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Abstract:



Exploring how drought influences growth, performance, and survival in different species is crucial to understanding the impacts of climate change on forest ecosystems. Here, we investigate the responses of two co-occurring pines (Pinus nigra and Pinus sylvestris) to interannual drought in east-central Spain by dendrochronological and wood anatomical features integrated with isotopic ratios of carbon (δ13C) and oxygen (δ18O) in tree rings. Our results showed that drought induces both species to allocate less carbon to build tracheid cell-walls but increases tracheid lumen diameters, particularly in the transition wood between early and latewood, potentially maximizing hydraulic conductivity but reducing resistance to embolism at a critical phase during the growing season. The thicker cell-wall-to-lumen ratio in P. nigra could imply that its xylem may be more resistant to bending stress and drought-induced cavitation than P. sylvestris. In contrast, the higher intrinsic water-use efficiency (iWUE) in P. sylvestris suggests that it relies more on a water-saving strategy. Our results suggest that narrower cell-walls and reduced growth under drought are not necessarily linked to increased iWUE. At our site P. nigra showed a higher growth plasticity, grew faster and was more competitive than P. sylvestris. In the long term, these sustained differences in iWUE and anatomical characters could affect forest species performance and composition, particularly under increased drought stress.
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1. Introduction


Intense and prolonged drought episodes can significantly affect tree growth and survival, species composition and disturbance dynamics in forests. Increased frequency of these events could potentially affect mortality and recruitment dynamics and lead to changes in distribution and abundance of forest species [1,2]. Decreased growth and increased mortality under drought conditions might derive primarily from carbon limitation at the source level through stomatal closure and lower carbon assimilation (the carbon-starvation hypothesis [3]) or by reduced meristematic activity and cambial enlargement [4,5,6], or directly by hydraulic failure [7]. Water deficits can affect the mobilization and transport of carbohydrates reducing growth even if concentrations of soluble carbohydrates increase [4,6,8,9]. Meristematic activity is also reduced during periods of low water availability [4,5]. Xylem development under water-stress conditions is further regulated by complex interactions between these different mechanisms, varying levels of growth hormones, such as auxin or indole acetic acid [10], or changes in carbon allocation patterns [9,11,12,13].



The response of trees to drought stress varies within a continuum between closing stomata to reduce transpiration to keep xylem water potential within safety margins [14] at the expense of reduced photosynthetic rates (isohydric strategy) [15] or by maintaining similar levels of stomatal conductance but risking increased embolism formation (anisohydric strategy), because stomatal and hydraulic response are closely co-regulated [16]. Xylem safety levels involved in hydraulic failure depend on anatomical characteristics such as pit structure [17,18] and conduit lumen and cell-wall thickness [19]. In the anisohydric Juniperus thurifera L., increases in intrinsic water-use efficiency (iWUE) are likely to reduce growth and cell-wall thickness, supporting a partial role of carbon source limitation in the decline of tree vigor and hydraulic resistance [20]. Tree growth rates and drought resistance are closely balanced across many different species and forest ecosystems [21] and adaptations to different environments via these physiological and wood anatomical mechanisms are partly responsible for the distributional limits of conifer species [22].



Under similar levels of drought stress, different species with different functional traits can experience different decline and mortality rates [3], which can result in long-term differences in competitive ability and affect species composition. Several studies in eastern Iberia show a severe drought-induced decline and mortality of P. sylvestris L., but not in P. nigra Arn. [2,23] or oaks [24], although drought-induced die-back of P. nigra has been reported in Italy [25]. Therefore, in the present study, we focus on how P. sylvestris and P. nigra growing in the same stand perform in response to climate variability and drought. These two species differ in their ecological requirements and distribution ranges. Although P. nigra generally shows a higher drought resistance [26] and greater sapling survival [23] than P. sylvestris, both pines frequently form mixed stands in Mediterranean mountains [27]. While P. nigra is restricted to the mountains surrounding the Mediterranean Basin [27], P. sylvestris has a wide circumboreal extension [28]. In east-central Spain, the growth of both P. nigra and P. sylvestris is sensitive to climate-mainly summer drought [29]. Although both species sometimes show similar vulnerability to embolism [2], a loss of 50% hydraulic conductivity can occur in P. nigra at higher tensions and lower water potentials than P. sylvestris (−2.8 MPa [30] vs. −3.20 MPa [2], respectively). It remains essential to increase our knowledge about how functional traits might affect the differential survival and competition ability of coexisting species. Mediterranean forests are already subjected to a high frequency of strong droughts and offer an appropriate system to test the effects of increasing drought frequencies and intensities associated with climate change [31].



Annual growth rings record the response of trees to changes in their environment. Changes in stomatal conductance are recorded in the stable isotopes of wood cellulose [32,33]. Merging dendrochronology, proxies of xylem vulnerability calculated from xylem anatomical features, and the analysis of intrinsic water-use efficiency provides a valuable approach to explore species’ and communities’ long-term responses to drought [20,25,34]. In the present study, we investigate the effects of drought on plant growth and hydraulic architecture, wood anatomical plasticity, and water-use efficiency under different levels of moisture availability of P. nigra and P. sylvestris over a 47-year period. The specific objectives of the study are to (1) determine how xylem traits (tracheid wall thickness and lumen diameter) differ between the two pine species and characterize their tree-ring width; (2) investigate how xylem morphology is affected by climatic conditions in years with contrasting water availability; and (3) assess whether different adaptive response to drought of traits and growth might be favouring one of the two species. We hypothesized that the P. nigra will show xylem hydraulic traits typical of more drought tolerant species and lower iWUE that would reflect higher stomatal conductance than P. sylvestris. This response would allow P. nigra to withstand periods of drought better than P. sylvestris but also grow faster under moister conditions.




