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Abstract

:

Droughts negatively impact forests by reducing growth and increasing defoliation leading to forest dieback as the climate becomes warmer and drier. However, the timing and severity of droughts determine how differently or intensively water shortage affects primary (shoot and leaf formation) and secondary growth (stem radial growth based on tree-ring widths). We compare the impact of two severe droughts (2005, 2012), showing different climatic characteristics on the growth responses of three Mediterranean holm oak stands in northeastern Spain. We also quantify climate trends and drought severity. Then, we use remote sensing data to infer how those droughts impacted forest productivity. Both droughts were characterized by warm and dry spring conditions leading to reduced budburst, low shoot production, asynchrony in primary growth and decreased productivity and scarce radial growth, particularly in 2005. However, defoliation peaked in 2012 when radial growth showed minimum values and early spring and late summer temperatures reached maximum values. We discuss how uncoupled and resilient are the responses of primary and secondary growth to drought. Finally, these findings are used to gain insight into the drought-related drivers of defoliation in Spanish holm oak forests.
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1. Introduction


Abrupt climatic events such as droughts affect forests and other terrestrial ecosystems [1]. For instance, drought is an important driver of turnover rates of carbon pools at a global scale by influencing forest productivity in biomes experiencing seasonal water shortage [2]. Increased climate variability is likely to increase drought frequency and intensity in some regions of the globe, which could determine future forest productivity and thus alter climate-atmosphere-biosphere feedbacks [3]. Forest responses to droughts are manifold since severe water shortage diminishes leaf carbon fixation through inducing stomatal closure [4,5], triggers growth decline, and forest dieback [6,7,8]. Therefore, growth responses to drought must be well characterized since they determine to a great extent how much carbon is stored and how strong carbon-sink a forest is.



Droughts are complex climatic phenomena [9]. They involve the stress due to water scarcity caused by low precipitation, but also entail high atmospheric vapor pressure deficits, low soil water-holding capacity, and sometimes heat stress causing the degradation of plant membranes and radiation stress leading to photoinhibition [10]. Heat- and drought-triggered stresses differ and both can contribute to forest dieback [11,12,13]. Drought stress is expected to be more intense when soil water reserves are minimum, evaporative demand is maximum, and both transpiration rates and leaf area peak, i.e., during summer in most Northern Hemisphere forests.



The complex climatic stresses included in a drought event suggest that its timing and how water deficit interacts with other climatic stressors (e.g., elevated temperatures) can be important drivers of forest responses as drought duration and severity are. For instance, in Southern France drought intensity has increased in the wettest areas by advancing its onset, whereas an earlier end of drought occurred in the driest areas leading to a shift of the dry season without increasing its duration [14]. Periods with successive hot days occur after and during periods with pronounced precipitation deficits in many regions worldwide, and this soil moisture-temperature coupling is very strong in the Iberian Peninsula [15].



Circum-Mediterranean forests may avoid drought stress during the growing season by enhancing leaf shedding in summer thus avoiding excessive loss of water due to transpiration [16]. Recent severe droughts during very warm periods (1994–1995, 2005, 2012) have caused episodes of defoliation and forest dieback affecting Iberian oak [17,18,19] and conifer forests [20]. Iberian forests have shown defoliation and growth decline in response to recent droughts, which have probably altered the period for optimum growth conditions usually spanning spring and autumn. Thus, they constitute a good system to assess how forests respond to droughts of different seasonal timings and climatic characteristics (intensity, duration).



Different forest growth responses to drought are expected depending on the tree phenology and on which growth variables are considered [7]. For instance, drought can induce a decline in primary growth (e.g., bud development, shoot elongation, leaf expansion) or reduce secondary growth (e.g., stem wood formation), but water shortage can also trigger defoliation. Then, we hypothesized that the timing of warming and drought should have differential tree growth responses: while primary growth is sensitive to winter-spring warming, secondary growth is sensitive to summer-autumn warming. In other words, primary or secondary growth will react in different ways to droughts based on their contrasting phenological patterns (distinct timings) or depending if they are preceded by previous droughts, i.e., drought’s legacy [21].



