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cork oak and climate change: 
Disentangling drought effects on 
cork chemical composition
carla Leite ✉, Vanda oliveira, isabel Miranda & Helena pereira

climate change induces in the Mediterranean region more frequent and extreme events, namely, heat 
waves and droughts, disturbing forest species and affecting their productivity and product quality. 
the cork oak (Quercus suber) is present along the western Mediterranean basin and its outer bark 
(cork) is sustainably collected and used for several products, mainly wine bottle stoppers. Since most 
cork properties arise from its chemical composition, this research studies the effect of drought on cork 
chemical composition (suberin, lignin, polysaccharides and extractives) and on polysaccharide and 
suberin monomeric composition. Three sets of cork samples, from the same site, were examined: in one 
set the cork grew without drought; in another two drought events occurred during cork growth and in 
the third one drought event happened. The results show that, in general, drought does not affect the 
proportion of the main components of cork, the monomers of suberin or of polysaccharides, with few 
exceptions e.g. drought increased ethanol extractives and xylose in polysaccharides and decreased 
arabinose in polysaccharides. The variability associated to the tree is much more relevant than the 
effect of drought conditions and affects all the parameters analyzed. Therefore, our research suggests 
that the tree genetic information, or its expression, plays a much more important role on the chemical 
composition of cork than the drought conditions occurring during cork growth. In practical terms, the 
potential increased occurrence of droughts arising from climatic changes will not compromise the 
performance of cork as a sealant for wine bottles.

Climate change is happening and several authors agree that forest species are already being affected (e.g1–3.) and 
will keep on being in the future4–8. The intensity and the way species are affected depends on the dimension of 
their present and future distribution area, their environmental tolerance, and capacity to disperse9 while the 
scientific community and forest managers may have an active role in adapting and mitigating climate changes 
effects.

The Mediterranean region is considered to be a hotspot for climate change10 for which the models predict an 
increase in the temperature and a pronounced decrease in the precipitation10–13, corresponding to an intensifica-
tion in frequency, intensity and duration of drought, mainly during the warm season7,11,14,15. Consequently, this 
region will experience high water stress conditions and reduced vegetation production.

The cork oak (Quercus suber) is an evergreen oak species distributed along the western Mediterranean basin, 
covering an area of approximately 2.1 million ha16. Its outer bark (cork) is periodically (usually every 9 years) 
removed on a sustainable procedure, corresponding to an annual production of up to 200 thousand tons16. This 
forest product is the second most important non wood forest product commercially exploited11 and it is the raw 
material of an important industry with diversified products and applications, from sealants to agglomerates and 
composites used as insulation materials, surfacing panels for construction and aeronautics, pollutants absorbers, 
clothing and decorative articles, and the one with the most added value – cork stoppers for the wine industry, 
corresponding to 70% of the generated income of the cork industry17–20.

Most of the characteristics of cork, namely high compressibility, flexibility under compression, low perme-
ability and chemical and biological inertness come from its chemical composition18,21. Actually, many of the 
cork properties arise from the presence in cork cell walls of its main component – suberin18,21. Besides suberin 
(that represents on average 43%), cork is also constituted by lignin (22%), polysaccharides (19%) and extractives 
(16%)19. The monomeric composition of suberin was object of several analysis with different analytical methods 
(see18 for a review on this subject). 22 identified ω-hydroxyacids (31% of the total monomers), α,ω-diacids (53%), 
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n-alkanols (<1%) and ferulic acid (<1%) (values calculated by23). The holocellulose of cork is mainly composed 
of glucose (50% of total monosaccharides) and xylose (35%), with smaller amounts of arabinose, mannose, galac-
tose and rhamnose21. Nevertheless, there is a substantial variability in the chemical composition of Q. suber cork 
regarding between-tree and between site differences that has been evaluated in several research works19,24–28.

The impact of drought on cork growth was addressed in numerous studies (e.g29–34.) concluding that drought 
severely reduces cork growth but cork oak is very resilient and cork growth rapidly recovers when drought con-
ditions end. To date and to our knowledge, there are no studies on the effect of drought on cork chemical compo-
sition. The objective of this study is to analyze the effect of drought on cork chemical composition. Our specific 
goals are to examine if drought induces any changes in the proportion of the main chemical constituents of cork 
and in the suberin and polysaccharide monomeric composition that could compromise the utilization of cork for 
the production of wine stoppers.

Material and Methods
Material. The cork samples used in this research were collected in a cork oak stand (montado) located in 
central west Portugal, in the Coruche municipality, inside the region that is considered to be one of the best 
production regions for the cork oak. The site has around 190 ha with 67 trees/ha and is located in the Tagus river 
basin where Mediterranean climate is influenced by the Atlantic Ocean.

The samples were randomly collected at breast height (1.3 m above ground), during the cork stripping season, 
in mature trees under exploitation. The analyzed samples were collected with different drought conditions in their 
timespans of the cork production cycle: 10 samples were collected in a timespan without any drought, 10 samples 
in a period when one drought occurred and 10 samples with two droughts.

