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Leaf functional plasticity decreases the water consumption 
without further consequences for carbon uptake in Quercus 
coccifera L. under Mediterranean conditions
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The accumulation of  epicuticular waxes over stomata in Quercus coccifera L. contributes to a severe reduction in maximum sto-
matal conductance (gs,max) under Mediterranean (MED) conditions. However, this phenomenon was not observed in this species 
under temperate (TEM) conditions, which could lead to differences in the ability to assimilate CO2 between the sites. We hypoth-
esise that the overall importance of  such a reduction in gs,max on photosynthesis is modulated by other factors affecting carbon 
gain, mainly mesophyll conductance to CO2 (gm), through a plastic response to changes in environmental conditions (i.e., vapour 
pressure deficit, VPD, and mean daily quantum flux density, Qint). The results reveal that leaves grown at the TEM site did not show 
an increased ability for net CO2 assimilation (AN), mainly due to an equal gm at both sites. This fact is explained by a trade-off  
between an increased conductance of  the gas phase (gias) and a reduced conductance of  the liquid phase (gliq) at the TEM site 
compared with the MED site. In spite of  the reduction in gs,max at the MED site, transpiration (E) did not diminish during midsum-
mer to the levels of  the TEM site due to a higher VPD found at the MED site, yielding a higher water use efficiency (AN/E) at the 
TEM site. Moreover, photosynthetic nitrogen use efficiency was also higher at the TEM site, indicating these leaves can reach 
similar values of  AN with lower nitrogen investment that those at the MED site. These results suggest that Q. coccifera does not 
always use the main resources (water and nutrients) at leaf  level as efficiently as possible. Moreover, the different patterns of  
resource use (in particular N), together with the functional plasticity, cannot overcome the morpho-functional constraints that limit 
photosynthetic activity, even under potentially favourable conditions.
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Introduction

Kermes oak (Quercus coccifera L.) is a sclerophyllous species 
that is considered one of the main components of the shrub-
lands in the most arid areas of the Iberian Peninsula (Castro-Díez 

and Navarro 2007, Peguero-Pina et al. 2008). This species is 
able to withstand long and intense drought periods during sum-
mer, the driest season in the Mediterranean region (Vilagrosa 
2002, Vilagrosa et al. 2003, Peguero-Pina et al. 2008). This 
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high drought tolerance is associated with its ability to tolerate 
very low water potentials without signs of irreversible damage in 
either the apoplast or the symplast (Vilagrosa et al. 2010) and 
by the remarkable plasticity of its photo-protective systems in 
response to environmental challenges (García-Plazaola et  al. 
2003, 2008). Quercus coccifera has been considered a water-
saving plant (Valladares et al. 2005) due to its capacity to regu-
late water loss and thereby withstand prolonged dry periods 
(Sakcali and Ozturk 2004, Ozturk et al. 2010). In addition, its 
constitutive drought tolerance is manifested in lower values of 
maximum stomatal conductance (gs,max) than those reported for 
other co-occurring species that are also considered to be genu-
ine representative of  the Mediterranean woody flora 
(Peguero-Pina et al. 2009, Vilagrosa et al. 2010).

Roth-Nebelsick et al. (2013) found that this low gs,max can be 
partly explained by particular morphological features of the sto-
mata in this species. Specifically, they reported a c. sixfold reduc-
tion in stomatal pore area in mature leaves of Q. coccifera 
growing under Mediterranean conditions due to the accumula-
tion of epicuticular waxes overarching the cuticular rims of the 
stomatal pore. Such reduction of stomatal pore area, which has 
a major influence on gs,max (Franks and Beerling 2009, Kaiser 
2009, Dow et al. 2014), caused a strong reduction in transpira-
tion under high vapour pressure deficit (VPD) conditions regis-
tered during the Mediterranean summer (Roth-Nebelsick et al. 
2013).

Although Q. coccifera is well adapted to Mediterranean condi-
tions, it covers a large climatic space similar to congeneric Quercus 
ilex L. (e.g., Peguero-Pina et al. 2014, Niinemets 2015), excep-
tionally even reaching the Atlantic coast of the Iberian Peninsula 
on south-facing limestone slopes under oceanic temperate cli-
mate conditions (Castro-Díez et  al. 1997, Castro-Díez and 
Navarro 2007). The occurrence of Q. coccifera in these con-
trasting habitats is in part explained by its capacity to plastically 
respond to environmental variations at leaf and crown level 
(Rubio de Casas et al. 2007). Under these temperate condi-
tions, with summer VPD values much lower than those regis-
tered under typical Mediterranean conditions, Roth-Nebelsick 
et al. (2013) reported a smaller degree of stomatal closure by 
cuticular wax cover, with stomatal pore area being c. 4 times 
higher than that found under Mediterranean conditions. This 
phenomenon was interpreted as a plastic response of gs,max in 
Q. coccifera to changes in environmental conditions during plant 
growth, i.e., air temperature and relative humidity, with further 
consequences for net CO2 assimilation (Roth-Nebelsick et al. 
2013).

Species response to site climatic drivers is affected by both 
genetic and phenotypic (i.e., plastic) components of variation 
that cannot be separated in field studies (Niinemets 2015). In 
fact, several common garden studies have demonstrated impor-
tant genetic sources of variation among Mediterranean ever-
green oak ecotypes (Balaguer et  al. 2001, Valladares et  al. 

2002a, Gimeno et al. 2009, Ramírez-Valiente et al. 2010). 
However, there is currently little information on adaptability of 
stomatal traits in Q. coccifera as driven by genetic and plastic 
sources of variation. Furthermore, provided that plastic compo-
nents of variation dominate stomatal differentiation, the impor-
tant question is when and how rapidly cuticular wax crypts can 
develop. There is evidence that cuticle thickness and wax depo-
sition increase through leaf development (Pallardy and Kozlowski 
1980, Hauke and Schreiber 1998), but to our knowledge there 
is little data on development of cuticular crypts around stomata.