Here, we explore the responses to droughts of different timings and intensities in holm oak (Quercus ilex). Holm oak is a very abundant tree species across the Western Mediterranean Basin where it faces seasonal drought by displaying an elevated phenological, morphological and physiological variability [16]. We characterize several growth variables related to primary (shoot production and biomass, defoliation, forest cover and productivity derived from remote-sensing data) and secondary growth (tree-ring width). Then, we discuss how resilient are holm oak forest in response to different types of droughts by showing contrasting growth responses (e.g., defoliation levels) considering the ability of this species to resprout and rebuild its canopy thus reducing the probability of eventual tree death [18]. Finally, we use our findings to discuss the trends observed in Spanish defoliation data of holm oak forests, which show rising rates of leaf loss related to ongoing heat stress and successive droughts [22,23,24].




2. Materials and Methods


2.1. Study Sites and Species


We studied three coppice stands of Quercus ilex subsp. ballota (Desf.) Samp L. (holm oak), which is an evergreen oak sub-species mainly present in areas of the Iberian Peninsula subjected to continental Mediterranean climate, i.e., it is well adapted to dry and cold conditions [25]. The coppice forests are located on a relatively flat area in Arascués, Aragón, in northeastern Spain (42°14′ N, 0°27′ W, 650 m a.s.l., Figure 1a). The mean basal area of the forest is 31.6 m2·ha−1, and the understory is dominated by shrubs, such as Rhamnus alaternus L. and Quercus coccifera L., with some dispersed Juniperus oxycedrus L. trees usually growing in gaps. The study forests have not been managed (thinning, coppicing) for the last 50 years (see more details on the sampling site in [26]). Soils are rocky, basic, rich in clay and shallow with a mean depth of ca. 50 cm. The climate is Mediterranean with continental influence and the mean annual temperature is 13.5 °C and total annual precipitation is 550 mm. July and January are the warmest and coldest months, respectively. Climatic data correspond to the period 1951–2014, and they were obtained from the Monflorite-Huesca station (42°05′ N, 0°20′ W, 541 m), located ca. 17 km from the study site.



Holm oaks usually retain three cohorts of leaves and produces diffuse to semi-ring porous wood [16]. Most primary (shoot and leaf development) and secondary (stem wood increment) growth occur from April to June whilst leaf shedding peaks from June to October [16].
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Figure 1. (a) Distribution of holm oak in Spain (green patches) and location of the studied holm oak forests (sites 1, 2 and 3) and trees (dots) with (b) views of defoliated trees after the severe 2005 (uppermost left photograph) and 2012 (rest of images) droughts. The nearby sites 1 and 3 were considered the same sampling unit regarding primary growth and remote sensing data. 
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2.2. Field Sampling


In the study area, we selected three stands of size 3–4 ha located at least 500 m apart, and in each stand 50 trees were randomly selected along transects, mapped using a GPS and tagged (Figure 1b). Their size and structure were measured (diameter at breast height, henceforth dbh; height; number of stems per tree). Sampled trees were at least 20 m apart. Neither size (dbh, height) nor the number of stems per tree significantly differed between the three stands so we show the mean (± SE) values of all trees which were: dbh = 12.3 ± 0.3 cm; height = 4.8 ± 0.1 m; and number of stems per tree = 4 ± 1. The basal area was the lowest in stand 2 (30.0 m2·ha−1), where soils were also shallow (mean depth ca. 30 cm). Since we considered crown cover as a proxy of tree vigor [27], every autumn (see below the mean sampling date), the percentage of defoliation of each tree was estimated to the nearest 5% [28]. Since estimates of defoliation vary among observers and places, the data were always recorded by the first author, who compared every tree with a reference nearby tree with maximum amount of foliage, i.e., the field estimates of defoliation correspond to relative defoliation referred to the study stand.




2.3. Climate Data


We obtained daily and monthly values of the following climatic variables: mean maximum and minimum temperatures, precipitation (P), estimated potential evapotranspiration (PET) and water balance (P-PET). Data were gathered from the Monflorite-Huesca meteorological station for the period 1951–2014. The time series of the climate variables were carefully checked to assure homogeneity. The monthly PET was estimated using monthly values of mean temperature, daily temperature range and solar radiation following the Hargreaves-Samani method [29].



To estimate the effect of drought intensity on tree growth, we used the Standardized Precipitation-Evapotranspiration Index (SPEI), which is a multi-scalar drought index with negative and positive values corresponding to dry and wet periods, respectively [30]. The time period from precipitation to water usage by forests depends on climate seasonality and tree phenology, which makes the time scale over which water deficits accumulate critical. This is why growth must be compared with drought indices calculated at several timescales, which allow monitoring how usable are water resources by trees. The SPEI monthly values for the period 1950–2014 at 1–16 months long scales were obtained for the 0.5° grid located over the study area. The use of the SPEI allows quantifying the effects of drought index on radial growth at different time scales and considering diverse drought intensities [31].