Table 1 shows a brief description of the climatic framework for the samples - the years of cork striping (harvest-
ing), the years of the occurrence of the droughts, the respective annual Standard Precipitation Evapotranspiration 
Index (SPEI) and the drought classification according to35. The Standard Precipitation Evapotranspiration Index 
(SPEI), developed by36, is one of the most used indicators for drought analysis and droughts in the Iberian 
Peninsula are better detected with SPEI than with other indices like the Standard Precipitation Index (SPI)35. 
Furthermore, the classification of droughts proposed by35 and followed by37 categorizes drought indices according 
to four classes: no drought if SPEI > −0.84; moderate if −0.84 > SPEI > −1.28; severe, if −1.28>SPEI > −1.65 
and extreme, if −1.65 > SPEI.

The 30 samples (with approximately 15 × 15 cm2) were boiled in water for one hour at atmospheric pressure 
and left to air-dry until equilibrium, in a procedure similar to the one usually performed by the cork industry 
for the production of cork stoppers. Each sample was cut in small pieces with a chisel and the back (outermost 
bark layer of phloemic tissues) and the belly (innermost cork layer) removed to avoid contamination with other 
materials. The small pieces of cork were first milled with a knife mill (Retsch SM 2000) passing through a 2 × 2 
mm2 sieve and, afterwards, with an ultra-centrifugal mill (Retsch ZM 200). The material was granulometric sep-
arated with a vibratory sieve (Retsch AS 200basic) for 10 minutes. The fractions that passed the 60 mesh screen 
(0.250 mm) were discarded to avoid contamination with lenticular material or woody inclusions that are chemi-
cally different from cork and the particles between 40 (0.425 mm) and 60 mesh were used, as usually performed 
for cork chemical analysis21.

Chemical analysis. Summative chemical composition comprised the determination of extractives, suberin, 
Klason and acid-soluble lignin and the monomeric composition of polysaccharides. The analytical procedures 
were previously described by38 and are here only briefly detailed. Extractives content was determined by succes-
sive Soxhlet extractions of cork samples with dichloromethane (6 h), ethanol (16 h) and water (16 h). The suberin 
content was determined in the extractive-free cork using methanolysis for depolymerization38. The suberin con-
tent (that corresponds to the fatty acids and alcohols derivatives resulting from suberin depolymerization) was 
quantified as percent of dry cork mass.

Klason and acid-soluble lignin were determined on the pre-extracted and desuberinized material using total 
hydrolysis with sulphuric acid.

The polysaccharides content was determined by quantification of the monosaccharide monomers released 
by the total acid hydrolysis used for lignin determination38. The sugar monomers were determined using a 
high-performance anion exchange chromatography (HPAEC) using Aminotrap plus CarboPac SA10 anion 
exchange columns. The carbohydrate composition was expressed in percent of total monosaccharides.

For each tree, extractives analysis was performed in 3 independent (sub)samples collected in the fraction of 
particles between 40 (0.425 mm) and 60 mesh (triplicate aliquots), determination of suberin and lignin were done 
in duplicate aliquots, and monomeric composition of polysaccharides was determined in one sample/tree.

Stripping 
year

Years with 
drought

Annual SPEI of the 
drought year

Drought 
classification

1994 — — —

2003
1995 −1.22 Moderate

1999 −1.54 Severe

2012 2005 −2.22 Extreme

Table 1. Cork stripping years, years with drought, annual SPEI and drought classification of drought years 
according to35.
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The monomeric composition of suberin was determined in aliquots from the methanolic extracts obtained 
after the depolymerization of suberin38. The samples were evaporated, derivatized by trimethysilylation 
and immediately analyzed by GC-MS, with the following Zebron conditions: Zebron 7HGG015-02 column 
(Phenomenex, Torrance, CA, USA) (30 m, 0.25 mm; ID, 0.1 µm film thickness), injector 400 °C, oven tempera-
ture program: 50 °C (held 1 min), 10 °C min-1 to 150 °C, 5 °C min-1 to 200 °C, 4 °C min−1 to 300 °C, 10 °C min-1 
to 380 °C (held 5 min). The MS source was kept at 220 °C and the electron impact mass spectra (EIMS) taken at 
70 eV of energy. The experimental procedure used for the suberin compositional determination does not allow 
the quantification of glycerol but only of the long-chain fatty components.

Statistical analysis. All results were expressed as mean and standard deviation.
To evaluate the effect of the occurrence of drought(s) on the chemical composition of cork, a mixed model 

approach was used39, considering the stripping year (that is directly connected to the number of droughts that 
occurred in the growing period of the cork - Table 1) as a factor of fixed effect and the tree, nested on the stripping 
year, as a factor with random effect. With this approach the variability associated to the tree is accounted for and, 
therefore, we can: (i) better estimate the (fixed) effect of the drought on the chemical composition and (ii) eval-
uate if there is variability associated to the tree. For this analyses the R package nlme was used40,41 specifying the 
maximum likelihood as the fitting method, as it is the only method that allows the estimation of the fixed effects 
estimators. To validate the underlying distributional model assumptions39, namely normality of the residuals and 
of the predictors of random effects, independence and homogeneity of variances, we used the traditional plots 
(trough the commands plot and qqnorm), because they are considered to be the most useful methods for assessing 
the validity of the abovementioned assumptions39.