2. Materials and Methods


2.1. Site Description


Our study area was located in east-central Spain (40°17′ N; 1°59′ W) at an elevation of 1460 m a.s.l. A mixed, even-aged (ca. 90 years old) stand of Pinus nigra Ait. (Black pine) and P. sylvestris L. (Scots pine) developed on a deep forest soil on calcareous bedrock and a flat slope. All trees analysed in this study were growing within a permanent plot of 2000 m2 monitored since 1964, which minimizes the influence of the possible differences in microsite and anthropogenic and natural disturbances in all variables analysed. Precipitation and temperature data from a nearby meteorological station (1250 m a.s.l.; 40°13′ N; 1°55′ W; about 10 km southwest of our study site) were provided by the Spanish National Meteorological Agency (AEMET). During the period 1960–2000, climate was characterized by an annual precipitation sum of 924 mm·year−1 with two maxima (spring and autumn), 13.3 °C mean temperature, and summer drought during July and August (Figure 1). From monthly precipitation and temperature data, we alculated the multiscalar climatic drought index SPEI (standardized precipitation-evapotranspiration index [35]). Years with an August SPEI for a time scale of 12 months (SPEI12) above (below) one standard deviation were considered wet (dry) (Figure 1). For exploring the responses of xylem traits to extreme dry and wet years, we classified the 47 years of the study as average (n = 29), dry (n = 8) or wet (n = 10).


Figure 1. (A) Annual total precipitation, mean temperature and August standardized precipitation-evapotranspiration index over 12 months (SPEI12); (B) Mean monthly values for precipitation and mean temperature. Solid circles represent annual values, colored based on whether the year was classified as average, wet, or dry. Solid squares represent the nine years selected for isotopic ratio analysis of the annual rings formed those years.
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2.2. Dendrochronological and Wood Anatomical Methods


Two cores were extracted from 15 dominant trees of each species within the plot (30 trees in total). Dominance was defined as the 20 largest trees in diameter at breast height (DBH) in the 2000 m2 plot (i.e., 100 largest trees per hectare). Cores were mounted on grooved boards, sanded and crossdated following standard dendrochronological procedures. The width of each annual ring (TRW), earlywood (EW), and latewood (LW) were measured to the nearest 0.01 mm on a LINTAB measuring stage and the TSAP software [36]. The computer program COFECHA was used to check crossdating and validate measurement quality [37]. A subset of five trees per species highly correlated with their species TRW chronologies were selected for the analysis of their wood anatomical traits and stable isotope ratios (carbon and oxygen). It was later discovered that an extensive defoliation by the pine processionary moth Thaumetopoea pityocampa (Denis & Schiffermüller) occurred in these pine forests in 1991 [38], so we exclude data for that year from our analyses. It is worth noting that keeping the results for year 1991 in the analysis or excluding them produced similar results in all analysis performed.



For wood anatomical features, smaller sections (ca. 1–2 cm long) were cut from the cores corresponding to subperiods between 1960–2006 and embedded in polyethylene glycol (1500 MW PEG) blocks [39]. Sections ca. 20 μm thick were cut with a sliding microtome, dehydrated and mounted onto non-permanent glass microscope slides. In certain years, only three or four trees could be used for the anatomical analysis (Figure S1 in supplementary material). In total, we analysed 447 rings (223 for P. nigra and 224 for P. sylvestris; Figure S1 in supplementary material). Digital images were obtained at a magnification of 40X using a video camera and an optical Nikon Eclipse E600 microscope. To profit from the high image contrast that the autofluorescence of lignin creates under UV light [40], we used UV reflected light from a mercury vapour lamp and a U-MWU Olympus filter. For rings wider than 500 μm, several successive images were blended into a mosaic image before analysis. Lumen diameter (LD), cell-wall thickness (CWT), number of cells (NC) and lumen area (LA) were measured (Figure S2 in supplementary material) along five complete radial rows of cells for each ring using the ImageJ software [41] with a resolution of 1430 pixels/μm. Radial tracheid dimensions were chosen because tangential dimensions are rather constant within and among different growth rings [42].



The cell wall thickness (CWT) of each individual tracheid was calculated as CWTi = 0.5·(CWTi−1 + CWTi+1), where CWTi−1 and CWTi+1 represent the distance between left (i−1) and right (i + 1) side tracheid lumen to the specific tracheid (i) (Figure S2 in supplementary material; [43]. For the first and last tracheids in each tree ring, the formula was modified to CWTfirst = CWTi+1 and CWTlast = CWTi−1. Cells in which CWT·4 ≥ LD were considered as latewood [43]. We also estimated a conduit wall reinforcement or bending stress resistance factor as (t/b)2, where t is the double CWT and b is the side of a hypothetical square conduit of area LA. In this study, we used the bending stress resistance factor [(t/b)2] as a proxy for hydraulic safety from implosion by negative pressure because it is strongly correlated to cavitation resistance [44].