Though it is well known that stomatal conductance plays a key 
role in determining maximum rates of carbon assimilation, other 
factors such as mesophyll conductance to CO2 (gm) can con-
strain photosynthesis and, under certain conditions, be the most 
significant photosynthetic limitation (Flexas et al. 2012, 2014), 
especially in evergreen species with inherently low gm (Niinemets 
et al. 2009, 2011). Recently, several studies have quantified the 
importance of several leaf anatomical traits (including leaf thick-
ness, packing of mesophyll cells relative to the distance and 
position of stomata, chloroplast exposed surface area facing 
intercellular air spaces, thickness of mesophyll cell walls and 
chloroplast size) in determining the variability in gm and photo-
synthetic capacity among species (Tomás et al. 2013) or even 
within the same species growing under contrasting environmen-
tal conditions (Terashima et al. 2011, Peguero-Pina et al. 2015).

We hypothesise that the overall importance of cryptic stomata 
as a determinant of gs,max on foliage photosynthetic performance 
depends on how other foliage photosynthetic traits, including 
foliage photosynthetic capacity and gm, respond to environment, 
i.e., the extent to which plasticity in the amount of wax covering 
stomatal pores and gm and photosynthetic capacity of Q. coccifera 
are linked under contrasting environmental conditions. In order 
to test this hypothesis, the specific objectives of this study were: 
(i) to determine if the existence of differences in stomatal con-
ductance has further consequences for net CO2 assimilation and 
other gas exchange parameters between Q. coccifera growing 
under contrasting environmental conditions, (ii) to determine if 
the modification of gs,max shown by Roth-Nebelsick et al. (2013) 
in Q. coccifera is mainly due to environmental effects (plastic 
component of variation) regardless of the genetic background, 
and (iii) to analyse the influences of site environmental condi-
tions on several morphological and anatomical leaf  traits 
of Q. coccifera that could modify gm and plant photosynthetic 
performance.

Materials and methods

Plant material and experimental conditions

In this study we used individuals from the same open-pollinated 
family in order to reduce the within-species genetic variability 
(Himrane et al. 2004). Seeds of Q. coccifera L. were collected 
from the same mother tree in a natural population of the Sistema 
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Ibérico Meridional provenance of Spain. The seeds were sown in 
2009 and cultivated in 0.5 l containers inside a greenhouse 
under the same conditions with a mixture of 80% compost (Neu-
haus Humin Substrat N6; Klasman-Deilmann GmbH, Geeste, Ger-
many) and 20% perlite. After the first growth cycle, seedlings 
were transplanted to 25 l containers filled with the same mixture 
of compost and perlite and cultivated outdoors at CITA de Aragón 
(41°39′N, 0°52′W, Zaragoza, Spain) under Mediterranean (MED) 
conditions (see Figure S1 available as Supplementary Data at Tree 
Physiology Online, mean annual temperature 15.4 °C, total annual 
precipitation 298 mm). Nutrients were supplied as slow-liberation 
fertilizer (Osmocote Plus, Sierra Chemical, Milpitas, CA, USA). The 
fertilizer (3 g l−1 growth substrate) was applied to the top 10-cm 
layer of substrate. At the end of 2011, half of these seedlings 
were randomly selected and moved to the Jardín Botánico de Itur-
rarán (43°13′N, 02°01′W, 70 m a.s.l., Gipuzkoa, Spain), which 
features temperate (TEM) conditions (see Figure S1 available as 
Supplementary Data at Tree Physiology Online, mean annual tem-
perature 14.5 °C, total annual precipitation 1631 mm). Measure-
ments were performed during the summer of 2012 on the 
current-year fully developed leaves of 4-year-old seedlings of 
Q. coccifera at both the MED and the TEM site.

Air temperature (T, °C) and relative humidity (RH, %) were 
measured at both sites using three Hobo Pro temp/RH data log-
gers (Onset Computer, Bourne, MA, USA) located at 1.30 m 
above the soil surface. Measurements were recorded every 
30 min during the growing season (April to September) of 
2012. Vapour pressure deficit (VPD, kPa) was calculated for 
both sites from mean values of T and RH according to Rundel 
and Jarrell (1989). Mean daily quantum flux density (Qint, 
mol m−2 day−1) was calculated for both sites from the mean val-
ues of incident global solar radiation (Cescatti and Zorer 2003) 
obtained from the nearby meteorological stations for both sites. 
At the MED site, Qint and VPD were consistently higher than at 
the TEM site (P < 0.05) (Figure 1). Moreover, maximum diurnal 
vapour pressure deficit (VPDmax, kPa) was also higher at 
the MED site (P < 0.05), reaching values up to ∼4 kPa during 
summer (Figure 1).

Stomatal pore area

The size of the orifice of the cuticular cover above stomata and 
the stomatal pore area of Q. coccifera leaves grown at the MED 
and TEM sites were measured on 20 fully mature leaves collected 
from four plants (five leaves from each plant) per site. To obtain 
the dimensions of the stomatal pore, which is usually occluded 
by the cuticular cover, it was necessary to remove epicuticular 
waxes by immersion of leaf samples twice for 30 s into chloro-
form at room temperature (Jetter et al. 2000). After this treat-
ment, samples were viewed with scanning electron microscopy 
(VP-SEM S-3400N, Hitachi, Japan, low vacuum range 6–270 Pa) 
and stomatal characteristics were measured from micrographs 
with ImageJ software (http://rsb.info.nih.gov/nih-image/).

Analysis of changes in leaf area, leaf dry mass per 
area and stomatal pore area during the growing 
season at the MED site

At the MED site, changes in leaf area, leaf dry mass per unit area 
(LMA) and cuticular cover above stomata were periodically mea-
sured from 7 May 2012 (Day 1, 1 week after bud burst). Twenty 
leaves were collected from four plants (five leaves from each 
plant) at each sampling date. Leaf area was measured from 
scanned leaf images using ImageJ software. Leaves were then 
oven-dried at 70 °C for 72 h, and their dry mass was estimated. 
LMA was calculated as the ratio of foliage dry mass to foliage 
area, and was used as an estimator of sclerophylly (Castro-Díez 
et al. 1997, Corcuera et al. 2002, Niinemets 2015). Another set 
of 20 leaves was used to quantify changes in stomatal pore area 
due to cuticular cover. Stomatal characteristics were measured 
with ImageJ software from micrographs obtained with a scanning 
electron microscope (VP-SEM S-3400N, Hitachi, Japan, low 
vacuum range 6–270 Pa).

