	
BIC

	
168.1582

	
638.7421








The parameter estimates with superscripts are significant (d = p < 0.05; c = p < 0.01; a = p < 0.0001), as determined by a t-test for fixed effects and a Z-test for random effects. AIC = Akaike information criterion, BIC = Bayesian information criterion, PY = previous year.
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