For the monomeric analysis of the polysaccharides and of the suberin, an analysis of variance was performed. 
In this analysis the variability associated to the tree could not be accounted. The normality assumption for all 
the variables was confirmed with the Shapiro-Wilk test and the equality of variances validated with a F test. 
Whenever these tests failed, a non-parametric approach was used with the Kruskal-Wallis rank sum test and if 
differences occurred the Wilcoxon test was also applied. This statistical analysis was performed using the R pro-
gramming language41. In all the statistic procedures the effects were considered as statistically significant when 
the p-value was less than or equal to 0.05.

Results
The summative chemical composition of the cork samples produced without drought and with one and two 
drought events during the cork growth period is shown in Table 2. The mean content of total extractives is 
12.1% (no drought), 12.5% (one drought) and 12.1% (two droughts). The ethanol and water-soluble compounds 
accounted for about 60% of the total extractives and non-polar compounds soluble in dichloromethane for about 
40%. Suberin content ranged between 36.0% (one drought) and 38.2% (two droughts), and total lignin between 
27.9% (no drought) and 26.0% (two droughts).

The mixed model analysis, performed with maximum likelihood, revealed that the year of debarking i.e. 
the number of drought events during the cork growth period did not have a significant effect on the chemical 

Chemical parameter 1994 (no drought) 2003 (two droughts) 2012 (one drought)

Extractives total 12.05 ± 1.79 12.09 ± 1.22 12.52 ± 1.70

Dichloromethane 5.18 ± 1.04 5.33 ± 0.66 4.93 ± 0.82

Ethanol 3.00 ± 1.06 3.03 ± 0.99 4.12 ± 1.23

Water 3.87 ± 0.67 3.73 ± 0.69 3.47 ± 0.72

Suberin 36.56 ± 3.32 38.24 ± 3.67 35.97 ± 4.50

Lignin, total 27.93 ± 2.38 26.04 ± 2.71 27.74 ± 3.30

Klason 26.63 ± 2.36 24.72 ± 2.75 26.54 ± 3.18

Acid soluble 1.30 ± 0.26 1.32 ± 0.19 1.19 ± 0.24

Ratio suberin/total lignin 1.33 ± 0.22 1.49 ± 0.27 1.33 ± 0.33

Polysaccharide composition (% of total monosaccharides)

Rhamnose 1.48 ± 0.50 0.82 ± 0.19 1.35 ± 0.47

Arabinose 19.22 ± 4.25 14.19 ± 2.41 17.82 ± 2.57

Galactose 8.92 ± 2.03 6.31 ± 0.79 8.04 ± 0.77

Glucose 40.73 ± 2.81 40.22 ± 0.96 39.24 ± 1.57

Xylose 20.11 ± 6.16 29.64 ± 3.79 23.78 ± 1.91

Mannose 1.95 ± 3.11 1.12 ± 1.20 1.59 ± 1.97

Galacturonic acid 5.73 ± 1.51 4.45 ± 0.36 5.89 ± 0.93

Glucuronic acid 1.18 ± 1.60 2.47 ± 0.16 1.11 ± 1.44

Acetyl 0.68 ± 0.22 0.78 ± 0.38 1.19 ± 0.76

Table 2. Chemical composition (mean and standard deviation) of the cork samples according to the year of 
debarking (and number of droughts), in % of total dry mass. Monosaccharide composition is expressed in % of 
total monosaccharides.
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composition of cork, except in the content of extractives soluble in ethanol (p-value = 0.03), that was significantly 
higher in 2012 (see Table 2 and supplementary material).

Concerning the variability associated to the tree, all the chemical parameters (extractives, suberin and lignin) 
showed a significant variability (p-values between 1.4 × 10−3 and <2.0 × 10−16), meaning that the tree has a 
much more significant effect on the proportion of the chemical parameters than the drought conditions during 
the cork growth.

The mixed model assumptions were all confirmed as the performed graphics showed the “confirming” shapes 
and no outliers of random effects were seen. The random effects and residual variances are presented as supple-
mentary material (Table S2). Their estimate was not our primary interest – we actually wanted to evaluate if the 
effect of the fixed factor (drought) was significant on the cork chemical composition and if there was variability 
associated to the tree. Therefore, the mixed model approach was used mainly to account for the variability associ-
ated to the random factor (tree) in the statistical analysis (which cannot be done with other linear models like the 
ANOVA as this variability is included in the error). Regarding the carbohydrate composition in proportion of the 
total monomers, glucose ranged between 39.2% (one drought) and 40.7% (no droughts), xylose between 20.1% 
(no drought) and 29.6% (two droughts), and arabinose between 14.2% (two droughts) and 19.2% (no drought). 
The cork polysaccharides also contained smaller amounts of other monomers: on average 1.2% rhamnose, 7.7% 
galactose, 1.6% mannose, 5.4% galacturonic acid, 1.6% glucuronic acid and 0.9% acetyl groups.