In the case of defoliation data obtained for the whole conterminous Spain and the Balearic Islands (see section Spanish defoliation data) we obtained monthly climatic variables (mean temperatures and total precipitation) for the period 1990–2012 from the Climate Research Unit TS3.1 database, which provides homogenized and quality-controlled data at 0.5° spatial resolution [32]. SPEI data were also obtained for Spain as described above. We selected the region delimited by coordinates 36.75°–43.25° N and 7.25° W–3.25° E to get these data since this area covers most of the Spanish holm oak plots with defoliation data. These data were downloaded using the Climate Explorer web page.




2.4. Primary Growth and Phenology


From 2004 to 2012, we made visual estimates of shoot production in all trees during spring (mean sampling date of year was mean ± SE = 141 ± 4, i.e., 20 May) and autumn (mean sampling date of year was 296 ± 3, i.e., 22 October). We randomly took two to three 3-year old branches from the upper crown of each tree and counted the number of long shoots (dolichoblasts). Then, we used the following scale based on the number of new shoots produced per 3-year old branch: 0, 0 shoots; 1, 1 shoot; 2, 2–3 shoots; 3, 4–5 shoots; 4, >5 shoots.



We also assessed the timing of primary growth and male flowering in spring from 2005 to 2012 by using a semi-quantitative scale of seven successive phenological stages [33]: 1, bud swelling; 2, early budburst; 3, budburst and initial stage of shoot elongation; 4, active shoot elongation, male flowers start appearing; 5, advanced shoot development, mature male flowers, no bud bursting; 6, very advanced shoot development and flowering, shedding of male flowers starts; and 7, finished shoot development and mature male flowers are shed. Each stage was defined when 50% of the swelling buds, emerging leaves and flowers or expanding shoots were recognizable on the individual tree canopy.



To estimate how stem and leaf biomass changed, intensive sampling of branches was carried out in October from 2004 to 2008. We randomly selected eight trees in each stand to measure the dry mass of stems and leaves (n = 24 trees). We collected at random two 3-year-old branches from the mid crown of each tree. We divided the branches into stems and leaves, according to their year of formation and considering three annual cohorts. Fractions corresponding to the stems and leaves of the three cohorts were oven dried to a constant mass at 60 °C to obtain dry mass (see a more detailed description in [26]). Using the dry mass of those branch fractions we developed a foliar index defined as the ratio between the dry mass of all leaves and that of all shoots. Since the foliar index did not significantly differ between nearby sites 1 and 3 (Mann-Whitney test, p > 0.05), we present mean values (±SE) for combined sites 1 and 3 and separately for site 2 each study year. Shoot amount was monitored for a longer period (2004–2012) than the quantification of branch dry mass (2004–2008) because the second proxy of primary growth is very time consuming and presented a low year-to-year variability. For instance, the mean 3-year old branch dry mass was 2.91 g for the 2004–2012 period, and the minimum value was observed in 2005 (1.70 g). In addition, the number of shoots produced during a year was significantly related to the dry mass of shoots and leaves formed during that year (r = 0.87, p = 0.05).




2.5. Remote Sensing Data: Vegetation Indices


Remote-sensing data were used to estimate changes in forest productivity by using several vegetation indices. Images were acquired from Landsat-5 and Landsat-7 sensors. We used Landsat Surface Reflectance (SR) images processed with LEDAPS atmospheric correction [34]. All the images were acquired from the U.S.G.S. webpage. We used 90 SR images (path 199/031) averaged over the 2000–2014 period, with a mean of 6 images per year and minimum and maximum values of 2 (e.g., 2002) and 10 (e.g., 2007) images, respectively. The monthly mean number of images was 7.5 with minimum and maximum values taken in January (3 images) and August (13 images), respectively. Among the numerous vegetation indices available [35], we selected for this study two indices based on previous analyses: (i) the Normalized Difference Vegetation Index (NDVI), which is widely used to estimate the fraction of the photosynthetically active radiation absorbed by the canopy [36]; and (ii) the Normalized Difference Infrared Index (NDII), which is sensitive to changes in water content of tree canopies [37]. Finally, we selected 59 pixels (each pixel occupies 30 m × 30 m) encompassing an area of 5.3 ha fully occupied by holm oak canopies for the combined stand, including sites 1 and 3 and 16 pixels for the site 2 to extract the reflectance values. We calculated the average value of the vegetation indices for each month and year.