Leaf gas exchange and chlorophyll fluorescence 
measurements

Leaf gas exchange parameters were measured simultaneously 
with measurements of chlorophyll fluorescence using an open 
gas exchange system (CIRAS-2, PP-Systems, Amesbury, MA, 
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Figure 1.  Mean daily quantum flux density (Qint, mol m−2 day−1), mean 
diurnal (from dawn to sunset) vapour pressure deficit (VPD, kPa) and 
maximum diurnal (from dawn to sunset) vapour pressure deficit (VPDmax, 
kPa) for the Mediterranean (MED) and temperate (TEM) sites during the 
growing season of 2012 (from April to September). Data are mean ± SE. 
All the values were statistically different (P < 0.05) between sites.

http://treephys.oxfordjournals.org/lookup/suppl/doi:10.1093/treephys/tpv129/-/DC1
http://treephys.oxfordjournals.org/lookup/suppl/doi:10.1093/treephys/tpv129/-/DC1
http://treephys.oxfordjournals.org/lookup/suppl/doi:10.1093/treephys/tpv129/-/DC1
http://rsb.info.nih.gov/nih-image/
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USA) fitted with an automatic universal leaf cuvette (PLC6-U, 
PP-Systems) with an FMS II portable pulse amplitude modulated 
fluorometer (Hansatech Instruments Ltd, King’s Lynn, UK). Six 
CO2 response curves were measured at both the MED and the 
TEM site using light-adapted mature leaves. The photosynthesis 
measurements started at a CO2 concentration surrounding the 
shoot (Ca) of 400 μmol mol−1, and a saturating photosynthetic 
photon flux density (PPFD) of 1500 μmol m−2 s−1. Leaf tem-
perature and VPD were maintained at 25 °C and 1.25 kPa, 
respectively, during all the measurements. Once the steady state 
gas-exchange rate was reached under these conditions (usually 
in 30 min after clamping the leaf), net assimilation rate (AN), 
stomatal conductance (gs) and effective quantum yield of PSII 
(ΦPSII) were estimated. Thereafter, Ca was decreased stepwise 
down to 50 μmol mol−1. Upon completion of measurements at 
low Ca, Ca was increased again to 400 μmol mol−1 to restore the 
original value of AN. Ca was further increased stepwise to 
1800 μmol mol−1 and all the steady-state photosynthetic char-
acteristics were recorded at each Ca. Leakage of CO2 in and out 
of the cuvette was determined for the same range of CO2 con-
centrations with a photosynthetically inactive leaf enclosed 
(obtained by heating the leaf until no variable chlorophyll fluo-
rescence was observed), and used to correct measured leaf 
fluxes (Flexas et al. 2007a).

For ΦPSII, steady-state fluorescence (FS) and maximum fluo-
rescence during a light-saturating pulse of ∼8000 μmol m−2 s−1 
( )FM′  were estimated, and ΦPSII was calculated as ( )F F FM S M/′ ′−  
(Genty et al. 1989). Photosynthetic electron transport rate (Jflu) 
was then calculated according to Krall and Edwards (1992), 
multiplying ΦPSII by PPFD and by α (a term which includes the 
product of leaf absorbance and the partitioning of absorbed 
quanta between photosystems I and II); α was previously deter-
mined as the slope of the relationship between ΦPSII and ΦCO2

 
(i.e., quantum efficiency of CO2 fixation) obtained by varying 
light intensity under non-photorespiratory conditions in an atmo-
sphere containing <1% O2 (Valentini et al. 1995). Five photo-
synthesis vs PPFD response curves at both the MED and the 
TEM site were measured to determine α.

Estimation of mesophyll conductance by gas 
exchange and chlorophyll fluorescence

Mesophyll conductance (gm) was estimated according to the 
method of Harley et al. (1992), as follows:
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where AN and substomatal CO2 concentration (Ci) were taken 
from gas exchange measurements at saturating light, whereas 
Γ* (chloroplastic CO2 compensation point in the absence of 
mitochondrial respiration) and RL (respiration rate in the light) 
were estimated for both sites following the methodology 

described in Flexas et al. (2007b). The values of gm obtained 
were used to convert AN–Ci into AN–Cc curves (where Cc is chlo-
roplastic CO2 concentration) using the equation Cc = Ci − AN/gm. 
Maximum carboxylation and photosynthetic electron transport 
capacities (Vc,max and Jmax, respectively) were calculated from the 
AN–Cc curves, using the Rubisco kinetic constants and their tem-
perature dependence described by Bernacchi et al. (2002). The 
Farquhar model was fitted to the data by applying iterative 
curve-fitting (minimum least-square difference) using the Solver 
tool of Microsoft Excel.

Morphological and anatomical measurements

After gas-exchange measurements, sections of 1 × 1 mm were 
cut between the main veins for anatomical measurements from 
the same leaves used for gas exchange. Leaf material was 
quickly fixed under vacuum with p-formaldehyde (2%) and glu-
taraldehyde (4%) in 0.1 M phosphate buffer (pH = 7.2) and 
post-fixed 1 h in 1% osmium tetroxide. Samples were dehy-
drated in (i) a graded ethanol series and (ii) propylene oxide 
and subsequently embedded in Embed-812 embedding 
medium (EMS, Hatfield, PA, USA). Semi-thin (0.8 μm) and 
ultrathin (90 nm) cross-sections were cut with an ultramicro-
tome (Reichert–Jung model Ultracut E). Semi-thin cross-
sections were stained with 1% toluidine blue and viewed under 
a light microscope (Optika B-600TiFL, Optika Microscopes, 
Ponteranica, Italy). Ultrathin cross-sections were contrasted 
with uranyl acetate and lead citrate and viewed under a trans-
mission electron microscope (H600, Hitachi, Japan). ImageJ 
software was further used to measure leaf anatomical charac-
teristics from the micrographs. Light microscopy images were 
used to determine leaf thickness, mesophyll thickness between 
the two epidermal layers, number of palisade layers, fraction of 
the mesophyll tissue occupied by intercellular air spaces (fias), 
and mesophyll (Sm/S) and chloroplast (Sc/S) surface area fac-
ing intercellular air spaces per leaf area (Evans et al. 1994, 
Syvertsen et al. 1995, Tomás et al. 2013). All parameters were 
analysed in at least four different fields of view and in three dif-
ferent sections. Electron microscopy images were used to 
determine cell wall thickness (Tcw), cytoplasm thickness (Tcyt), 
chloroplast length (Lchl) and chloroplast thickness (Tchl) (Tomás 
et al. 2013). Three different sections and four to six different 
fields of view were used for measurements of each anatomical 
characteristic.