The analysis of variance showed that there is a significant effect of the drought conditions on the xylose and 
arabinose contents (p-value=1 × 10−5 and 5 × 10−3 respectively). Cork produced under two drought events 
had higher amounts of xylose and lower levels of arabinose than the cork produced without or with one drought 
event (p-values = 1.0 × 10−3/1.0 × 10-4 and 4.3 × 10−3/4.0 × 10−3 respectively) that are not different from 
each other. The glucose amounts didn’t follow a normal distribution (p value= 0.04) neither the ratios between 
glucose and xylose and between glucose and the sum of xylose and arabinose (p-values of 8.0 × 10−4 and 5.8 × 
10−5, respectively). The non-parametric test revealed that glucose and the ratio between glucose and the sum of 
xylose and arabinose were not affected by drought but the ratio glucose/xylose showed an unclear pattern since 
cork debarked in 2012 had the highest ratio and cork grown under two drought events the lowest ratio (p-values 
between 0.02 and 7.5 × 10−4). The amount of the other sugars did not seem to be affected by drought.

A graphical representation of most of the chemical parameters summarized in Table 2 can be found as sup-
plementary material.

Suberin composition. The monomeric composition of the suberin of the samples produced without 
drought (1994), with two drought events (2003) and one drought event (2012) is presented in Table 3, in percent 
of the peak area in relation to the total peak chromatogram area, grouped by chemical families. The detailed 
composition by monomer is shown as supplementary data. The monomers identified by GC-MS were the same 
in all the samples.

The main monomers were the ω- hydroxyl alkanoic acids (representing between 37.7% and 43.1% of the total), 
namely the ω-hydroxyl alkanoic acids with mid-chain substitution, representing between 21.4% and 24.2% of the 
total monomers found in the suberin depolymerization products. Alkanoic acids represented between 23.8% and 
25.8% of the total monomers and were mainly mid chain substituted. Alkanoic diacids ranged between 15.5% 
and 19.0% and showed a higher proportion of saturated acids. The other identified monomers presented much 
smaller values (e.g. 3.2% for glycerol and glycerides under two drought events).

The statistical analysis showed that there was no effect of drought on the proportion of the identified families 
of the suberin monomers.

Discussion
This research focused on evaluating if drought events occurring during the cork production cycle (i.e. the years 
comprised between two cork strippings) affect the chemical composition of cork, namely, if they modify the 
relative proportion of the chemical constituents in a way that could compromise the utilization of cork for wine 
stoppers. In fact, cork chemical composition is directly associated to the material’s properties, namely to the 
permeation to gases and liquids and performance of cork stoppers in wine bottles18.The present study on the 
chemical composition variation of cork was designed to have representativeness of samples while the timespan 
allowed to use a temporal control42 and the use of a single site for the sampling reduced the effects of confounding 
variables rather than the drought. Also the sampling in all the cases at only one location within the tree (breast 
height) avoids any variability associated with a potential chemical variation along the cork oak stem21.

There are a few species in addition to the cork oak that produce considerable amounts of cork, as reviewed 
by23. Most of the scientific works about those species were performed recently and, as far as we know, none has 
addressed the effect of climate on their cork chemical composition. Also, the effect of drought on the chemical 
composition of wood has not gathered much attention among the scientific community. Nevertheless43, ana-
lyzed the effect of drought on the concentration of wood terpenoids in Pinus sylvestris and Picea abies seedlings, 
concluding that severe drought increased the concentration of several individual monoterpenes and resin acids 
(respectively 39 and 32% higher in Scots pine and 35 and 45% higher in Norway spruce). Therefore, drought may 
affect the chemical composition of secondary metabolites extractives, a study that was not made in present cork 
analysis.

Regarding the chemical composition of cork, it is known that there is a large natural variability19 that can, at 
least partially, contribute to understand the diversity in the behavior of cork products, particularly of cork stop-
pers38. Several studies addressed the chemical variation of cork19,25–28,44 but the emphasis of these studies has been 
on the analysis of the geographical variability rather than on the climate effect on the chemical composition. To 
our knowledge, this is the first research about the effect of drought on the chemical composition of cork.
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Overall, the chemical composition of the cork samples that were analyzed (Table 2) are in the range of the 
results known for cork, as reported by several authors (as reviewed in21).

For instance, the average 12.2% extractives of which 40.0% are non-polar compounds soluble in dichlo-
romethane (Table 2) are comprised in the range of values reported by e.g.19,24,26,28. The results show that drought 
does not seem to affect the total amount of extractives and that the variation that was found is more related with 
the genetic information of the tree.