2.6. Secondary Growth


We used dendrochronology to retrospectively quantify radial growth of study trees [38]. Secondary growth was measured by extracting two radial cores per tree in late 2014 at dbh (1.3 m) using a Pressler increment borer. We sampled the same trees in each site where branches have been taken to quantify shoot biomass (n = 24 trees, 8 per site). We avoided sampling trees that produced abundant acorns, a previous masting event that occurred in 2003, since this could affect radial growth [26]. Wood samples were sanded until tracheids were visible and then visually cross-dated. Once dated, we measured the tree-ring widths to the nearest 0.01 mm using a binocular scope and a LINTAB measuring device (Rinntech, Heidelberg. Germany). The accuracy of visual cross-dating was checked with the program COFECHA, which calculates moving correlations between each individual series and the mean site series [39].



The biological and geometric trends not related to climate were removed to emphasize the climatic signal and to maximize the relationship between climatic variables and radial growth [38]. Each ring-width series was detrended using a Hugershoff growth curve, which was flexible enough to preserve yearly variability. This allowed transforming tree-ring widths to dimensionless growth indexes by dividing observed ring width values by fitted values. The resulting series were standardized and pre-whitened by autoregressive models to remove most temporal autocorrelation. Then, a biweight robust mean was computed on a year-by-year basis to obtain a residual chronology, which was used in all subsequent analyses. These procedures were done using the ARSTAN software [40].



The mean ring-width chronology was characterized by calculating the following statistics over the common interval 1960–2014: first-order autocorrelation (AC1) of raw tree-ring widths; mean sensitivity (MSsx) of residual indices to quantify the year-to-year variability in width of consecutive tree rings; mean between-trees correlation to measure the similarity in ring-width indices among trees; and the Expressed Population Signal (EPS) which measures the statistical quality of the mean site chronology as compared with a perfect infinitely replicated chronology [41,42].



Finally, to detect time-dependent responses of radial growth to climate the ring-width residual chronology was correlated, using Pearson correlation coefficients, with mean minimum and maximum temperatures and summed precipitation for the period 1960-2014 considering 5-, 15- and 25-day long periods following [43].




2.7. Spanish Defoliation Data


Defoliation data of holm oak forests located in the conterminous Spain and the Balearic Islands were gathered from the ICP Forests program [44] and updated based on recent analyses of this data set [23,24]. They correspond to the ICP Level I network distributed in Spain which allowed obtaining visual estimates of annual defoliation (measured in summer) since 1987 in circular plots including 24 dominant trees and established on a 16 × 16 km grid [23,24]. We limited our analyses to the period 1990–2012 when sample size was representative enough [24]. Currently, the assessed holm oaks are 3243 trees distributed in 198 Level-I plots with a mean dbh of 26.2 cm and located at a mean elevation of 725 m a.s.l. [23].




2.8. Statistical Analyses


Climate trends were quantified using the Kendall tau statistic. Associations between climate and growth variables were assessed using either the Pearson (r) or the Spearman (rs) correlation coefficients in the case of variables following or not following normal distributions. Comparisons between years regarding the frequencies of trees showing different phenological stages were performed by using χ2 tests. To compare mean values of growth variables (foliar index, shoot production, phenological stages) between stands we used the robust Mann-Whitney U test. Lastly, to test if the mean NDVI monthly values differ from specific values measured in the two driest years (2005, 2012) we used one-way t-tests. All statistical analyses were done with the R statistical software [45].





3. Results


3.1. Climate Trends and Long-Term Tree-Ring Responses to Droughts


In the study area all seasonal temperatures are rising significantly (p < 0.05) since the early 1950s, particularly in summer (mean rate +0.04 °C year−1), followed by autumn (+0.03 °C year−1), whereas winter (mean rate −0.25 mm year−1) and summer (mean rate −0.31 mm year−1) precipitations are also decreasing (Figure 2a,b). The 2005 and 2012 droughts caused relative radial-growth reductions of 50% and 55%, respectively. Such growth decline was much more intense than previous growth reductions of ca. 37% observed in the 1967 and 1994 droughts. The August SPEI calculated at eight-month-long scales was the climate variable most tightly related (r = 0.46, p = 0.0006, period 1960–2014) to the holm oak ring-width index (Figure 2c). Both variables showed very low values during years characterized by severe droughts such as 2005 and 2012. The 2005 drought was very intense in spring when precipitations were very low, whilst the 2012 drought was characterized by a previous dry and hot winter and warm spring-to-summer conditions. Severe droughts also occurred in autumn during 2004 and 2007.