Because cell number differed within and between growth rings (Figure 2), standardized tracheidograms were estimated from the original measurements for each radial file to allow direct comparison between cells in different cell files, rings, and trees. In tracheidograms, all radial files are converted to constant standardized number of cells (25 cells) by a weighted mean of the cell dimension within the file. We chose 25 cells because it was close to the mean number of cells for the rings during the studied period (Figure 2). We briefly describe the process of tracheidogram standardization in supplementary material (for a detailed description of the method see [45]).


Figure 2. Mean species chronologies for different tree-ring traits and correlation coefficients between species. (A) Tree-ring width (r = 0.85, p = <0.001); (B) number of cells, (r = 0.86, p =< 0.001); (C) tracheid lumen diameter, (r = 0.42, p = 0.004); and (D) cell wall thickness (r = 0.46, p = 0.001). Note different scales in the y-axis of the four panels.
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2.3. Stable Isotopes


A second core from the same 10 trees used for anatomical analysis was used for carbon and oxygen isotopic analysis. We selected three wet, dry, and average years in the middle of the analysis period for these analyses (Figure 1; wet years: 1977, 1979, 1988; dry years: 1976, 1981, 1993; average years: 1974, 1985, 1991). For these selected nine years (Figure S1 in supplementary material), wood of complete rings including early and latewood was separated and cut into thin slivers under a microscope. We extracted α-cellulose from individual ring samples (i.e., not pooling rings from different trees) following a standard large batch processing procedure [46,47]. From each ring sample, 200 ± 10 μg of α-cellulose were encapsulated in silver foil for the determination of 13C/12C and 18O/16O isotopic ratios. The carbon and oxygen isotope ratios were determined simultaneously by first converting cellulose to carbon monoxide via pyrolysis at 1080 °C in a Costech elemental analyzer and then measured via a continuous flow Elementar Isoprime mass spectrometer [48]. Carbon isotopic values were expressed in the delta notation as δ13Cc relative to the standard VPDB (Vienna Pee Dee belemnite):


δ13Csample= [(C13/C12)sample(C13/C12)VPDB−1]× 1000‰



(1)







Oxygen values are expressed as δ18Oc and referenced to VSMOW (Vienna Standard Mean Ocean Water), using two calibrated cellulose working standards to correct for possible systematic sequential drift, amplitude effects and scale compression by the CF-IRMS system.





δ18Osample=[(O13/O12)sample(O13/O)VSMOW−1]× 1000‰



(2)







The carbon isotope data were converted to carbon isotope discrimination (Δ) as
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(3)




where δ13Cc is the isotopic ratio in wood cellulose and δ13Ca the ratio in atmospheric air [32]. Due to the increase of atmospheric CO2 inputs from 13C depleted fossil fuels with respect to the pre-industrial atmospheric δ13C of −6.4‰, Suess effect [49], δ13Cc was modified by adding the correction values presented by McCarroll and Loader [33]. The standard deviation for replicate measurements of the working standards of isotope ratios for carbon and oxygen were 0.12‰ and 0.26‰, respectively.



From carbon isotopic ratios, we also estimated the intrinsic water-use efficiency (iWUE), i.e., the ratio between net carbon assimilation in photosynthesis (A) and stomatal conductance for water gw (related to stomatal conductance for CO2 as gw = 1.6 g; [32]). This ratio is proportional to (ca − ci) through the expression


[image: there is no content]



(4)




where ca and ci are the partial pressure of CO2 in atmospheric air and in the intercellular space of the pine needle, respectively.



Thus, iWUE can also be estimated from Δ (carbon discrimination) in the tree rings and ca from [50] as:
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(5)







Following the dual-isotope conceptual model of Scheidegger, et al. [51] and the recommendations by Roden and Siegwolf [52], we compared the differences between δ13C and δ18O isotopic composition (ΔC and ΔO) observed for dry and wet years with respect to average years for each tree (i) and year (j). We then averaged per species to obtain composite averages and uncertainties. We analysed these changes in isotopic discrimination in terms of changes in average net photosynthesis (A) and stomatal conductance (gl).




2.4. Statistical Analysis


We used linear mixed-effects models (LMM) to analyze the contribution of each anatomical feature (i.e., number of cells, cell wall thickness, lumen diameter) to ring width and to explore the response of both pine species to years of differing water availability. In the first case, TRW was modeled by species as a function of cell-wall thickness (CWT), lumen diameter (LD), and number of cells (NC) of earlywood (EW) and latewood (LW) in the form


TRW = ai·CWTew + bi·CWTlw + ci·LDew + di·LDlw + ei·NCew + fi·NClw + tj



(6)




where ai–fi are model fixed parameters for each species i, and tj represents a random intercept of the linear model for each of the 10 trees j.



In the second case, the effect of drought on tree growth was analyzed on six dependent variables with the model


Variablei = ai·Species + bi·SPEI12 + ci·Year + di·Species SPEI12 + tj,i



(7)




where ai–di are the corresponding model parameters (a–d) for each dependent variable i, whereas ti,j represents a random intercept for each of the 10 trees j for each model with variable i. The six i dependent variables considered were ring width, cell-wall thickness, lumen diameter, and number of cells in the entire ring, earlywood, and latewood. The variable Year was introduced in the model as a surrogate for age, because all trees were of very similar age, and it allows for the accounting for age trends within the model.