Leaf dry mass per area (LMA) was measured in 30 mature 
leaves sampled from 10 individuals per site (i.e., three leaves 
were randomly taken from each individual) as described above.

Mesophyll conductance modelled on the basis 
of anatomical characteristics

Leaf anatomical characteristics were used to estimate gm as a 
composite conductance for within-leaf gas and liquid compo-
nents, according to the one-dimensional gas diffusion model of 
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Niinemets and Reichstein (2003) as applied by Tosens et al. 
(2012):
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where gias is the gas phase conductance inside the leaf from sub-
stomatal cavities to outer surface of cell walls, gliq is the conduc-
tance in liquid and lipid phases from outer surface of cell walls to 
chloroplasts, R is the gas constant (Pa m3 K−1 mol−1), Tk is the 
absolute temperature (K), and H is the Henry’s law constant for 
CO2 (Pa m3 mol−1); gm is defined as a gas-phase conductance, 
and thus H/(RTk), the dimensionless form of the Henry’s law con-
stant, is needed to convert gliq to the corresponding gas-phase 
equivalent conductance (Niinemets and Reichstein 2003).

The intercellular gas-phase conductance (and the reciprocal 
term, rias) was obtained according to Niinemets and Reichstein 
(2003) as:
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where ΔLias (m) is the average gas-phase thickness, τ is the dif-
fusion path tortuosity (1.57 m m−1, Syvertsen et al. 1995), DA 
is the diffusivity of the CO2 in the air (1.51⋅10−5 m2 s−1 at 
25 °C) and fias is the fraction of intercellular air spaces. ΔLias was 
taken as half the mesophyll thickness. Total liquid phase conduc-
tance (gliq) from the outer surface of cell walls to the carboxyl-
ation sites in chloroplasts is the sum of serial conductances in 
the cell wall, plasmalemma and inside the cell (Tomás et al. 
2013):
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The conductance of the cell wall was calculated as previously 
described in Peguero-Pina et al. (2012). For the conductance of 
plasma membrane we used an estimate of 0.0035 m s−1 as pre-
viously suggested (Tosens et al. 2012). The conductance inside 
the cell was calculated following the methodology described in 
Tomás et al. (2013), considering two different pathways of CO2 
inside the cell: one for cell wall parts lined with chloroplasts and 
the other for interchloroplastial areas (Tholen et al. 2012).

Analysis of quantitative limitations of AN

To separate the relative controls on AN resulting from limited sto-
matal conductance (ls), mesophyll diffusion (lm) and limited pho-
tosynthetic capacity (lb), we used the quantitative limitation 
analysis of Grassi and Magnani (2005) as applied in Tomás et al. 
(2013). Different fractional limitations, ls, lm and lb (ls + lm + lb = 1) 
were calculated as:
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where gs is the stomatal conductance to CO2, gm is the meso-
phyll conductance according to Harley et al. (1992, Eq. (1)), 
and gtot is the total conductance to CO2 from ambient air to 
chloroplasts (sum of the inverse CO2 serial conductances gs and 
gm). The value of ∂AN/∂Cc was calculated as the slope of AN–Cc 
response curves over a Cc range of 50–100 μmol mol−1. Quan-
titative limitations of photosynthesis were estimated for at least 
five different leaves of Q. coccifera at both the MED and the TEM 
site, and average estimates of the component photosynthetic 
limitations were calculated.

Leaf N, photosynthetic pigments and tocopherol analysis

Total leaf N concentration was determined in dried leaves from 
the MED and TEM sites using an Organic Elemental Analyzer 
(Flash EA 112, Thermo Fisher Scientific Inc., Waltham, MA, 
USA). Photosynthetic nitrogen use efficiency (PNUE) was calcu-
lated as the ratio between AN and N concentration per leaf area.

For pigment extraction six replicates per site of four leaf discs 
(6 mm ø) were frozen in liquid N2 and stored at −80 °C until 
use. Frozen samples were homogenised with a Tissue Tearor 
homogeniser (Model 395, Dremel, Mexico) in 1 ml of pure ace-
tone solution buffered with CaCO3. The extracts were centri-
fuged at 16,100g for 20 min, and supernatants were filtered 
through 0.2-μm PTFE filters (Teknokroma, Barcelona, Spain). 
The pigments were separated by HPLC on a reversed-phase 
C18 column (Waters Spherisorb ODS1, 4.6 × 250 mm, Milford, 
MA, USA) and detected with a photodiode array detector, follow-
ing the method of García-Plazaola and Becerril (1999, 2001). 
Tocopherol detection and quantification were performed with a 
Waters 474 Scanning Fluorescence Detector (SRD) operating in 
series with a photodiode array detector following García-Plazaola 
and Becerril (1999, 2001). The relative de-epoxidation state of 
the violaxanthin-cycle pigments was estimated by the ratio 
(A + Z)/(V + A + Z), abbreviated AZ/VAZ.

Statistical analyses and plasticity index

Data are expressed as mean ± standard error (SE). Student’s 
t-test was used to compare the trait values between Q. coccifera 
leaves from the MED and TEM sites. One-way ANOVA was per-
formed to compare the temporal changes in leaf area, LMA and 
stomatal pore area at different stages during the growing season 
at the MED site. Multiple comparisons were carried out among 
different stages for these variables using Tukey’s post hoc hon-
estly significant difference test. Furthermore, the plasticity index 
(PI) was calculated as the ratio between the range of variation 
for a parameter and its maximum value described (Valladares 
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et al. 2002b, García-Plazaola et al. 2008). This index has the 
advantage that changes in variables expressed in different units 
can be compared. All statistical analyses were carried out using 
SAS version 8.0 (SAS Institute, Cary, NC, USA).