3.2. Primary Growth Responses to Drought


During the period 2004–2012, mean defoliation never exceeded 25%, except in 2005 (mean defoliation 35% ± 4%, 14% trees with defoliation >75%) and 2012 (mean defoliation 44% ± 4%, 22% trees with defoliation >75%). After these two dry years we observed uncommon growth patterns such as abundant epicormic sprouting along the stem and also defoliation in many holm oak trees (Figure 1b). In 2012, other tree species, such as J. oxycedrus, also presented brown foliage and loss of needles, particularly in the basal half crown. In 2012 eight trees out of 150 (5%) were completely defoliated. Remarkably, only two of those trees were dead one year later representing an annual mortality rate of 1.3%. However, the responses of primary growth to the 2005 and 2012 droughts differed. In 2005 many trees produced abundant epicormic shoots and primary growth was much suppressed in spring and autumn (Figure 3), whereas old leaves were shed by some trees in autumn. Contrastingly, in 2012 the overall production of long shoots was very low in autumn when defoliation due to the shedding of old leaves was more widespread than in 2005. However, a few trees (8%) produced autumn shoots in response to late rains, which is a rare phenological response in the study site usually subjected to cold autumn and winter conditions.
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Figure 2. Seasonal climatic trends (a,b) and drought patterns (August Standardized Precipitation-Evapotranspiration Index, SPEI, calculated at eight-month-long scales) for the period 1951–2014 in the study area as related to holm oak ring-width index (c). In the two upper plots the symbols after the seasons indicate either positive (all seasonal temperatures) or negative (winter and summer precipitation) significant (p < 0.05) trends based on the Kendall tau statistic. 
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Figure 3. Estimated production of long shoots or dolichoblasts (means ± SE) in spring and autumn in the three holm oak study stands from 2004 to 2012. The lowermost plot shows the difference between mean shoot production in autumn and spring. 
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From 2004 to 2012 the autumn shoot production was always higher than in spring (that difference peaked in 2010), excepting in 2004, 2007 and 2012. It is also remarkable that the sites showing the most similar shoot production were 1 and 3 both in spring (rs = 0.98, p < 0.001) and in autumn (rs = 0.99, p < 0.001). Therefore sites 1 and 3 behaved similarly regarding primary growth and this justifies grouping them in the study of remote-sensing data.



The low shoot production in spring 2005 was linked to a high level of phenological asynchrony among trees with some showing swollen buds and no bud bursting, whereas others presented shoots showing advanced development (Figure 4). The distribution of phenophases during the two drought years (2005, 2012) significantly (p < 0.001) differed from the mean of the remaining years (2005, χ2 = 47.1; 2012, χ2 = 36.6). Since phenological stages did not significantly differ between sites (Mann-Whitney tests, p > 0.05) we present these data for the whole study area. Specifically, 79% trees presented well developed shoots and mature male flowers from 2006 to 2012 in late May, whereas in 2005 only 24% of trees formed fully developed shoots and 45% of trees presented no bud bursting (Figure 4). The distribution of trees according to the phenological stage was significantly different in 2005 compared with mean distribution of the period 2006–2012 (χ2 = 68.3, p < 0.001). This was also the case when comparing the 2012 and 2005–2011 distributions of phenological stages, despite differences were less important (χ2 = 12.2, p = 0.02). It is remarkable that budburst during the dry 2005 spring was lower than in 2011, when 8% of trees did not show budburst but sampling was done very early (late April) compared with other years (late May).
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Figure 4. Frequency of holm oak trees (n = 150) classified in seven spring phenological stages (1 to 7) based on their spring primary growth during the period 2005–2012. The plot shows the two drought years (2005, 2012) and the means (±SE) of non-drought years (excluding 2011 when sampling was done very early, in late April, compared with other years when phenology was recorded in late May). Levels 1 and 7 correspond to the less (swollen buds) and most (finished shoot and male flower formation) advanced stages of primary growth, respectively. 
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3.3. Canopy-Scale Responses


