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Summary –The climatic significance and ecosystem implications of latewood intra-annual density fluctuations (IADFs) are still
not fully understood inMediterranean ring-porous oak species. To solve this issue, we investigated: (i) the climate drivers of radial
growth and latewood IADFs in theMediterranean oakQuercus faginea, and (ii) whether theywere correlated to increased canopy
cover and greenness as recorded by the Normalized Difference Vegetation Index (NDVI). IADFs were formed in the mid to late
latewood and they were characterized by rows of parenchyma cells. Such IADFs were uncommon and only present in 30–50% of
sampled trees during 1999 and 2014, both years characterized by high precipitation in late July and early August. This relationship
between IADFs formation and summer wet conditions differed from the conditions that enhance Q. faginea annual growth, wet
winter-spring conditions, and low summer temperatures. Furthermore, IADFs formation showed a positive relationship with
August NDVI values, indicating a correspondence of canopy greenness with secondary growth reactivation. We conclude that
latewood IADFs inQ. faginea are a robust proxy of rare late-summerwet conditions and enhanced canopy activity as reflected by
increased August NDVI values. Further monitoring of xylogenesis in other Mediterranean hardwoods along climatic gradients is
suggested to mechanistically explain IADF production in seasonally dry biomes.
Keywords – drought, false rings, Mediterranean forests, NDVI, Quercus faginea.

Introduction

In regions with seasonal climate conditions tree radial growth results in annual rings and also leads to intra-annual
wood-anatomical features reflecting xylem plasticity (Fritts 1976; Larson 1994;Wimmer 2002). Intra-annual, discrete
wood features such as intra-annual density fluctuations (IADFs), also called false or double rings, reveal tree growth
responses to short-term extreme events, giving a more detailed picture of how trees respond to stressors at finer
temporal scales (De Micco et al. 2016a).
IADFs result from abrupt changes in cell lumen area and/or wall thickness during the growing season in response

to sudden, and often transitory, changes in climate conditions (Battipaglia et al. 2016). In Mediterranean ecosystems,
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where precipitation usually peaks in winter-spring and autumn, IADFs are often associated with bimodal growth
patterns (Camarero et al. 2010; Campelo et al. 2018). Historically, IADFs have been seen as a problem due to their
interference in the cross-dating process (Yamaguchi 1991). However, IADFs offer relevant ecological information
about the capacity of tree populations and individuals to adapt to rapid changes in water availability (De Micco
et al. 2012, 2016a). Therefore, in a climate warming context, where extreme droughts may becomemore frequent and
intense (IPCC 2021), exploringwhich species are capable of reactivating growth after the summer drought, and under
which conditions they do so, becomes of interest inMediterranean forest ecosystems. Such post-drought reactivation
could be a mechanism for improving the growth resilience after the summer drought.
Earlywood and latewood IADFs in the Mediterranean Basin and nearby seasonally dry areas have been widely

described in conifers such as pines and junipers (Wimmer et al. 2000; Rigling et al. 2001; Campelo et al. 2007b, 2013,
2017; De Micco et al. 2007; Bogino & Bravo 2009; Vieira et al. 2009, 2010; De Luis et al. 2011; Rozas et al. 2011; Novak
et al. 2013; Olano et al. 2015; Zalloni et al. 2016). Earlywood IADFs are often related to changes in earlywood density
in response to dry spring conditions inducing smaller lumen areas, i.e. increasing density (Camarero et al. 2014).
Latewood IADFs are characterized by the formation of tracheids with wide lumen areas in response to wet summer-
autumn conditions (Rozas et al. 2011; Collado et al. 2018). In hardwood species, IADFs have been described in several
tree and shrub species from the Mediterranean region such as Quercus ilex, Phyllirea latifolia, Erica sp., Cistus sp.
and Arbutus unedo (Zhang & Romane 1991; Cherubini et al. 2003; Campelo et al. 2007a, 2021; De Micco & Aronne
2009; Battipaglia et al. 2010, 2014; De Micco et al. 2016b; Balzano et al. 2018, 2021) and associated to shifts in climatic
conditions. For instance, IADFs were formed in response to anomalously dry-warm springs followed by wet-warm
late summers in Patagonian Nothofagus pumilio forests (Masiokas & Villalba 2004).
In the Iberian Peninsula, mixed Q. ilex–Quercus faginea or Q. humilis forests are widespread and provide multiple