In all cases, trees were included in the models as random effects in order to account for random differences between individuals. LMMs were fitted in R [53] within the nlme package [54] accounting for temporal autocorrelation in the time series and the maximum likelihood (ML), except for estimating the final model, when a restricted maximum likelihood (REML) was used. Models were developed following the successive approach of Zuur et al. [55] from the original set of potential variables (SPEI12, Year, species, and their interactions) and selected based on the corrected Akaike information criterion AICc [56].



In addition, we used the non-parametric Wilcoxon signed-rank test to analyze the possible effects of drought on CWT and LD within the annual ring between years of contrasting water availability for each species. Our null hypothesis was that, for each of the 25 cells along the standardized tracheidogram, cell-wall thickness and lumen distributions have medians that do not differ between dry, wet or average years.





3. Results


3.1. Changes in Climate


Precipitation during the hydrological year (September to August) decreased for the period 1960–2006 at ca. 11.2 mm·year−1 (R2 = 0.29; p < 0.001). During the same period, mean annual temperature increased by 0.3 °C per decade (R2 = 0.24; p < 0.001). The highest temperatures were reached in the late 1980s. These precipitation and temperature changes intensified drought as shown by the strong decrease in August SPEI for 12-month periods (R2 = 0.34; p < 0.001). Four of the eight years with SPEI12 below one standard deviation occurred in the last 10 years, whereas seven of the 10 wettest years occurred in the 1960s (Figure 1).




3.2. Interspecific Growth and Anatomical Differences


Average DBH at the moment of sampling was larger in P. nigra than in P. sylvestris (33.9 ± 54.3 cm vs. 26.2 ± 19.6cm; p = 0.0176; df = 8; Figure S3 in supplementary material) at the same approximate ages. Average ring widths for both species were similar during the study period (p = 0.6019; df = 8) despite P. sylvestris having higher number of cells in the earlywood than P. nigra (p = 0.0185, df = 8) (Table 1; Figure 2). Cell walls in P. nigra were systematically wider in the latewood (p = 0.0195; df = 8; Table 1; Figure 3) and slightly wider in the earlywood (p = 0.0642, df = 8). Black pine also had wider lumen diameter in the earlywood cells (p = 0.0206, df = 8; Table 1; Figure 3).


Figure 3. Cell wall thickness (CWT) and lumen diameter (LD) for the normalized tracheidogram of rings formed during the period 1990–2000. Each year represents the mean for 5 trees of each species.
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Table 1. Results for the linear mixed-effects models for width of the entire ring, earlywood and latewood, and the total number of cells in the annual ring calculated over the 1960–2006 period. The model fitted was Variable = ai·Species + bi·SPEI12Aug + ci·Year + di·Species·SPEI12Aug + tj,i, where ai–di are the model parameters (a–d) for each variable i, and ti,i, represents the random intercept for each of the 10 trees j for each variable i. SPEI12Aug was treated as a continuous variable. Significant p values at the 5% level are highlighted in bold. EW, earlywood; LW, latewood. Reference species is P. nigra which means that positive (negative) parameter estimates for the independent variable “species” need to be considered as increase (decrease) with respect to that species. Data for year 1991 was removed from the analysis.







	

	

	
Species (df = 8)

	
SPEI12 (df = 423)

	
Year (df = 423)

	
Species × SPEI12 (df = 423)