This applies also to the non-polar extractives that are lipophilic compounds including long-chain fatty acids 
and alcohols, and triterpenes19,21 and are related to the permeability of cork with lower amounts inducing higher 
permeability. Our results suggest that drought does not affect this component and that it is the tree that accounts 
for the existing variation. This natural variability is well recognized and translates, for instance, in different oxy-
gen transfer through cork stoppers into the wine bottles45.

Drought enhanced the amount of the polar extractives soluble in ethanol that may contribute to the organo-
leptic properties of the cork bottled wine. However, the tree was a much more significant factor for the variation 
of these extractives thereby overruling any drought induced changes in this wine characteristic.

The content of suberin is the most important chemical attribute of cork since it is its chemical fingerprint and 
directly related to most of its typical properties, namely those linked to the materials flexibility and hydrophobic-
ity18. The mean values for suberin (36.0% to 38.2%, Table 2) are within the range of values reported by the existing 
studies (e.g19,26,28.).

Climate conditions, namely drought, do not seem to induce any changes in the proportion of suberin in cork; 
on the contrary, it is the tree genetic information that has a very strong impact on suberin content. In fact46, refer 
that suberin varies within the species according to its geographical location and the tree condition. Our samples 
were collected in the same site and the trees were all mature production trees in good phytosanitary conditions, 
therefore the high variability found in our results should come from the tree genetics.

Lignin is the second most abundant component of cork, giving mechanical support and rigidity to the cell 
walls21. Our samples contained mean values of total lignin between 26.0% and 27.9% (Table 2) which are in the 
range presented by19 and26. Drought had not a significant effect on Klason lignin, acid soluble lignin or total lignin 
contents, but the tree had a very strong influence on the relative amount of these compounds.

The proportion between suberin and lignin defines cork’s unique properties namely mechanical behav-
ior, resilience and permeability18. Our samples showed a lower mean ratio suberin/lignin when compared to 
the mean results obtained by19 and26 but still within the range of their values. Drought did not influence the 
suberin-to-lignin ratio and again it is the tree genetics the important factor on the variation of this feature.

The monosaccharide composition of the cork samples (Table 2) is within the range of values reported for 
cork18,28. It should be highlighted that the ratio glucose/xylose was influenced by drought although without a clear 
pattern i.e. the cork produced under two droughts episodes (debarked in 2003) had significantly lower levels of 
glucose/xylose than the cork grown in the other two periods but the cork produced without drought had a lower 
ratio than the cork produced under one drought event. Arabinose content increased and xylose was negatively 
affected by drought but only if two droughts occur during the formation of the cork.

Regarding the monomeric composition of suberin obtained by GC-MS analysis (Table 3), our data shows that 
the main chemical families found were ω-hydroxyl alkanoic acids (37.7 to 43.1% of total monomers) especially 
with mid-chain substitution, representing between 24.1 and 24.2% of total monomers. Alkanoic α,ω-diacids (15.5 
to 19.0%) and total alkanoic acids (23.8 to 25.8%) represented most of the remaining monomers. The proportion 
for the three main chemical families is somewhat different from that given by other authors, namely regarding 

Identified families 1994
(no drought)

2003
(two droughts)

2012
(one drought)

Alkanoic acids saturated 6.50 ± 1.46 7.79 ± 1.31 7-90 ± 1.60

Alkanoic acids with mid-chain substitution 17.34 ± 2.12 18.04 ± 1.36 17.41 ± 1.92

(Total alkanoic acids) 23.83 ± 1.54 25.83 ± 1.36 25.31 ± 0.64

Alkanoic α,ω-diacids saturated 14.37 ± 1.35 12.18 ± 1.31 12.95 ± 1.52

Alkanoic α,ω-diacids with mid-chain substitution 4.59 ± 0.94 3.35 ± 0.61 5.10 ± 1.10

(Total alkanoic α,ω-diacids) 18.95 ± 1.58 15.53 ± 1.81 18.06 ± 2.58

ω-Hydroxyl alkanoic acids saturated 19.02 ± 1.28 16.37 ± 1.50 17.18 ± 2.51

ω-Hydroxyl alkanoic acids with mid-chain substitution 24.05 ± 1.46 21.37 ± 2.05 24.19 ± 1.48

(Total ω-hydroxyl alkanoic acids) 43.07 ± 2.50 37.74 ± 1.92 41.37 ± 3.52

Alkanols 1.99 ± 0.30 2.84 ± 0.60 2.44 ± 0.57

Aromatics 2.12 ± 0.29 2.43 ± 0.53 2.10 ± 0.74

Sterols 0.10 ± 0.02 0.11 ± 0.01 0.08 ± 0.06

Glycerol and glycerides 1.81 ± 1.38 3.15 ± 1.04 2.73 ± 0.86

Terpenoids 0.67 ± 0.11 0.90 ± 0.14 0.62 ± 0.29

Identified 92.55 88.53 92.71

Unidentified 7.45 11.47 7.29

Table 3. Composition (by chemical family) of suberin from cork produced without any drought (1994), with 
two drought events (2003) and one drought event (2012), determined in the GC–MS chromatograms of the 
depolymerization extracts (percentual peak area and standard deviation).