economic and ecological services (Loidi & Herrera 1990). Such oak species present different wood anatomy,
phenology, and growth response to drought (Corcuera et al. 2004a, b; Alla & Camarero 2022). Q. ilex forms latewood
IADFs in response to late-summerandautumnrainfall enhancing growth reactivationafter thedry summer (Campelo
et al. 2007a, 2018). However, less is known on the capacity of Q. faginea to form latewood IADFs. A recent study
in northeast Spain found that Q. faginea may show a bimodal growth pattern in Mediterranean sites with wet-
warm summer-autumn conditions (Tumajer et al. 2022), and this is supported by dendrometer data (Vieira et al.
2022). However, it remains unclear if these sudden changes in growth favored by the presence of abnormally high
precipitation values in summer are also correlatedwith changes in canopy activity. At the tree scale, evidence suggests
that there exists a positive relationship between secondary and primary growth in oaks which is mediated by climate
stress (Alla et al. 2011). It remains unclear if changes in growth translate into changes in canopy activity. During the last
decades, several studies have linked inter-annual growth patterns and satellite-derived estimates of canopy activity
(e.g., Vicente-Serrano et al. 2016). Both, canopy activity and growth respond to climate, but they tend to do at different
temporal and spatial scales (Kannenberg et al. 2019). However, it can be expected that rare, favorable conditions may
also favor both, growth (Serra-Maluquer et al. 2021) and canopy activity, during periods of climatic stress such as the
Mediterranean dry summer (Li et al. 2023). So far, no studies have tested whether the occurrence of late IADFs at the
tree population level correlates with increases in canopy activity at the landscape level.
In this study, we evaluate the capacity of Q. faginea to form latewood IADFs and under which climatic conditions

it does so. We study individuals growing in Alcubierre, a continental Mediterranean site located in northeast Spain.
We combine information from tree rings, wood anatomy, and remote sensing to test if IADFs can be used as proxies
of wet summer-autumn conditions and elevated canopy cover and greenness in the late growing season.
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Material andmethods

Study site and tree species

The study site is located at Sierra de Alcubierre (41°49′06′′N, 0°30′49′′W, 425–620 m a.s.l.), a mountain range
locatednortheast of Zaragoza city (Aragón, Spain).Monthly andweekly climate data (meanmaximumandminimum
temperatures, precipitation) were obtained from the Alcubierre meteorological station (41°48′24′′N, 0°27′12′′W,
466 m a.s.l.), located at ca. 5 km from the study site. Alcubierre has a continental Mediterranean climate with mean
annual temperatures of 14.3°Cand395mmof annual precipitation (Fig. A1 in theAppendix).Most of theprecipitation
is accumulated during themonths of April andMay in spring andOctober and November during autumn. It presents
a strong water shortage during summer and relatively cold winters. The vegetation in Alcubierre is dominated by
forestswith presence of Q. faginea,Q. ilex,Pinus halepensis and Juniperus thurifera, aswell as byMediterranean shrubs
(Juniperus phoenicea, Quercus coccifera, Pistacia lentiscus, Rhamnus lycioides, Rhamnus alaternus, Salvia rosmarinus,
Thymus spp. and Ephedra nebrodensis). In the study area, grazing and agricultural activities were intense until the
1960s when massive migration of rural population to cities triggered forest and shrubland encroachment until the
present. Soils in the study site are basic and formed on marls with some gypsum locations.

Quercus faginea is a Mediterranean, winter-deciduous, ring-porous oak widely distributed across the Iberian
Peninsula and northwest Africa, particularly in sites with basic soils (Loidi & Herrera 1990). Secondary growth of
Q. faginea peaks in early spring (Montserrat-Martí et al. 2009). Secondary growth and wood anatomy of Q. faginea is
more plastic in xeric sites such as Alcubierre (Alla & Camarero 2012).