	
Variable

	
Section

	
Estimate

	
SE

	
p

	
Estimate

	
SE

	
p

	
Estimate

	
SE

	
p

	
Estimate

	
SE

	
p






	
Width

	
Ring

	
47.67

	
87.78

	
0.6019

	
81.13

	
23.26

	
0.0005

	
−6.71

	
1.35

	
<0.0001

	
−35.85

	
29.31

	
0.2220




	
EW

	
51.23

	
66.05

	
0.4602

	
49.27

	
18.75

	
0.0089

	
−6.41

	
1.10

	
<0.0001

	
−21.82

	
23.60

	
0.3558




	
LW

	
−3.63

	
39.49

	
0.9290

	
31.84

	
7.41

	
<0.0001

	
−0.29

	
0.43

	
0.4924

	
−13.98

	
9.33

	
0.1347




	
CWT

	
Ring

	
−0.35

	
0.26

	
0.2046

	
0.03

	
0.07

	
0.9581

	
−0.02

	
<0.01

	
<0.0001

	
−0.06

	
0.10

	
0.4894




	
EW

	
−0.56

	
0.26

	
0.0642

	
0.10

	
0.04

	
0.0099

	
−0.01

	
<0.01

	
<0.0001

	
−0.07

	
0.05

	
0.1608




	
LW

	
−1.54

	
0.53

	
0.0195

	
0.30

	
0.09

	
0.0009

	
<0.01

	
<0.01

	
0.4976

	
<−0.01

	
0.11

	
0.9985




	
LD

	
Ring

	
−2.48

	
1.42

	
0.1190

	
−0.31

	
0.24

	
0.1984

	
0.06

	
0.01

	
<0.0001

	
0.01

	
0.30

	
0.9390




	
EW

	
−4.01

	
1.39

	
0.0206

	
0.30

	
0.23

	
0.1964

	
0.01

	
0.01

	
0.3781

	
0.02

	
0.30

	
0.9430




	
LW

	
0.04

	
0.38

	
0.9122

	
0.34

	
0.11

	
0.0028

	
0.01

	
<0.01

	
0.0385

	
0.13

	
0.14

	
0.3672




	
Number of Cells

	
Ring

	
4.08

	
2.67

	
0.1653

	
2.23

	
0.64

	
0.0006

	
−0.18

	
0.04

	
<0.0001

	
−0.81

	
0.82

	
0.3193




	
EW

	
3.31

	
1.39

	
0.0185

	
1.02

	
0.43

	
0.0185

	
−0.15

	
0.03

	
<0.0001

	
−0.33

	
0.54

	
0.5411




	
LW

	
0.77

	
1.74

	
0.6695

	
1.21

	
0.31

	
0.0002

	
−0.03

	
0.02

	
0.1561

	
−0.48

	
0.40

	
0.2280










In both species, the number of cells explained over 89% of ring width variability (Table 2; Figure 2). Although P. sylvestris had more cells per ring (Figure 2), its ring-width interannual variability was less dependent on the number of cells than P. nigra (89.33% and 91.60% respectively; Table 2). Cell wall thickness had a greater influence on ring width in P. sylvestris than it did in P. nigra (0.074% vs. 0.014%; Table 2). Variability in lumen diameter had a stronger influence on the total ring-width (7.633% and 9.511% for P. nigra and P. sylvestris respectively) than cell wall thickness (Table 2).



Table 2. Variance in tree-ring width explained (in %) by different anatomical features in its two components (EW, earlywood; LW, latewood) in the mixed effects model TRW = ai·CWTew + bi·CWTlw + ci·LDew+di·LDlw + ei·NCew + fi·NClw + tj. All coefficients (ai–fi) were significant at p = 0.05 for both species i. tj, represents the intercept for each of the 10 trees j. Totals, represent the sum of explained variance by EW and LW of each variable. Data for year 1991 was removed from the analysis.







	

	

	
P. nigra

	
P. sylvestris






	
Cell-wall thickness 1

	
EW

	
0.0136

	
0.0612




	
LW

	
0.0004

	
0.0123




	
Total

	
0.0140

	
0.0735




	
Lumen diameter 1

	
EW

	
2.0721

	
3.5085




	
LW

	
5.5612

	
6.0029




	
Total

	
7.6333

	
9.5113




	
Number of cells 1

	
EW

	
89.4257

	
86.7695




	
LW

	
2.1780

	
2.5628




	
Total

	
91.6037

	
89.3323




	
Tree 2

	
0.0654

	
0.0702




	
Residuals

	
0.6837

	
1.0127








1 model fixed effects; 2model random effect as different intercept for each of the 10 trees analyzed. The sum of each column equals 100% of variance.








The significant effects of variable Year were negative in all cases except for lumen diameter (Table 1). Tree-ring width decreased with age (p < 0.0001, df = 423), as expected. The number of cells and cell-wall thickness also decreased with age. In contrast, lumen diameter increased (p < 0.0001, df = 423) (Table 1; Figure 2).




3.3. Effect of Moisture Availability on Tree Growth and Anatomical Traits


Drought (estimated as the index SPEI12) significantly affected most of the growth and xylem parameters analyzed (Table 1). The negative effect of drought on radial growth was more related to a decrease in the number of cells than to cell sizes as indicated by the highly significant coefficients of total ring, EW and LW width and the number of cells in all ring sections (Table 1). Average cell-wall thickness in EW and LW were significantly reduced by drought. Lumen diameter was less influenced by moisture, but lumen in the LW tracheids were also significantly reduced. We found no interaction between species and drought on any of the EW and LW xylem traits.



Because analyzing long time-series can obscure the response of trees to extremes, we also analyzed how ring width and xylem traits responded to extreme wet, dry, and average years (Table 3). Although our previous analysis with SPEI12 as a continuous variable showed no species-drought interactions (i.e., Table 1), discrete extreme years showed significant differences for widths and cell numbers of entire ring, EW, and LW between average, dry, and wet years in P. nigra (Table 3, Figure 4). Growth of P. sylvestris was higher during wet years but did not differ for dry and average years. Similarly, the differential tracheidograms showed larger reductions of wall thickness in P. nigra (up to 30%) during dry years compared to wet years and mainly in the transition zone from EW to LW (Figure 4). Lumen diameter increased in the earlier part of the EW during dry years (Figure 4). Together, these anatomical changes in dry years resulted in tracheids with lower (t/b)2, i.e., resistance to bending stress (Figure 5).


Figure 4. Mean tracheidogram (left panels) and differential tracheidogram (% change with respect to the species average years; right panels) for wet (white circles) and dry (black circles) years for cell-wall thickness (A) and lumen diameter (B) in P. nigra and P. sylvestris. Every ring has been normalized to 25 hypothetical cells (see text for details). Vertical bars represent standard error of the mean. Within each species, (x) symbols indicate significant differences (p < 0.05) between dry and wet years.
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Figure 5. Mean tracheidogram of conduit hydraulic safety (expressed as the (t/b)2 relationship) for P. nigra and P. sylvestris for dry and wet years. Inset boxes show detail of normalized cells 1 through 10 of each tracheidogram where significant differences between wet and dry years were observed. Vertical bars represent standard error of the mean. Within each species, (x) indicate cells for which hydraulic safety is significantly different (p < 0.05) between dry and wet years
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Table 3. Wood and tracheid properties in Pinus nigra and P. sylvestris pine (means and standard deviation) calculated for years with SPEI12 classified as being average, dry or wet for the period 1960–2006. Different letters within a row indicate significant differences at the p = 0.05 (except those with * which are significant at the p = 0.10) in the linear mixed model approach. EW, earlywood; LW, latewood. Data for year 1991 was removed from the analysis.