We found that the foliar index was positively related to the NDVI (r = 0.93, p < 0.01) and also to the NDII (r = 0.84, p < 0.01), but not to tree-ring width (see Figure 5 and Table 1). It is also remarkable that the variability in primary growth among trees and in productivity among forests pixels both increased in 2005 as compared with the rest of years. For instance, the coefficient of variation of the foliar index was 49% in 2005, being significantly higher (t = −6.8, p = 0.0003) than in the rest of years when it averaged 33%. Tree-ring width was neither significantly related to NDVI nor with the foliar index except that all variables showed abrupt decreases in response to the 2005 drought. The reduction in radial growth caused by the 2005 drought produced more pronounced “legacy effects”, i.e., it was less resilient, than the decreases in primary growth and productivity, despite the series are too short to draw robust conclusions. Radial growth took two years to recover values similar to those observed before the drought (tree ring width in 2006 was significantly lower than in 2004; t = −4.04, p < 0.01), whilst primary growth took only one year (Figure 5).
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Figure 5. Associations observed between the foliar index (ratio between the dry mass of all leaves and the mass of all shoots), the Normalized Difference Vegetation Index (NDVI) and tree-ring width. Data are means ± SE. 
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Table 1. Values of the foliar index (means ± SE) are compared with the vegetation indices for sites 1–3 and 2. All remote sensing data refer to October when primary growth was finished, excepting the 2004 images, which were taken in June. Note that the foliar index was quantified based on biomass data from branches sampled in October. Indices abbreviations are: NDII, Normalized Difference Infrared Index; NDVI, Normalized Difference Vegetation Index.
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Year

	
Sites

	
Foliar Index

	
Vegetation Indices




	
NDII

	
NDVI






	
2004

	
1–3

	
3.08 ± 0.15

	
0.254

	
0.658




	
2

	
3.18 ± 0.18

	
0.252

	
0.657




	
2005

	
1–3

	
2.08 ± 0.11

	
0.121

	
0.570




	
2

	
1.83 ± 0.08

	
0.100

	
0.539




	
2006

	
1–3

	
3.82 ± 0.12

	
0.313

	
0.690




	
2

	
3.95 ± 0.14

	
0.306

	
0.671




	
2007

	
1–3

	
3.45 ± 0.16

	
0.270

	
0.674




	
2

	
3.86 ± 0.15

	
0.242

	
0.644




	
2008

	
1–3

	
2.36 ± 0.08

	
0.254

	
0.584




	
2

	
2.53 ± 0.09

	
0.224

	
0.579









The summer NDVI values in 2005 (June NDVI departure from the mean or anomaly = −0.08, July NDVI anomaly = −0.06) and 2012 (August NDVI anomaly = −0.07) were significantly (p < 0.01) lower than the 2000–2014 mean values, which presented maximum values during winter months (Figure 6). Therefore, remote-sensing data captured the changes in productivity in response to very dry conditions (particularly in spring 2005) and very warm temperatures (particularly in summers 2005 and 2012, and also in winter 2011–2012 and spring 2012; note also the low temperatures recorded in January–February, 2005).
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Figure 6. Monthly mean temperatures (a), precipitation (b) and cumulative water balance (c) (difference between precipitation and potential evapotranspiration-PET) for the period 1951–2014 as compared with monthly mean (period 2000–2014) NDVI values (d). In the plots 2005 (black circles) and 2012 (grey squares) values are compared with the mean values represented as box plots. In the lowermost plot (d), the grey line shows the mean NDVI values and the symbols indicate NDVI values for 2005 and 2012 significantly different than the mean NDVI (t-tests, p < 0.01). 
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3.4. Secondary Growth Responses to Climate and Drought


In total, 18 out of 24 sampled trees were successfully cross-dated and showed a mean correlation in their ring-width series of 0.24 (Table 2). The mean ring width was 0.79 mm and the MSx was 0.47, confirming a high year-to-year variability and suggesting a high responsiveness to climate. In fact, holm oak radial growth responded positively to cold and wet conditions in previous winter, spring and mainly in June, when high growth rates are observed, whereas very warm conditions in March and July were related to the formation of narrow rings (Figure 7a). Radial growth mostly responded to 6–8-month-long SPEI values from June to August (Figure 7b; see also Figure 2c). At short time scales, growth was positively related to high precipitation in mid-February and early June at five-day-long scales, whilst high mid-June to early-July temperatures at 15–25-day-long scales were linked to reduced growth (Figure 7c). Regarding the water balance, the ring-width indices were positively related to the summed water balance from June to July (r = 0.31, p = 0.02).
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Figure 7. Responses of tree-ring width indices (period 1960–2014) to climate: monthly mean maximum (TMx) and minimum (TMn) temperatures and total precipitation (a), the SPEI drought index calculated for 1–16-month-long scales (b) and daily climate data averaged (temperatures) or summed (precipitation) for 5-, 15- and 25-day-long scales (c). All plots show Pearson correlations. In figures (a) and (c) the dashed and dotted lines indicate 0.05 and 0.01 significance levels, whereas in (b) the box indicates correlations with p < 0.05. In (a) correlations were calculated from previous October to current September and the months previous to the year of tree-ring formation are abbreviated by lowercase letters. In (b) the months are indicated along the y-axis, whilst in (a) and (c), correlations are shown along the y-axis. DOY—day of the year. 
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Table 2. Dendrochronological data and statistics (AC1, first-order autocorrelation; MSx: Mean sensitivity; EPS: Expressed Population Signal) of the holm oak tree-ring width chronology.
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Data