https://doi.org/10.1038/s41598-020-64650-9


6Scientific RepoRtS |         (2020) 10:7800  | https://doi.org/10.1038/s41598-020-64650-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

the content in alkanoic acids22: reported 53.0% of α,ω-diacids, 30.6% of ω-hydroxyl alkanoic acids, and less than 
2% of alkanoic acids, and47 referred 29.5% of α,ω-diacids, 52.9% of ω- hydroxyl alkanoic acids and less than 2% of 
alkanoic acids. This variation reinforces that there is a significant variability on the suberin monomeric composi-
tion, as already reported by24, possibly controlled by the genetic information of the tree.

In fact, our results suggest that the tree is more important in the chemical composition of cork than the wet 
conditions underlying the development of the cork. This conclusion is in line with reports that genetics must be 
a much more relevant factor in cork chemical composition and performance than other factors like geographical 
origin19,21,25,26. The chemical composition of cork produced under drought conditions is well within the variation 
range found by several authors for cork. Moreover, our results show that drought does not trigger the production 
of different compounds and has only a minor effect on the proportion of the chemical constituents of cork.

Therefore, the occurrence of drought events during the cork growth cycle does not seem to compromise the 
behavior of cork, namely when it is used as sealant material in wine bottles. However a word of caution must be 
given since cork properties arise not only from chemical composition but also from the cellular structure, namely 
cell dimensions18,21. With drought leading to thinner cork rings and less and smaller cells33,34,48, an analysis of the 
effect on cork cellular structure should be made in order to evaluate the full impact of drought on cork behavior. 
Nevertheless, the large variation found in cork ring width in commercial cork planks used for the production of 
wine stoppers33,34 allows to consider that this will not be a critical factor.

conclusions
It is well known that there is large natural variability on the chemical composition of cork but research has focused 
mostly on its geographic variability. This paper presents the first analysis on the climatic effects of drought on 
the chemical composition of cork, including the proportion and monomeric composition of the main chemical 
constituents and an experimental design allowing to discriminate the drought and the individual tree response.

The results show that drought has a negligible effect on the cork chemical constitution namely regarding its 
structural components proportion and composition, and specifically the suberin-to-lignin proportion and sub-
erin composition that are the flagship characteristics of cork underlying its properties. The genetic package of the 
tree is the most important factor of chemical variation of cork that overrules any impact from drought conditions.

Therefore, the expected more frequent and severe forthcoming droughts in the Mediterranean region where 
the cork production areas are included will not compromise the cork properties related to its chemical composi-
tion, namely the performance of cork as a sealant for wine bottles.

Received: 19 January 2020; Accepted: 16 April 2020;
Published: xx xx xxxx

References
 1. Buras, A., Rammig, A. & Zang, C. S. Quantifying impacts of the drought 2018 on European ecosystems in comparison to 2003. 

ArXiv Prepr. ArXiv190608605 (2019).
 2. Parmesan, C. & Yohe, G. A globally coherent fingerprint of climate change impacts across natural systems. Nature 421, 37–42 (2003).
 3. Walther, G.-R. et al. Ecological responses to recent climate change. Nature 416, 389 (2002).
 4. Allen, C. D. et al. A global overview of drought and heat-induced tree mortality reveals emerging climate change risks for forests. 

Adapt. For. For. Manag. Chang. Clim 259, 660–684 (2010).
 5. Bakkenes, M., Alkemade, J. R. M., Ihle, F., Leemans, R. & Latour, J. B. Assessing effects of forecasted climate change on the diversity 

and distribution of European higher plants for 2050. Glob. Change Biol. 8, 390–407 (2002).
 6. Garzón, M., Sánchez de Dios, R. & Sainz Ollero, H. Effects of climate change on the distribution of Iberian tree species. Appl. Veg. 

Sci. 11, 169–178 (2008).
 7. Seidl, R. et al. Forest disturbances under climate change. Nat. Clim. Change 7, 395 (2017).
 8. Thuiller, W., Lavorel, S., Araújo, M. B., Sykes, M. T. & Prentice, I. C. Climate change threats to plant diversity in Europe. Proc. Natl. 