	

	

	
Dry (n = 8)

	
Average (n = 29)

	
Wet (n = 10)






	
Pinus nigra




	
Width (10−2 mm)

	
Ring

	
555.89

	
(263.33)

	
a

	
727.56

	
(280.45)

	
b

	
948.92

	
(409.93)

	
c




	
EW

	
453.82

	
(201.88)

	
a

	
588.27

	
(219.40

	
b

	
749.64

	
(321.74)

	
c




	
LW

	
102.07

	
(80.43)

	
a *

	
139.28

	
(91.54)

	
b

	
199.28

	
(128.00)

	
c




	
CWT (μm)

	
Ring

	
3.86

	
(1.15)

	
a

	
4.16

	
(1.12)

	
ab

	
4.46

	
(1.02)

	
a




	
EW

	
3.30

	
(0.67)

	
a

	
3.79

	
(0.66)

	
b

	
3.97

	
(0.52)

	
c




	
LW

	
5.50

	
(1.81)

	
a

	
6.05

	
(1.46)

	
a

	
6.25

	
(1.58)

	
a




	
LD (μm)

	
Ring

	
35.93

	
(4.06)

	
a

	
34.19

	
(3.50)

	
b

	
33.40

	
(3.76)

	
b




	
EW

	
34.26

	
(4.43)

	
a

	
34.84

	
(3.24)

	
a

	
34.46

	
(2.73)

	
a




	
LW

	
7.20

	
(1.95)

	
ab

	
7.14

	
(1.50)

	
a

	
7.80

	
(1.60)

	
b




	
Number of Cells

	
Ring

	
16.36

	
(6.79)

	
a

	
20.91

	
(7.42)

	
b

	
26.94

	
(10.73)

	
c




	
EW

	
11.09

	
(4.33)

	
a

	
13.93

	
(4.82)

	
b

	
17.64

	
(6.82)

	
c




	
LW

	
5.27

	
(3.19)

	
a

	
6.98

	
(3.64)

	
b

	
9.29

	
(5.17)

	
c




	
Pinus sylvestris




	
Width (mm)

	
Ring

	
733.38

	
(337.88)

	
ab

	
759.36

	
(334.55)

	
a

	
985.78

	
(441.26)

	
b




	
EW

	
605.38

	
(267.78)

	
a

	
621.49

	
(265.14)

	
a

	
807.56

	
(383.84)

	
b




	
LW

	
127.99

	
(126.21)

	
ab

	
137.87

	
(122.07)

	
a

	
178.22

	
(126.44)

	
b*




	
CWT (μm)

	
Ring

	
3.58

	
(1.07)

	
a

	
3.88

	
(0.99)

	
a

	
3.97

	
(1.05)

	
a




	
EW

	
3.03

	
(0.73)

	
a

	
3.17

	
(0.71)

	
ab

	
3.40

	
(0.77)

	
b*




	
LW

	
4.15

	
(1.40)

	
a

	
4.54

	
(1.35)

	
a

	
4.74

	
(1.16)

	
a




	
LD (μm)

	
Ring

	
32.91

	
(4.63)

	
a *

	
31.72

	
(3.71)

	
ab

	
30.77

	
(3.71)

	
b*




	
EW

	
30.28

	
(5.01)

	
a

	
30.73

	
(3.68)

	
a

	
30.60

	
(3.70)

	
a




	
LW

	
7.29

	
(1.94)

	
a

	
7.14

	
(1.48)

	
a

	
8.15

	
(1.64)

	
b*




	
Number of Cells

	
Ring

	
23.75

	
(9.97)

	
a

	
24.54

	
(10.19)

	
a

	
31.07

	
(12.36)

	
b




	
EW

	
16.63

	
(6.56)

	
a

	
16.74

	
(6.18)

	
a

	
21.50

	
(9.01)

	
b




	
LW

	
7.12

	
(5.59)

	
ab

	
7.81

	
(5.59)

	
a

	
9.56

	
(5.67)

	
b











3.4. Stable Isotopes


Ratios of δ13C were consistently higher (F = 4.916; p = 0.0306) in P. sylvestris (−22.69 ± 0.12‰ mean ± SE) than P. nigra (−23.1 ± 0.14‰). Accordingly, values of iWUE were significantly higher (F = 4.916; p = 0.0306) for P. sylvestris (107.56 ± 1.27 μmol·mol−1, mean ± SE) than P. nigra (103.10 ± 1.34 μmol·mol−1) (Figure 6). Mean values of δ18O were very similar for both species (P. nigra 31.85 ± 0.15‰; P. sylvestris 31.76 ± 0.27‰; interspecies comparison F = 0.079; p = 0.779). Our analysis of a few discrete years does not allow for the exploration of temporal trends in iWUE. Differences in the carbon and oxygen isotopic ratios between dry, wet or average years were not statistically significant for either species. A dual carbon-oxygen isotope analysis showed small and non-significant reductions of discrimination for both isotopes for wet and dry years alike compared to average years (Figure 7).