Results

Site differences in stomatal characteristics

The aperture of the cuticular cup of Q. coccifera leaves from the 
MED site was significantly lower (P < 0.05) than that from the 
TEM site (Table  1). However, no significant differences 
(P > 0.05) were found among stomatal dimensions when epicu-
ticular waxes were removed (Table  1). The distribution fre-
quency of effective pore area in both sites revealed that, before 
wax removal, >40% of stomata at the MED site were smaller 
than 15 μm2 (Figure 2). By contrast, >40% of stomata were 
>45 μm2 for Q. coccifera leaves grown at the TEM site (Figure 2).

Temporal changes in foliage characteristics  
at the MED site

The cuticular wax deposition around stomatal pores found at the 
MED site was the consequence of a gradual process—in parallel 
with the increase in leaf area and LMA—since the onset of the 
growing season (Figure 3). The evolution of the different param-
eters indicates that leaf area reached the maximum value at Day 
21 (c. 28 May), LMA at Day 29 (c. 5 June) and stomatal pore 
area at Day 42 (c. 18 June).

Site effects on foliage photosynthetic traits

Foliage photosynthetic measurements demonstrated that at 
400 μmol CO2 mol−1 air and saturating light, gs was much higher 
at the TEM site (0.243 mol CO2 m−2 s−1) than at the MED site 
(0.143 mol CO2 m−2 s−1) (Table 2). Despite this, AN was very 
similar at both sites, and therefore, intrinsic water use efficiency 
(iWUE = AN/gs) was lower at the TEM site (Table 2). The meso-
phyll conductance to CO2 (gm) and the substomatal CO2 concen-
tration (Ci) did not show statistically significant differences 
between the sites, whereas the chloroplastic CO2 concentration 
(Cc) was higher at the MED site (Table 2). Parameterisation of 
the Farquhar et al. (1980) model of photosynthesis yielded sta-
tistically significant higher values for Vc,max_Cc and Jmax_Cc at the 

TEM site, although the ratio Jmax_Cc:Vc,max_Cc did not show differ-
ences between sites (Table 2). The electron transport rate esti-
mated by chlorophyll fluorescence (Jflu) was also higher at the 
TEM site (Table 2).

Differences in leaf morphological and anatomical 
characteristics between sites and implications for 
mesophyll conductance

Leaf thickness, LMA, total mesophyll thickness, spongy and pal-
isade mesophyll thickness, number of palisade layers, Sm/S and 
Sc/S were higher at the MED site, whereas fias was higher at the 
TEM site (Table 3). However, no differences were found in Sc/Sm, 
Tcw, Tcyt, Lchl and Tchl between sites (Table 3).

The anatomical characteristics were further used to estimate 
different components of the CO2 transfer conductances relative 
to total mesophyll conductance at both sites (see Materials and 
methods for details), resulting in a good correspondence 
between the estimates of gm from anatomy (Eqs (2–4)) and 
from gas exchange and chlorophyll fluorescence measurements 
(Eq. (1), Table 2). In the case of the gas phase, the results dem-
onstrated that Q. coccifera leaves grown at the TEM site showed 
higher values of gias than those at the MED site (Table 4), which 
can be attributed to a higher fias and a lower mesophyll thickness 
found at the TEM site (Table 3). Regarding the liquid phase, 
Q. coccifera leaves grown at the MED site showed higher values 
of gliq than at the TEM site (Table 4), which can be attributed to 
a higher Sm/S value found at the MED site (Table 3). Conse-
quently, the effects of gias and gliq on gm were opposite, explain-
ing the absence of differences in the estimated value of gm 
between sites (Table 4).
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Table 1.  Area of the vent of the cuticular cups (stomatal pore area with 
waxes) and stomatal pore area without waxes of Q. coccifera leaves from 
the Mediterranean (MED) and temperate (TEM) sites. Data are 
mean ± SE. Different letters indicate statistically significant differences 
(P < 0.05) between sites.

Characteristic Stomatal pore area (μm2)

MED TEM

With waxes 22 ± 2 b 54 ± 4 a
Without waxes 64 ± 2 a 61 ± 2 a

Figure 2.  Frequency distribution of stomatal pore area (μm2) for Q. coc-
cifera leaves from the Mediterranean (MED) and temperate (TEM) sites 
with (a) and without (b) epicuticular waxes.
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Site effects on foliage chemistry

The concentration of leaf N was higher at the MED site, in terms 
of both dry mass and leaf area (Table 5). However, because AN 
values were similar between sites, TEM site plants showed 
higher photosynthetic nitrogen-use efficiency (PNUE) than MED 
site plants (Table  5). Pigment composition differed largely 
between leaves from the TEM and MED sites (Table 6). Thus, 
despite the higher LMA and thickness at the MED site, chloro-
phyll a content per unit of leaf area was higher at the TEM site. 
Chlorophyll a/b together with all the carotenoid to chlorophyll 
ratios also differed significantly, being higher for all parameters, 
except for the neoxanthin/chlorophyll ratio, at the MED site. 
According to the higher contents of protective carotenoids (vio-
laxanthin-cycle total pool, lutein and β-carotene) at the MED site, 
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Figure 3.  Evolution of the leaf area (cm2), leaf mass area (LMA, g m−2) 
and stomatal pore area (μm2) for Q. coccifera leaves from the Mediterra-
nean site (MED) since 7 May 2012 (Day 1, 1 week after bud bursting). 
Data are mean ± SE. Dashed lines indicate the end of the evolution of each 
measured parameter. Scanning electron micrographs correspond to differ-
ent stages (a–c) of the evolution of the stomatal pore area due to cuticular 
wax covering during the growing season of 2012 at the MED site.