	
Statistics




	
Raw Data

	
Residual Chronology






	
No. trees (sites 1, 2, 3)

	
Mean interval

	
Age (years)

	
Tree-ring width (mm)

	
AC1

	
MSx

	
Correlation between trees

	
EPS




	
18 (8, 3, 7)

	
1955–2014

	
59 ± 16

	
0.79 ± 0.46

	
0.43

	
0.47

	
0.24

	
0.74










3.5. Holm Oak Defoliation at National Level


The main associations found between holm oak mean defoliation across Spain and any of the assessed climatic variables were with April mean temperature (r = 0.67, p = 0.0006) and the October SPEI calculated at one-month-long scale (r = −0.47, p = 0.03) (Figure 8). Defoliation also responded positively to April temperatures of the previous year (r = 0.44, p = 0.049). This is due to the fact that defoliation, but not April temperature, showed a significant (p < 0.05) and positive partial autocorrelation coefficient at a lag of one year. Years characterized by severe drought across Spain showed high defoliation levels (e.g., 1995, 2005 and 2012).
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Figure 8. Defoliation levels (circles) of Spanish holm oak forests obtained for the period 1990–2012 as related to climatic variables (triangles, April temperatures; bars, October SPEI for one-month-long scales). The empty and filled circles of defoliation levels indicate two periods with different sample sizes: ca. 2400 (period 1990–1998) and ca. 3200 (period 1999–2012) trees, respectively. 
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4. Discussion


4.1. How Drought Reduces Primary Growth and Generates Asynchrony Depends on its Timing


Obviously, two drought years and three study stands are insufficient to draw robust conclusions about the relationships between drought characteristics and forest responses, but interesting differences in growth responses arise between the two compared events and those responses are supported by the presented eight-year-long continuous phenological monitoring based on 150 trees. The 2005 drought was characterized by very low precipitations during most of the growing season (April to September). This drought did not only cause growth reduction and a decline in forest productivity (NDVI), it also produced asynchrony among trees in their phenological patterns of primary growth (shoot production, foliar index). Holm oak is able to produce viable buds, which can be up to four years old [33]. Therefore, this species responds to very dry spring conditions with a reduced bud burst and leaf flush and by shedding old leaves, which diminish the transpiring leaf area and decrease additional water loss through the canopy [46]. This plastic behavior in primary growth is also illustrated by the abundant epicormic bud sprouting in response to drought [47] or by the uncommon bud bursting in response to autumn rains as observed in 2012. Nevertheless, such autumn bursting was not important at the stand scale since we detected a decline in NDVI in late summer 2012. The 2012 drought was characterized by very high temperatures before the start of the growing season (January, March) and at its end (August), probably leading to elevated evapotranspiration rates and vapor pressure deficit prior to bud burst and shoot elongation in spring and also during leaf maturation in late summer. Only in 2004 and 2012 we found a much lower shoot production in autumn than in spring. This indicates that the effects of the 2012 drought on primary growth intensified after the spring leaf flush through an enhanced shoot abscission and leaf loss. This is similar to what was observed in 2004 when most old leaves and shoots were shed after a masting event occurred in autumn 2003 [26]. In that aforementioned study and here, we did not observe that the 2003 masting event could lead to confounding effects on radial growth in 2005, since trees recovered quickly in 2004 by producing new leaves, but drought-masting interactions should also be considered in further studies. Therefore, both drought during the growing season and masting can lead to a loss in forest productivity by inducing a massive loss of old leaves (defoliation) and shoot abscission which can be regarded as self-pruning processes. In this way the tree returns to a more stable ratio between the stem conductive and canopy transpiring areas.