Figure 6. Mean intrinsic water use efficiency (iWUE) for dry, average, and wet years. Each point is the mean of values for three years in five trees per species. Error bars represent the standard error of the mean.
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Figure 7. Change of isotopic ratios for carbon [Δ(δ13C)] and oxygen [Δ(δ18O)] during dry (solid line) and wet (dashed line) years with respect to the average year for P. nigra (black lines) and P. sylvestris (grey lines). Each point represents the mean of changes for five trees in three years. Error bars represent the standard error of their respective isotopic ratio change. Dotted diagonal line represents a 1:1 change. Solid vertical and horizontal lines indicate zero anomaly in the dual isotopic model.
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4. Discussion


4.1. Effects of Drought on Interannual Radial Growth and Xylem Morphology


In long-lived plants, environmental plasticity in functional traits is vital to assure survival under stress while at the same time remain competitive under more favorable conditions. Our results showed that, in response to drought, both pine species analyzed slowed radial growth and reduced their number of cells and cell-wall thickness, but increased their lumen diameters. This result supports previous findings using simple correlation analysis between anatomical variables and climate [29]. These changes combined may result in increased xylem drought-induced vulnerability, as shown by their lower bending stress resistance (t/b)2. A similar response in P. sylvestris was observed in control vs. irrigated [57,58] and precipitation exclusion experiment [59], but are opposite to responses observed in some studies of P. sylvestris [13] and other conifers [20,60]. In contrast, our results showed that narrow lumens were produced in LW on dry years particularly in P. sylvestris (Table 3), probably as a response to a decline in turgor [13]. The conductivity of tracheids depends partially on the characteristics, number and size of their pits [18,61] as well as their lumen diameter (Hagen-Poiseuille law [62]) and cell wall thickness [19]. The number and diameter of pits in P. sylvestris and P. nigra increase with lumen diameter [63,64]. A more efficient xylem would result from decreased resistivity due to wider lumens and wider and more abundant pits. Thus, our observations that pines respond to drought by producing fewer tracheids per ring with wider lumens and narrow walls (Table 1 and Table 3) suggest that pines build a more efficient xylem while expending less carbon. This carbon-saving strategy or lower allocation to xylem may come at the expense of lower hydraulic strength [59] because larger pits are also more prone to air seeding.




4.2. Intraannual Responses to Drought


Our results show that anatomical responses to drought vary along a growth ring and thus during the growing season. In our study, the effects of drought conditions were minimal at the beginning and at the end of the growing period (Figure 4). The largest anatomical differences between years corresponded to the transition wood (i.e., the ring section between EW and LW), consistent with previous observations [57,58]. Transition wood is most likely formed during late spring or early summer, one of the most critical times of the growing season under Mediterranean climate [65]. As drought stress intensifies during the growing season, xylem development faces varying constrains and may stop completely during the summer, which could lead to bimodal xylogenesis patterns. In some cases, this bimodal pattern may lead to the formation of intra-annual density fluctuations (IADF) if growth stops during the summer drought but resumes latter in the season [65,66]. These flexible xylogenesis patterns grant species higher plasticity by allowing them to concentrate growth during favorable periods. Although several Mediterranean conifers present bimodal xylogenesis, such a pattern has not been observed in P. sylvestris [67]. To date, no data exists on P. nigra xylogenesis patterns. Focusing our analysis on just EW, LW or on an average for the entire ring would have obscured ecologically important differences. We suggest that studies exploring the ecological functions of wood anatomy should consider at least the transition wood as a separate section, in addition to EW and LW, if higher resolution analyses are not performed.




4.3. Interspecific Responses to Drought


As expected, xylem of P. nigra was composed of tracheids with thicker cell walls than P. sylvestris and wider lumen diameters in the earlywood (Figure 3 and Figure 4). P. nigra also showed higher cell-wall-to-lumen ratios, a driver of wood density, and potentially conferring higher cavitation resistance under low water potentials as suggested by their higher (t/b)2 (Figure 5). Drought, however, induced larger reductions of cell-wall thickness and radial growth in P. nigra than it did in P. sylvestris. The species with thicker cell-walls, P. nigra, might be able to reduce cell−walls more and still maintain higher (t/b)2 than the less drought-adapted species P. sylvestris [2,68]. Although conifers usually keep a large safety margin from drought-induced cavitation [21,61], lower (t/b)2 in P. nigra suffering di-back than in healthy trees [25] suggests an important role of bending stress as a partial contributor to hydraulic resistance in tree decline. Low wood density, which is related to (t/b)2 as low cell-wall-to-lumen ratio [44], increases the risk of post-drought dieback in many conifers, including P. sylvestris [69,70]. The higher conduit density per unit area in P. sylvestris likely contributes to maintaining hydraulic functions in case of xylem cavitation [71]. The wider margin of P. nigra to reduce its cell walls during droughts could contribute to the adaptability of this species to variable environmental conditions [23] and could provide a competitive advantage at the study site. Wider tracheid lumens may allow larger hydraulic conductance [61] to support higher stomatal conductance and photosynthesis [72]. Because conifer sapwood may remain functional for multiple years [73], these differences in xylem anatomy may affect tree performance long after the growing season when they are formed.