Field sampling and tree-ring width data

During October 2017, one to two cores were extracted from 31 adult Q. faginea individuals with an increment
borer of 5 mm (Haglöf, Långsele, Sweden). Once in the laboratory, cores were air-dried and mounted on wooden
supports. Cores were progressively sanded until tree rings were visually cross dated under the binocular microscope.
Then, ring widths were measured to the nearest 0.01 mm using a stereomicroscope and the LINTABmeasuring table
device connected to a computer running TSAP-Win (Time Series Analysis Program) software (Rinntech, Heidelberg,
Germany). Cross-dating quality was checked using the COFECHA program (Holmes 1983).
To perform climate–growth correlations age-related growth trends and competition effects in the ring-width

series were removed. A one-step detrending was applied to each tree-ring width series, using the R package dplR
(Bunn 2008; R Core Team 2022). Cubic smoothing splines with a 50% frequency-response cutoff of 30 years were
applied to remove low- to medium-frequency signals and enhance the year-to-year signal (Bunn 2008). First-order
autocorrelationwas then removedby fitting autoregressivemodels. Finally, a site ring-width chronologywas obtained
by averaging the individual, residual series of ring-width indices using a bi-weight robust mean.

Dendrometer data

Ten of the oak trees sampled in 2017 were used for measuring radial increment rates and growth peaks. In those
trees, manual band dendrometers (Agricultural Electronics, Tucson, AZ, USA) were installed in March 2008 at 1.3 m
after carefully removing the dead bark. Dendrometers were read biweekly (growing season) ormonthlywith a 0.1mm
resolution from 2008 to 2011 (for further details, see Tumajer et al. 2022). These data allowed calculating mean radial
growth rates by subtracting consecutive dendrometer readings and dividing the result by the number of days elapsed
between sampling dates.
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Remote sensing data

We used remote-sensing data to test if years, when most trees formed latewood IADFs, were associated with
higher canopy greenness and activity. For the period 1980–2017, we calculated biweekly and monthly values of the
Normalized Difference Vegetation Index (NDVI), which is based on how healthy green vegetation differently reflects
red andnear-infrared radiation (Tucker 1979).Wecalculated standardizedNDVI values to compare themamong years.
In all cases we applied cloud masks using the CFMask algorithm and using a 40% cloud threshold in addition to
radiometric and topographic corrections using the USGS GMTED2010 digital elevation model (Hantson & Chuvieco
2011).We also harmonized Landsat ETM+ surface reflectance records to Landsat 8 OLI surface reflectance series (Roy
et al. 2016). We considered a 50-m buffer area around the study site to quantify the NDVI. These calculations were
carried out using the Google Earth Engine platform (https://earthengine.google.com, accessed on 8 May 2023).

Statistical analyses

To evaluate the presence of IADFwe visually explored all cores from each individual and counted the percentage of
trees with IADF presence. TheMann–Whitney test was used to compare widths of rings with or without IADFs. After
that we calculated climate-growth correlations between the site series of ring-width indices and monthly climatic
variables (mean maximum and minimum temperatures, precipitation) from the previous year September to the
current year September. Furthermore,mean season climatic variables (previous autumn,winter, spring and summer)
were also correlatedwith ring-width indices. After that, non-parametric Spearman correlations were used to evaluate
IADFs-climate relationship between the percentage of IADFs and monthly maximum and mean temperatures and
precipitation. Finally, correlationsbetween IADFs andmonthlyNDVIdatawere alsoperformedusing again Spearman
correlations.

Results

The Q. faginea IADFs were formed in the mid to late latewood, in specific years such as 1999, and they were
characterized by the presence of parenchyma cells, fibers and latewood-like vessels (Fig. 1). The mean (± SD) ring
width of sampled oak trees (n = 31, best-replicated period 1989–2017) was 1.29 ± 1.00 mm (Fig. 2a), and their mean
age at 1.3 m was 44 ± 8 years, i.e., they corresponded to a secondary forest. The mean first-order autocorrelation was
0.46, and the mean correlation among individual series was 0.66.
Latewood IADFs were mainly produced in 1999 and 2014, when 50% and 30%, of sampled trees formed them,

respectively. A few trees (3–6%) also presented IADFs in 1997, 1998 and 2013 (Fig. 2b). The ring width in the years 1999
and 2014 was 1.36 ± 0.72 mm, and it was not significantly different (Mann–Whitney test, p = 0.63) from the mean
width during the other years (1.14 ± 0.51 mm).
In the years 1999 and 2014, late July and early August had significantly higher precipitation values than their long-