4.2. Drought Diminishes Secondary Growth due to Water Shortage and Elevated Temperatures


Drought severity during the growing season has been increasing in the study area since the 1950s. Such aridification process is negatively affecting radial growth and the forests ability to sequester carbon and retain it as long-term woody pools should also decrease. This is consistent with the strong response of wood formation to the water deficit from June to August, and particularly the negative effects of very warm conditions in July, particularly at 5–15-day-long scales, which has been observed in several holm oak forests across the Western Mediterranean Basin [43]. Note, however, that the relationships observed between short-term climatic conditions and growth should be confirmed with xylogenesis analyses describing the phenology of wood formation as summer drought proceeds. Such drought stress seems to be mainly driven by very warm conditions, which increase evapotranspiration rates and reduce the soil water available to grow. However, our observational approach does not allow excluding other factors such as heat stress indirectly enhancing respiration and reducing carbohydrates available to allow xylem cells dividing, expanding and lignifying.




4.3. Primary and Secondary Decline in Response to Drought but Show Different Resiliencies


Remote sensing and primary growth data were coupled through time, whereas secondary growth was uncoupled. Both the leaf production (foliar index) and forest productivity covaried and recovered one year after the 2005 drought, whereas radial growth was less resilient and showed legacy effects. This finding indicates that drought legacies should be better understood to properly quantify and model lagged forests responses to droughts in terms of wood formation and carbon uptake [21]. Radial growth took two years to recover values similar to those observed before the drought, which is not surprising since year-to-year persistence is a usual feature in ring-width series [38]. Those legacies can be caused by the adverse effects of drought stress through hydraulic deterioration leading to reduced growth rates one year after the drought even if climatic conditions are favorable to grow [48,49].




4.4. Implications to Understand how Drought and Temperature Cause Defoliation


Defoliation of holm oak across Spain increased as April conditions warmed as already found before [24] and, secondarily, as autumn conditions became drier [22]. Therefore, Spanish defoliation data seem to capture a mixed signal related both to heat-triggered or drought-induced massive leaf loss and probably reduced leaf flushing due to minimum budburst. Maxima defoliation values coincides with severe droughts but were also observed in wet but warm years (e.g., 2003). Consequently, the value of defoliation as a proxy of drought-related holm oak dieback should be critically examined given its high responsiveness to very warm conditions in spring. Defoliation can also be a very noisy variable reflecting drought and other stressors (insects, fungi) or corresponding to different processes (compare low leaf flushing vs. intense shedding of old leaves). Shoot production and NDVI were reliable proxies of the decline in productivity caused by drought, whereas radial growth captured the reduction of aboveground biomass. Thus, this research supports the use of additional proxies of tree vigor in studies of forest dieback related to either primary (shoot production, budburst) or secondary growth (tree-ring width).



Primary and secondary growth do interact in trees and may show trade-offs [33,50]. We argue that further effort should be made to disentangle how the phenology and amount of primary and secondary growth types interact in response to droughts of different timings and intensities [51,52,53,54]. Specifically, the response of budburst to spring droughts occurring before leaf flushing (e.g., 2005) merits further research. Severe water shortage precluded bud bursting and stopped shoot development making trees dependent on old leaves formed in previous years. Such drastic reduction aboveground biomass increase translated into a low amount of stem wood formation. More frequent droughts of this type will probably impair the ability to growth and uptake carbon of trees in Mediterranean areas. Post-drought recovery of many of these oak forests will depend on the tree species capacity to resprout [33].





5. Conclusions


We report diverse growth responses to two different droughts (2005, 2012) in three holm oak stands. Drought reduced shoot production, enhanced the shedding of old leaves, decreased forest productivity (NDVI) and stem wood formation and enhanced asynchrony in primary growth (budburst, shoot elongation). Defoliation and radial-growth decline were more pronounced in the 2012 than in the 2005 drought despite in 2005 spring primary growth was the lowest. The 2012 drought was characterized by a dry previous winter and very warm conditions from that season until summer, whereas in 2005 spring and early summer were dry and hot leading to phenological asynchrony due to a very low rate of budburst, i.e., most trees did not show spring leaf flush. Defoliation in autumn peaked in 2012 in response to dry conditions during the growing season and in the previous winter. However, the decline in forest productivity observed in spring-summer 2005 corresponded to a low shoot and leaf production. Droughts of different timings and intensities generated diverse responses in holm oak related to forest phenology (asynchrony, budburst, leaf flushing), productivity (shoot production, defoliation, NDVI), and biomass changes (shoot and leaf biomass, wood formation). We argue that a more comprehensive approach to predict and understand warming- and drought-induced forest dieback should deal with proxies or variables linking primary and secondary growth responses to droughts of different climatic characteristics (timing, duration, intensity, thermal conditions).
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