Table 2.  Mean values for the photosynthetic parameters of Q. coccifera 
leaves from the Mediterranean (MED) and temperate (TEM) sites. Data 
are mean ± SE. Different letters indicate statistically significant differ-
ences (P < 0.05) between sites. AN, net photosynthesis; gs, stomatal 
conductance; iWUE, intrinsic water use efficiency; gm, mesophyll conduc-
tance to CO2; Ci, substomatal CO2 concentration; Cc, chloroplastic CO2 
concentration; Vc,max_Cc and Jmax_Cc, maximum velocity of Rubisco carbox-
ylation and maximum capacity for electron transport; Jflu, electron trans-
port rate estimated by chlorophyll fluorescence.

Parameter MED TEM

AN (µmol CO2 m−2 s−1) 10.2 ± 0.7 a 12.4 ± 1.3 a
gs (mol CO2 m−2 s−1) 0.143 ± 0.013 b 0.243 ± 0.011 a
iWUE (µmol CO2 mol−1 H2O) 46.8 ± 4.9 a 31.6 ± 2.5 b
gm (mol CO2 m−2 s−1) 0.050 ± 0.006 a 0.050 ± 0.007 a
Ci (µmmol CO2 mol−1 air) 304 ± 5 b 312 ± 5 a
Cc (µmmol CO2 mol−1 air) 120 ± 5 a 74 ± 3 b
Vc,max_Cc (µmol m−2 s−1) 178 ± 11 b 258 ± 12 a
Jmax_Cc (µmol m−2 s−1) 228 ± 21 b 327 ± 17 a
Jflu (µmol m−2 s−1) 216 ± 12 b 363 ± 25 a
Jmax_Cc:Vc,max_Cc 1.27 ± 0.06 a 1.33 ± 0.07 a

Table 3.  Leaf mass area (LMA), leaf thickness, total mesophyll thick-
ness, spongy and palisade mesophyll thickness, number of palisade lay-
ers, fraction of the mesophyll tissue occupied by the intercellular air 
spaces (fias), mesophyll surface area exposed to intercellular airspace 
(Sm/S), chloroplast surface area exposed to intercellular airspace (Sc/S), 
the ratio Sc/Sm, cell wall thickness (Tcw), cytoplasm thickness (Tcyt), chlo-
roplast length (Lchl) and chloroplast thickness (Tchl) in Q. coccifera leaves 
from the Mediterranean (MED) and temperate (TEM) sites. Data are 
mean ± SE. Different letters indicate statistically significant differences 
(P < 0.05) between sites.

Parameter MED TEM

LMA (g m−2) 189.3 ± 6.5 a 138.8 ± 6.3 b
Leaf thickness (μm) 315 ± 8 a 231 ± 3 b
Total mesophyll thickness (μm) 278 ± 17 a 195 ± 6 b
Spongy mesophyll thickness (μm) 143 ± 5 a 113 ± 3 b
Palisade mesophyll thickness (μm) 135 ± 4 a 83 ± 3 b
Number of palisade layers 3 2
fias 0.08 ± 0.01 b 0.14 ± 0.02 a
Sm/S (m2 m−2) 17.3 ± 2.6 a 13.3 ± 1.5 b
Sc/S (m2 m−2) 9.9 ± 1.6 a 6.1 ± 0.9 b
Sc/Sm 0.57 ± 0.02 a 0.47 ± 0.08 a
Tcw (μm) 0.454 ± 0.026 a 0.446 ± 0.016 a
Tcyt (μm) 0.063 ± 0.026 a 0.087 ± 0.028 a
Lchl (μm) 5.13 ± 0.23 a 5.10 ± 0.17 a
Tchl (μm) 2.43 ± 0.13 a 2.27 ± 0.09 a

Table 4.  CO2 transfer conductances across the intercellular air space 
(gias, m s−1), the liquid phase (gliq, m s−1), and the mesophyll conduc-
tance for CO2 (gm, mol m−2 s−1) calculated from anatomical measure-
ments in Q. coccifera leaves from the Mediterranean (MED) and 
temperate (TEM) sites. Data are mean ± SE. Different letters indicate 
statistically significant differences (P < 0.05) between sites.

Parameter MED TEM

gias (m s−1) 0.0056 ± 0.0007 b 0.0137 ± 0.0010 a
gliq (m s−1) 0.0020 ± 0.0002 a 0.0015 ± 0.0001 b
gm (mol m−2 s−1) 0.057 ± 0.009 a 0.055 ± 0.008 a
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the α-tocopherol to chlorophyll ratio and the de-epoxidation 
index of the xanthophyll cycle (AZ/VAZ) were also two- to 
threefold higher at the MED site.

Discussion

Mediterranean climate constitutes a highly stressful environment 
for plants that has triggered a number of unique structural and 
physiological adaptations (Corcuera et  al. 2002, Flexas et  al. 
2014, Niinemets and Keenan 2014). While such adaptation is 
highly beneficial in improving water use efficiency, constitutive 
expression of many of these traits, such as cryptic stomata, would 
reduce carbon gain when water becomes more available. The pres-
ent study has demonstrated the existence of a plastic response in 
functional attributes of Q. coccifera leaves (see Table S1 available 
as Supplementary Data at Tree Physiology Online) to changes in 
environmental conditions (i.e., Qint and VPD) during growth, which 
agrees with previous studies on phenotypic responses of Q. coc-
cifera saplings (Balaguer et al. 2001, Valladares et al. 2002a, 
2005). The climatic conditions that demarcate the TEM and MED 
sites, both in terms of Qint and VPD (Figure 1), can be considered 
as the extremes of the Atlantic–Mediterranean gradient along 
which Q. coccifera is distributed (Castro-Díez et al. 1997).

The individual encryption of stomata by epicuticular waxes in 
Q. coccifera leaves grown at the MED site strongly reduced the 

area of the vent of the cuticular cup when compared with the 
TEM site (Table 1 and Figure 2). It should be noted that the 
process of stomatal wax covering at the MED site finished in late 
spring (Figure 3), while VPD values started to reach the maxi-
mum values registered during summer (Figure 1). Interestingly, 
both sites only differed in the degree of encryption, being identi-
cal in the dimensions of stomatal pore area after wax removal 
(Table 1 and Figure 2), as previously showed by Roth-Nebelsick 
et al. (2013) for this species. In this regard, the epicuticular wax 
deposition found at the MED site implied a sharp decrease in gs 
(c. 0.6 times) with respect to the TEM site (Table 2), which 
constitutes an effective mechanism for reducing water losses 
while keeping stomata open.