term means (Mann–Whitney tests, p < 0.01; Fig. A2 in the Appendix). In the case of NDVI, the late August (second
half) values were significantly higher than the 1980–2017 mean (p < 0.05) (Fig. A3 in the Appendix). Based on
dendrometer data for the study site, the main radial-growth peak occurs from May to July, and growth stops or is
severely reduced in late summer, from August to September (Fig. A4 in the Appendix). In some years (e.g., 2008), a
second but minor growth peak was observed from October to November.
Pearson correlations between the series of ring-width indices and monthly climate variables show that Q. faginea

growth in Alcubierre is highly dependent on precipitation, particularly during winter (December–January) and
spring–summer (April–June) (Fig. 3). Warm conditions (high maximum temperatures) in summer (June–July) are
associated with lower growth indices.
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Fig. 1. Growth rings of Quercus faginea showing a latewood IADF in the ring formed in 1999 (blue arrow). The black triangles
show tree-ring boundaries.

Spearman correlations between IADF frequency and climate variables showed that wet conditions in July
and August were related to IADF formation (Fig. 4a). Negative associations between IADF frequency and July
temperatures were also found. Furthermore, a significant and positive association between the frequency of IADFs
and late-spring and summer NDVI, particularly strong in August, was also found (Fig. 4b). Pearson correlations
between biweekly climate and NDVI data showed that NDVI was constrained by high maximum temperatures in
early July (r = −0.27, p = 0.026).

Discussion

In general, years with abundant latewood IADFs are scarce (two in 37 years) in this xeric site and correspond to
wet conditions during summer. Thus, it may be plausible that a water surplus in late July and early August causes the
reactivation of growth after summer arrest imposed by the Mediterranean summer drought (Vieira et al. 2022), and
consequently the formation of latewood IADFs, which is also coupled to increased canopy greenness at the landscape
scale (NDVI). In this sense, the rare formation of these IADFs would be an expression of facultative bimodal behavior
in the continental study site (Camarero et al. 2010; Campelo et al. 2018; Tumajer et al. 2022).
To the best of our knowledge, this is the first report of latewood IADF formation in Q. faginea. Previous studies

already reported the relevance of winter-spring precipitation for growth and earlywood production in Q. faginea
(Alla & Camarero 2012; Camarero 2018), whereas dry summer conditions were often related to a reduced or even null
latewood production (Corcuera et al. 2004a). Here, we showed that latewood IADFs reflect rare events of wet summer
conditions, which may correspond to convective storms and sporadic rainfall episodes leading to lower maximum
temperatures, reduced evapotranspiration rates, higher relative humidity, increased soilmoisture andpunctual peaks
in forest productivity (Camarero 2022). Quantitative wood anatomy data indicate that vessel lumen area slightly
increased after the IADF, suggesting increased hydraulic conductivity (data not shown). However, further IADF rings
and sensitive study siteswould be required to test this idea, considering thatwood anatomy and growth variations are
very responsive to precipitation variability in xeric sites such as the one studied here (Alla &Camarero 2012). Anyway,
the increase inwood density associatedwith the IADFband parenchyma cells confirms an improved capacity to grow
and capture carbon as stem wood, in agreement with the positive association between IADF frequency and August
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Fig. 2. (a)Year-to-year growth variability in the studyQ. fagineapopulation (b) Percentage of trees showing latewood intra-annual
density fluctuations (IADF) each year.

NDVI. Such rare summer wet conditions would lead to increased canopy activity, thus potentially enhancing forest
productivity. This is indicated by the positive association found between NDVI and cool summer conditions, which
correspond to low evapotranspiration rates and higher soilmoisture levels. Reductions in vapor pressure deficit could
increase cambium activity and tracheid turgor pressure, thus enhancing radial growth, particularly during night and
early morning as has been reported for conifers (Zweifel et al. 2021; Camarero 2022; Vieira et al. 2022).
Xylogenesis studies in sites with seasonally dry climate regimes have confirmed bimodal to multimodal growth