Acad. Sci. U. S. A. 102, 8245 (2005).
 9. Ohlemüller, R., Gritti, E. S., Sykes, M. T. & Thomas, C. D. Quantifying components of risk for European woody species under climate 

change. Glob. Change Biol. 12, 1788–1799 (2006).
 10. Giorgi, F. & Lionello, P. Climate change projections for the Mediterranean region. Mediterr. Clim. Trends Var. Change 63, 90–104 

(2008).
 11. Gauquelin, T. et al. Mediterranean forests, land use and climate change: a social-ecological perspective. Reg. Environ. Change 18, 

623–636 (2018).
 12. Lionello, P., Özsoy, E., Planton, S. & Zanchetta, G. Climate Variability and Change in the Mediterranean Region. Clim. Var. Change 

Mediterr. Reg 151, 1–3 (2017).
 13. Somot, S., Sevault, F., Déqué, M. & Crépon, M. 21st century climate change scenario for the Mediterranean using a coupled 

atmosphere–ocean regional climate model. Mediterr. Clim. Trends Var. Change 63, 112–126 (2008).
 14. IPCC. Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global and Sectoral Aspects. Contribution of Working 

Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Field, C. B., V. R. Barros, D. J. Dokken, K. 
J. Mach, M. D. Mastrandrea, T. E. Bilir, M. Chatterjee, K. L. Ebi, Y. O. Estrada, R. C. Genova, B. Girma, E. S. Kissel, A. N. Levy, S. 
MacCracken, P. R. Mastrandrea, and L. L. White (eds.)]. (2014).

 15. Lindner, M. et al. Climate change impacts, adaptive capacity, and vulnerability of European forest ecosystems. For. Ecol. Manag 259, 
698–709 (2010).

 16. Portuguese Cork Association, Santa Maria de Lamas & Portugal. APCOR. Cork - Anuário de cortiça 18/19 (2018).
 17. Aroso, I. M., Araújo, A. R., Pires, R. A. & Reis, R. L. Cork: Current Technological Developments and Future Perspectives for this 

Natural, Renewable, and Sustainable Material. ACS Sustain. Chem. Eng. 5, 11130–11146 (2017).
 18. Pereira, H. The Rationale behind Cork Properties: A Review of Structure and Chemistry. Bioresour. Vol 10 No 3 2015 (2015).
 19. Pereira, H. Variability of the Chemical Composition of Cork. Bioresour. Vol 8 No 2 2013 (2013).
 20. Silva, S. P. et al. Cork: properties, capabilities and applications. Int. Mater. Rev. 50, 345–365 (2005).
 21. Pereira, H. Cork: biology, production and uses. (Elsevier, 2007).
 22. Graça, J. & Pereira, H. Methanolysis of bark suberins: analysis of glycerol and acid monomers. Phytochem. Anal. 11, 45–51 (2000).
 23. Leite, C. & Pereira, H. Cork-Containing Barks—A Review. Front. Mater 3, 63 (2017).
 24. Bento, M. et al. A study of variability of suberin composition in cork from Quercus suber L. using thermally assisted transmethylation 

GC–MS. J. Anal. Appl. Pyrolysis 57, 45–55 (2001).

https://doi.org/10.1038/s41598-020-64650-9


7Scientific RepoRtS |         (2020) 10:7800  | https://doi.org/10.1038/s41598-020-64650-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

 25. Conde, E., Cadahía, E., Garcia-Vallejo, M. C. & Gonźalez-Adrados, J. R. Chemical Characterization of Reproduction Cork from 
Spanish Quercus suber. J. Wood Chem. Technol. 18, 447–469 (1998).

 26. Jové, P., Olivella, À. & Cano, L. Study of the variability in chemical composition of bark layers of Quercus suber L. from different 
production areas. BioResources 6, 1806–1815 (2011).

 27. Pereira, H. Chemical composition and variability of cork from Quercus suber L. Wood Sci. Technol. 22, 211–218 (1988).
 28. Sen, A. et al. Chemical composition and cellular structure of corks from Quercus suber trees planted in Bulgaria and Turkey. Wood 

Sci. Technol. 50, 1261–1276 (2016).
 29. Caritat, A., Gutiérrez, E. & Molinas, M. Influence of weather on cork-ring width. Tree Physiol. 20, 893–900 (2000).
 30. Costa, A., Barbosa, I., Roussado, C., Graça, J. & Spiecker, H. Climate response of cork growth in the Mediterranean oak (Quercus 

suber L.) woodlands of southwestern Portugal. Dendrochronologia 38, 72–81 (2016).
 31. Costa, A., Pereira, H. & Oliveira, A. Influence of climate on the seasonality of radial growth of cork oak during a cork production 

cycle. Ann Sci 59, 429–437 (2002).
 32. Leite, C., Oliveira, V., Lauw, A. & Pereira, H. Effect of a Drought on Cork Growth Along the Production Cycle. In Theory and Practice 

of Climate Adaptation (eds. Alves, F., Leal Filho, W. & Azeiteiro, U.) 127–136 (Springer International Publishing, 2018)., 10.1007/978-
3-319-72874-2_7.

 33. Leite, C., Oliveira, V., Lauw, A. & Pereira, H. Cork rings suggest how to manage Quercus suber to mitigate the effects of climate 
changes. Agric. For. Meteorol. 266–267, 12–19 (2019).

 34. Oliveira, V., Lauw, A. & Pereira, H. Sensitivity of cork growth to drought events: insights from a 24-year chronology. Clim. Change 
137, 261–274 (2016).