In spite of this, maximum water losses by transpiration (E) dur-
ing midsummer would be c. 2 times higher here than at the TEM 
site (data not shown), due to the higher VPD found at the MED 
site (Figure 1). This fact reveals that this xeromorphic trait in 
Q. coccifera can only partially mitigate the extreme water vapour 
gradient between the mesophyll and the surrounding atmosphere 
found at the MED site. Consequently, water use efficiency 
(WUE)—expressed as the ratio between AN and E—is expected 
to be c. 2 times higher at the TEM site, but iWUE is instead larger 
at the MED site, as commonly found in plants of dry habitats 
(Field et al. 1983). These facts indicate that water losses per unit 
of carbon uptake for Q. coccifera living at the most arid extreme 
of its climatic gradient (the MED site) cannot be diminished to 
the level of the TEM site, even with such a large reduction in 
stomatal pore size by epicuticular wax deposition. In order to 
achieve WUE values similar to the TEM site, gs at the MED site 
should be ∼0.1 mol H2O m−2 s−1, which would imply a reduction 
in AN of c. threefold, as reported by Peguero-Pina et al. (2009) 
for this species growing under Mediterranean conditions.

Contrary to that suggested by Roth-Nebelsick et al. (2013) 
from modelled data, the absence of such extra resistance in sto-
mata of Q. coccifera leaves grown at the TEM site did not imply an 
increased ability to take up carbon (Table 2). Therefore, the exis-
tence of adjustments in other traits influencing net CO2 assimila-
tion should be considered. One of the key traits that determine 
the maximum photosynthetic rate is gm, which often is the most 
significant limitation on photosynthesis, especially in evergreens 
(Flexas et al. 2012, Galmés et al. 2014, Niinemets and Keenan 
2014). In this way, the analysis of the quantitative limitations of 
photosynthesis revealed that AN in Q. coccifera was mainly limited 
by gm both at the MED (65%) and at the TEM site (76%) (data 
not shown). Moreover, contrary to gs, gm in Q. coccifera did not 
exhibit a plastic response to changes in growth environmental 
conditions (Table 2). Therefore, the lack of a plastic response in 
the most limiting factor to net CO2 assimilation in Q. coccifera—i.e., 
mesophyll conductance—may be one of the causes that explains 
the lack of differences in AN between the sites.

Besides the sharp increase in gs, several anatomical leaf traits 
in Q. coccifera also showed a plastic response to changes in 
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Table 5.  Leaf N content per dry mass and per area and photosynthetic 
nitrogen use efficiency (PNUE) for Q. coccifera leaves from the Mediter-
ranean (MED) and temperate (TEM) sites. Data are mean ± SE. Different 
letters indicate statistically significant differences (P < 0.05) between 
sites.

Parameter MED TEM

N content per dry mass (%) 1.37 ± 0.05 a 1.21 ± 0.04 b
N content per area (mol m−2) 0.18 ± 0.02 a 0.12 ± 0.01 b
PNUE (µmol mol−1 s−1) 55.3 ± 4.0 b 103.3 ± 10.9 a

Table 6.  Photosynthetic pigment and tocopherol contents for Q. coccifera 
leaves expressed per leaf area or per total chlorophyll content from the 
Mediterranean (MED) and temperate (TEM) sites. Data are mean ± SE. 
Different letters indicate statistically significant differences (P < 0.05) 
between sites. Chl, chlorophyll; Neo, neoxanthin; Lut, lutein; β-Car, 
β-carotene; α-Toc, α-tocopherol; VAZ, violaxanthin-cycle total pool; AZ/
VAZ, de-epoxidation state of the violaxanthin-cycle pigments.

Parameter MED TEM

Chl a (µmol m−2) 318.2 ± 20.6 a 393.1 ± 52.0 a
Chl b (µmol m−2) 86.6 ± 6.8 a 113.4 ± 13.8 a
Chl a/b 3.7 ± 0.1 a 3.4 ± 0.1 b
Neo/Chl (mmol mol−1) 37.7 ± 0.6 b 40.2 ± 0.7 a
Lut/Chl (mmol mol−1) 126.8 ± 2.8 a 106.6 ± 2.2 b
VAZ/Chl (mmol mol−1) 88.1 ± 5.3 a 64.5 ± 2.4 b
AZ/VAZ 0.384 ± 0.048 a 0.123 ± 0.008 b
β-Car/Chl (mmol mol−1) 111.2 ± 0.9 a 103.4 ± 1.5 b
α-Toc/Chl (mmol mol−1) 1132.0 ± 71.3 a 525.5 ± 57.2 b

http://treephys.oxfordjournals.org/lookup/suppl/doi:10.1093/treephys/tpv129/-/DC1
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growth environmental conditions, especially mesophyll thickness, 
fias, Sm/S and Sc/S (Table 3 and Figure 4). Recently, several stud-
ies have quantitatively determined the importance of these leaf 
anatomical traits in determining the variability in gm and photo-
synthetic capacity among species (see Tomás et al. 2013 and 
references therein). According to the one-dimensional gas diffu-
sion model used to estimate gm from leaf anatomical characteris-
tics (Niinemets and Reichstein 2003, Tosens et al. 2012), the 
higher gias (due to higher fias and lower mesophyll thickness) 
counteracted the lower gliq (due to lower Sm/S) in Q. coccifera 
leaves grown at the TEM site when compared with the MED site 
(Table 4). Consequently, this trade-off resulted in the same esti-
mated value of gm for both sites (Table 4) which, as stated above, 
may be one of the causal factors explaining the lack of differ-
ences in net CO2 assimilation. On the other hand, no differences 
were found in ultrastructural anatomical traits influencing gm, such 
as cell wall and chloroplast thickness (Table  3). Recently, 
Peguero-Pina et al. (2015) have found changes in these ana-
tomical traits in Abies pinsapo in response to changes in light 
environment that strongly determined changes in gm. However, it 
should be noted that the light gradients found by Peguero-Pina 
et al. (2015) were much higher than the differences in Qint found 
between the MED and TEM sites of Q. coccifera.