patterns and how increased precipitation and soil moisture reactivated growth after the dry season in several conifer
and hardwood species leading to IADF formation (De Luis et al. 2007; Camarero et al. 2010; DeMicco et al. 2012, 2016b;
Balzano et al. 2018, 2021; Ziaco et al. 2018;Morino et al. 2021). However, similar data are still lacking for hardwoods from
continental seasonally dry regions, despite simulation outputs based on climate-growth models and dendrometer
data showing the relevance of facultative bimodality inQ. faginea (Camarero et al. 2021; Tumajer et al. 2022; Campelo
et al. 2023). This second period of growth could represent almost half of the annual growth in years with high
precipitation after the summer and low precipitation in spring (Campelo et al. 2007a, 2023; Balzano et al. 2021). It
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Fig. 3. Climate-growth relationships (Pearson correlations) in Q. faginea considering monthly or seasonal climate variables
(Tx, mean maximum temperature; Tn, mean minimum temperature; Pr, precipitation). Months abbreviated by lowercase and
uppercase letters correspond to the previous and current years, respectively. The dashed and dotted lines indicate the 0.05 and
0.01 significance levels, respectively.

Fig. 4. (a) Climate-IADF and (b) NDVI-IADF relationships (Spearman correlations) in Q. faginea. Monthly or seasonal climate
variables (Tx, mean maximum temperature; Tn, mean minimum temperature; Pr, precipitation). Months abbreviated by
lowercase and uppercase letters correspond to the previous and current years, respectively. The dashed and dotted lines indicate
the 0.05 and 0.01 significance levels, respectively.
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is plausible that latewood IADF formation is linked to growth bimodality in hardwood species. Similar associations
as those presented here between summer-autumnwet conditions and IADF formation were already reported for the
evergreenQ. ilexwhich is consideredmore bimodal thanQ. faginea (Zhang&Romane 1991; Campelo et al. 2007a, 2018,
2021). Q. faginea tends to show an earlier and stronger growth peak in spring whilst Q. ilex can growmore in autumn
if soil moisture is not too low (Montserrat-Martí et al. 2009; Gutiérrez et al. 2011; Balzano et al. 2021; Camarero et al.
2021). The formation of latewood IADFs inQ. faginea is triggered by high precipitation in late summer, which suggests
a shorter potential growing season than in coexisting evergreen species such asQ. ilexwhich can growand form IADFs
in mid to late autumn (Balzano et al. 2021; Campelo et al. 2021, 2023; Tumajer et al. 2022). The shift from unimodal
to bimodal growth patterns in Q. faginea and the consequent IADF production occurs in response to particular and
rare climatic conditions (summer storms). Therefore, an increase in the frequency of IADFs could be related to more
extreme climate events (Vieira et al. 2010). More sites and hardwood species showing potential bimodality could be
screened searching for similar latewood IADFs and climatic proxies in seasonally dry regions.
To conclude, we found that latewood IADFs were formed by Q. faginea in response to wet late summer conditions

which also enhanced NDVI. These climatic conditions are different from those enhancing Q. faginea growth which
corresponded to wet winter-spring conditions and cool summer temperatures. Albeit rarely produced, latewood
IADFs are a robust proxy of summer wet conditions and increased canopy activity in Mediterranean continental
regions. To test the robustness of this proxy, we suggest further studies of this wood-anatomical feature in other
ring-porous, winter-deciduous oak species along climatic gradientswith different spring/summer precipitation ratios
(Valeriano et al. 2023).
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Appendix

Fig. A1. (a) Monthly precipitation data (means ± SD) and (b) maximum andminimum temperatures from the Alcubierre station
(41.82°N, 0.45°W, 466 m a.s.l.), located at ca. 5 km from the study site. Data correspond to the 1950–2020 period.
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Fig. A2.Weekly precipitation (in mm) was recorded in the (a) last week of July and the (b) first week of August showing high
values (blue circles) in 1999 (a) and 2014 (b), respectively. Note the different y-axis scales.
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Fig. A3. Standardized NDVI values during the second half of August. The blue symbol shows the value in 1999, and the dashed
lines show the 0.05 significance levels.

Fig. A4. Radial increment rates of Q. faginea according to band dendrometer data (period 2008–2011). Values are means ± SE
(n = 10 trees).
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