Narrower cell walls during drought periods may result from changes in carbon allocation towards parts of the plant other than secondary growth. Allocating more carbohydrates to mycorrhiza and root growth, storage or needles [9,11,12,13] offer the advantage of a faster recovery or the possibility to withstand longer periods of drought and may also be key strategies to ensure survival in long-lived plants [9,70]. Also, P. nigra has a higher frequency of rays and parenchyma than P. sylvestris [63,64] which are related to higher potential for storing non-structural carbohydrates and water contributing to a faster recovery after stressful conditions [74]. Our result of P. nigra reducing wall thickness more than P. sylvestris could be due to a greater investment to reserves, defenses or growth of other parts of the plant that allows it to recover better after drought.



Changes of wood anatomical traits in response to drought could vary at different spatial scales of study [26]. At population level, both P. sylvestris [63] and P. nigra [64] in the Iberian Peninsula develop thick cell-walls and narrow lumens at drier locations. Here, our results suggest that, at interannual scale, the pattern is opposite, i.e., drought induces thinner cell walls but wider lumens, in accordance with results from other species and sites [25,57,58]. The interannual response of hydraulic traits to multiyear climate data, as done in this study, may show different relationships than considering single values of traits, either from single years or averages for several years, across sites differing in mean climatic conditions. The multi-year functionality of sapwood in conifers, the long−term adjustments of leaf/sapwood area ratio (Al/As) to climate, and the alterations of allocation patterns [73] could in part explain these differences. Trees might regulate hydraulic conductance by adjusting for how long sapwood rings remain functional and the architecture of their tracheids at the interannual scale. For example, in dryer climates, where leaf/sapwood area ratio is usually lower [73] and despite their narrower lumens [63,64], trees might attain similar whole-sapwood conductance. Other site-specific factors, invariable at the interannual scale, such as stand density, basal area or soil characteristics could also affect how trees react to climate. Whether these opposing intrasite and intersite variations of xylem traits in response to climate are part of a generalized drought response of conifers requires a systematic review across species and environmental conditions.




4.4. Intrinsic Water-Use Efficiency


Both pine species were expected to show an efficient stomatal control to reduce water loss and prevent high levels of embolism [2,14]. Our dual-isotope analysis, however, suggests that both species reacted by small and non-significant reductions of stomatal conductance (gs) and net carbon assimilation [51] (Figure 7). Higher iWUE in P. sylvestris reflected its tighter stomatal control than P. nigra and thus a more isohydric strategy oriented to reduce water spending in accordance with previous results from xeric sites [2,75]. Earlier stomata closing in P. sylvestris might contribute to maintaining hydraulic pressure below dangerous levels at this site, but its conservative strategy might reduce its ability to compete for light if P. nigra grows taller faster. The possibility exists that the lack of differences in iWUE between different years may be due to isotopic ratios being calculated from EW and LW together, which could mask responses in iWUE at shorter scales, or that drought during the dry years considered was not enough to trigger a significant stomatal closure even in the most sensitive species. Our results, however, are in line with the lack of interspecific differences reported from tree-rings [2] and sapling needles [23] in these two species. Increased carbon depletion has been suggested to occur in P. sylvestris due to its strong stomata closing during droughts [76,77,78]. Simultaneous reductions of crown growth and lower leaf area index (LAI) [14] during droughts could contribute to maintaining constant levels of iWUE while overall supplying less carbon at the whole-tree level. In fact, pines, including P. sylvestris reduced their leaf/sapwood area ratios at dryer and warmer sites [79]. Even considering the potential lag between carbon fixation and use in the secondary cambium [8], our results suggest that narrow cell-walls and reduced growth at interannual scale are not necessarily linked to increased iWUE [20], at least at the drought levels analyzed here. Cambial meristematic activity, shorter enlarging time of tracheid and the number of wall layers produced [58,80] may have played a more important role. A reduction in crown growth or LAI during drought could signal a reduction in cambial growth via lower indole-3-acetic acid (IAA) production [10]. Given future climate change scenarios, we could anticipate a continued coexistence of both species at this site and region under current levels of drought stress with a competition advantage for P. nigra given its faster growth and more flexible xylem development.





5. Conclusions


Our analysis of xylem traits showed that both pine species reacted to drought by building a xylem with larger lumens and narrower cell walls which could be more hydraulically efficient while saving carbon resources. The greatest differences in tracheid features between dry and wet years were observed in the transition zone from earlywood to latewood. Pinus nigra showed wider lumen and cell walls than P. sylvestris as well as higher xylem plasticity to the interannual drought variability (i.e., adjusted more its growth and xylem). The higher iWUE in P. sylvestris suggests that it relies more on stomatal control to regulate transpiration. In contrast, the little drought-induced changes in iWUE in both species suggest low levels of drought stress under current climate at the site. Increasing drought conditions, however, could be more detrimental for P. sylvestris than for P. nigra.



This observed intra-specific response to interannual drought variability contrasts with the general observation that more drought-adapted species, as well as populations from arid sites, produce tracheids with thicker walls and narrower lumens. Results from more species and environments are necessary to further explore whether these opposing trends at different taxonomical and biogeographical scales are generally observed in conifers.



Estimates of forest annual productivity from tree-ring proxies contribute to improving and constraining coupled terrestrial carbon cycle models [81]. Because our results imply a reduction of the amount of carbon per linear unit of radial growth (wood density) in addition to the reduced linear growth, if only tree-ring widths are used for calibration instead of proxies for total carbon storage (e.g., wood density), models may overestimate carbon fixed during drought periods.
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