The changes in morphological and anatomical leaf traits found 
in the present study agree with those previously found in other 
studies in response to growth irradiance in this (Balaguer et al. 

2001, Valladares et al. 2002a) and other species (Oguchi et al. 
2003, Terashima et al. 2011). These previous studies also found 
changes at biochemical level in response to changes in growth 
irradiance that point in the same direction as those found in the 
present study (Table 5). In this regard, the lower N at the TEM 
site could constitute an additional limiting factor for net CO2 
assimilation. On the other hand, the chlorophyll a/b ratio was 
lower at the TEM site (Table 6), suggesting a larger antenna size 
(Esteban et al. 2015). This conclusion was also supported by the 
higher content of neoxanthin, a carotenoid that is mostly bound 
to the outer trimeric antenna proteins (Morosinotto and Bassi 
2012). These observations are indicative of a larger allocation of 
N to light harvesting proteins in the less stressful TEM site.

The combination of lower gs and higher growth irradiance at 
the MED site can be potentially harmful for the maintenance of 
photosynthetic function. In fact, comparison of pigment compo-
sition between both sites showed that at the MED site the struc-
ture of photosynthetic apparatus had a greater capacity for 
dissipating the excess of light energy than at the TEM site, being 
characterised by a higher content of protective carotenoids 
(β-carotene, lutein and violaxanthin-cycle total pool) (Esteban 
et al. 2015). Furthermore, this plastic photo-protective response 
was maximised for the content of  lipophilic antioxidants 
(α-tocopherol) and AZ/VAZ. The exceptional relevance of these 
lipophilic photo-protective mechanisms has been observed in 
this and other Mediterranean evergreens in response to climatic 
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Figure 4.  Transverse section of the mesophyll of Q. coccifera from the Mediterranean (MED; a) and temperate (TEM; b) sites.
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extremes (García-Plazaola et al. 2003, 2008, Camarero et al. 
2012).

In agreement with pigment data, photosynthesis on a mass 
basis was clearly higher at the TEM site (0.089 μmol CO2 
g−1 s−1) than at MED site (0.054 μmol CO2 g−1 s−1). This is a 
direct consequence of the reduction in LMA found at the TEM 
site (Table 3) and is in line with predictions of leaf economics 
spectrum (Wright et al. 2004). Previously, such a within-species 
shift within the economics spectrum has been developed for 
congeneric Q. ilex across its bioclimatic range (Niinemets 
2015). Moreover, PNUE was also higher at the TEM site 
(Table 5), indicating that leaves developed under the environ-
mental conditions of the TEM site can reach similar values of AN 
with lower nitrogen investment that those leaves grown at the 
most arid extreme of its climatic gradient (MED). In this regard, 
it can be discussed how long the higher nitrogen content on an 
area basis associated with a higher thickness at the MED site 
has a direct counterpart in terms of AN. So-called ‘resource sub-
stitution’ postulates the existence of a trade-off between stoma-
tal conductance and foliar N that has been linked to changes in 
photosynthetic rate (Buckley and Roberts 2006, Taylor and 
Eamus 2008). According to this, similar AN values might be 
reached at the expense of a higher N investment, compensating 
for the lower gs at the MED site, as leaf nitrogen concentration is 
often correlated with leaf photosynthetic rates (see Meziane 
and Shipley 2001 and references therein). On the other hand, 
as stated above, the same values of AN for different gs in both 
sites may be the consequence of a similar gm, which can be 
explained by the higher Sm/S associated with the higher meso-
phyll thickness found at the MED site. Previous studies have 
already related the increase in leaf thickness in Q. coccifera to 
xeric habitats (Balaguer et al. 2001, Valladares et al. 2002a). 
Another factor directly related to leaf construction cost is the 
higher amount of epicuticular wax production associated with 
stomatal covering at the MED site (Villar and Merino 2001), 
which has been associated with a conservative leaf economics 
spectrum strategy (Mason and Donovan 2015).

Conclusions

From an ecological perspective, Q. coccifera has been considered 
the main component of the climax vegetation under climatic con-
ditions that correspond to the MED site, while its presence is 
assumed to be merely marginal in areas under climates similar to 
that defining the TEM site (Castro-Díez et al. 1997). This seems 
to be contradictory to the better physiological performance in 
terms of WUE, PNUE and photosynthesis on a mass basis of 
Q. coccifera found at the TEM site. A lower investment in N and 
dry matter for a given leaf area at the TEM site would constitute 
an advantage in terms of leaf construction costs (Merino et al. 
1982) A possible explanation for this apparent paradox is that 
Q. coccifera can compete successfully in stressful environments 

such as the MED site due to its ability to withstand long and 
intense drought periods (i) without signs of irreversible damage 
in either the apoplast or the symplast (Vilagrosa et al. 2010), (ii) 
through a high resistance to drought-induced cavitation 
(Vilagrosa et al. 2003), and (iii) through the exceptional capacity 
for activation of drought-mediated photo-protective mechanisms 
(García-Plazaola et al. 2008, Peguero-Pina et al. 2009). The 
results found in the present study suggest that Q. coccifera, a 
Mediterranean evergreen oak species, does not always use the 
main resources (water and nutrients) at leaf level as efficiently as 
possible. In this, it would be interesting to consider the existence 
of this adaptation process at the whole-plant level, which is a 
matter that deserves further investigation.

Overall, in the case study reported here, the different patterns 
of resource use (in particular N) together with functional plastic-
ity are not able to overcome the morpho-functional constraints 
that limit photosynthetic activity, even under potentially favour-
able conditions. This limitation in the expression of phenotypic 
plasticity probably represents an example of genetic canalisation 
(Valladares et  al. 2002a), a process frequent in unstable 
and  unpredictable environments such as the Mediterranean 
ecosystems.

Supplementary data

Supplementary data for this article are available at Tree Physiology 
Online.
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