 35. Agnew, C. Using the SPI to identify drought. Drought. Netw. News 12, 6–12 (2000).
 36. Vicente-Serrano, S. M., Beguería, S. & López-Moreno, J. I. A multiscalar drought index sensitive to global warming: The 

Standardized Precipitation Evapotranspiration Index. J. Clim. 23, 1696–1718 (2010).
 37. Páscoa, P., Gouveia, C. M., Russo, A. & Trigo, R. M. Drought trends in the iberian peninsula over the last 112 years. Adv. Meteorol. 

2017, 13 pages (2017).
 38. Ferreira, J., Miranda, I., Gominho, J. & Pereira, H. Chemical characterization of cork and phloem from Douglas fir outer bark. 

Holzforschung 70, 475 (2015).
 39. Linear Mixed-Effects Models: Basic Concepts and Examples. In Mixed-Effects Models in S and S-PLUS (eds. Pinheiro, J. C. & Bates, 

D. M.) 3–56, https://doi.org/10.1007/0-387-22747-4_1 (Springer New York, 2000).
 40. Pinheiro, J., Bates, D., DebRoy, S. & Sarkar, D. Linear and nonlinear mixed effects models. R Package Version 3 (2018).
 41. R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing. (2019).
 42. Altwegg, R., Visser, V., Bailey, L. & Erni, B. Learning from single extreme events. Philos. Trans. R. Soc. B Biol. Sci 372, 20160141 

(2017).
 43. Turtola, S., Manninen, A., Rikala, R. & Kainulainen, P. Drought Stress Alters the Concentration of Wood Terpenoids in Scots Pine 

and Norway Spruce Seedlings. J. Chem. Ecol 29, 1981–1995 (2003).
 44. Dehane, B., Benrahou, A., Bouhraoua, R., Hamani, F. Z. & Belhoucine, L. Chemical composition of Algerian cork according the 

origin and the quality. Int. J. Res. Environ. Stud. 1, 17–25 (2014).
 45. Oliveira, V., Lopes, P., Cabral, M. & Pereira, H. Kinetics of Oxygen Ingress into Wine Bottles Closed with Natural Cork Stoppers of 

Different Qualities. Am. J. Enol. Vitic. 64, 395 (2013).
 46. García-Vallejo, M. C., Conde, E., Cadahía, E. & de Simón, B. Fernández. Suberin Composition of Reproduction Cork from Quercus 

suber. Holzforsch. - Int. J. Biol. Chem. Phys. Technol. Wood 51, 219 (2009).
 47. Marques, V., Rencoret, J., Gutiérrez, A., del Río, J. & Pereira, H. Ferulates and lignin structural composition in cork. Holzforschung 

70, 275 (2015).
 48. Pereira, H., Graça, J. & Baptista, C. The Effect of Growth Rate on the Structure and Compressive Properties of Cork. IAWA J. 13, 

389–396 (1992).

Acknowledgements
The research was carried out under the framework of Centro de Estudos Florestais, a research unit funded by 
Fundação para a Ciência e a Tecnologia, Portugal (UID/AGR/00239/2019). Funding from Fundação para a 
Ciência e a Tecnologia is acknowledged by Carla Leite as doctoral student under the SUSFOR doctoral program 
(PD/BD/113937/2015) and by Vanda Oliveira as post-doctoral fellow (SFRH/BPD/118037/2016). The authors 
acknowledge Joaquina Mendes for support in laboratorial work, Joana Ferreira, Rita Simões and Jorge Gominho 
for the help in suberin monomers identification, and Associação dos Produtores Florestais do Concelho de 
Coruche e Limítrofes (APFC) for the material supply.

Author contributions
C.L., V.O., I.M. and H.P. have made substantial contributions to the entire manuscript.

competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-64650-9.
Correspondence and requests for materials should be addressed to C.L.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-020-64650-9
https://doi.org/10.1007/0-387-22747-4_1
https://doi.org/10.1038/s41598-020-64650-9
http://www.nature.com/reprints


8Scientific RepoRtS |         (2020) 10:7800  | https://doi.org/10.1038/s41598-020-64650-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-64650-9
http://creativecommons.org/licenses/by/4.0/

	Cork oak and climate change: Disentangling drought effects on cork chemical composition
	Material and Methods
	Material. 
	Chemical analysis. 
	Statistical analysis. 

	Results
	Suberin composition. 

	Discussion
	Conclusions
	Acknowledgements
	Table 1 Cork stripping years, years with drought, annual SPEI and drought classification of drought years according to35.
	Table 2 Chemical composition (mean and standard deviation) of the cork samples according to the year of debarking (and number of droughts), in % of total dry mass.
	Table 3 Composition (by chemical family) of suberin from cork produced without any drought (1994), with two drought events (2003) and one drought event (2012), determined in the GC–MS chromatograms of the depolymerization extracts (percentual peak area an




