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Abstract

The existence of sclerophyllous plants has been considered an adaptive strategy
against different environmental stresses. As it literally means "hard-leaved”, it is essential
to quantify the leaf mechanical properties to understand sclerophylly. However, the
relative importance of each leaf trait on mechanical properties is not yet well established.
The genus Quercus is an excellent system to shed light on this since it minimizes
phylogenetic variation while having a wide variation in sclerophylly. Thus, leaf
anatomical traits and cell wall composition were measured, analyzing their relationship
with LMA and leaf mechanical properties in a set of 25 oak species. Outer wall
contributed strongly to leaf mechanical strength. Moreover, cellulose plays a critical role
in increasing leaf strength and toughness. The PCA plot based on leaf trait values clearly
separated Quercus species into two groups corresponding to evergreen and deciduous
species. Sclerophyllous Quercus species are tougher and stronger due to their thicker
epidermis outer wall and/or higher cellulose concentration. Furthermore, section Ilex
species share common traits regardless of they occupy quite different climates. In
addition, evergreen species living in Mediterranean-type climates share common leaf

traits irrespective of their different phylogenetic origin.

Key words: Leaf anatomical traits, leaf mechanical resistance, leaf mass per area (LMA),

sclerophylly, oaks (Quercus)


https://doi.org/10.1101/2022.10.21.513225
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.21.513225; this version posted October 21, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

1 Introduction

Sclerophyllous leaves have been considered a universal adaptive strategy in
response to different environmental stresses (Alonso-Forn et al. 2020). Thus, stress
factors such as water deficit (e.g., Schimper, 1903; Oertli et al., 1990), nutrient shortage
(Loveless, 1961; 1962; Beadle, 1966), low temperatures (Koppel & Heinsoo, 1994;
Lamontagne et al., 1998) and physical damage (Chabot & Hicks, 1982; Grubb, 1986)
would have a synergistic effect that may explain the variation in sclerophylly. This trait
is a characteristic recognized by botanists according to a physiognomic criterion. Thus,
botanists have described sclerophyllous leaves as hard, tough, stiff and leathery
(Schimper, 1903; Seddon, 1974; Turner, 1994). Given that the concept of sclerophylly is
a perception, it is difficult to obtain an accurate measure or objective classification of
sclerophylly (Edwards et al., 2000). Moreover, as sclerophylly literally means "hard-
leaved" it is essential to quantify the leaf mechanical properties to understand this trait.

Most ecophysiological studies use the leaf mass per unit area (LMA) as a
quantitative proxy value for sclerophylly (e.g., Niinemets, 2001; Wright et al., 2004).
LMA is a combination of leaf thickness (LT) and leaf density (LD), which in turn depend
on a great variety of anatomical and compositional leaf traits such as vein density, vein
diameter, number of cell layers, cell size, air space fraction or fiber content (Mediavilla
et al., 2008; John et al., 2017; Sancho-Knapik et al., 2021). Sclerophylly has been well
studied in the genus Quercus, and in this regard, Sancho-Knapik et al. (2021) recently
found that LT influences the increase in LMA more than LD. While LMA provides a
good proxy for leaf “hardness”, it is not necessarily a measure of leaf mechanical
resistance (Onoda et al., 2011).

Direct approaches to quantify leaf sclerophylly require the measurement of leaf
mechanical properties (Aranwela et al., 1999; Read & Sanson 2003; Onoda et al., 2011).
These include the fracture-related properties, such as strength and toughness, which refer
to the ability to resist an applied force and applied work, respectively (Cherrett, 1968;
Williams, 1954; Coley, 1983; Choong et al., 1992). A higher structural strength (i.e.,
maximum force to fracture), a higher structural toughness (i.e., work to fracture) and their
thickness-normalized properties namely specific strength and specific toughness have
been previously associated with a higher leaf sclerophylly (Edwards et al., 2000; Wright
& Cannon, 2001; Read & Sanson 2003). Leaf mechanical properties can be analyzed in
relation to their underlying components, which is analogous to the decomposition of
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84 LMA into LD and LT (Lucas et al., 2000; Kitajima & Poorter, 2010; Lusk et al., 2010).
85 In the punch-and-die test, structural mechanical properties such as maximum force or
86  work to fracture per unit fracture length (punch strength and punch toughness) can be
87 decomposed into material properties (specific punch strength and specific punch
88  toughness) and LT (Onoda et al., 2008; Onoda et al., 2011; Westbrook et al., 2011).
89  Material properties can be further analyzed in relation to tissue density or cell wall fiber
90 content (percentage of hemicellulose, cellulose, and lignin per unit leaf dry mass or per
91  unit volume).
92 The relative importance of each element of leaf tissue (e.g., cuticle, epidermis,
93  palisade mesophyll, spongy mesophyll and vascular bundle extension) on the mechanical
94  properties is not well established because their relative volume fraction have different
95 influences on LMA and mechanical properties. Actually, several studies found that some
96 anatomical variables strongly influenced leaf toughness through the reinforcement of
97  certain structures with little effect on the amount of accumulated biomass per unit surface
98 area (Edwards et al., 2000; Westbrook et al., 2011; Onoda et al., 2012; 2015). Onoda et
99 al. (2015) showed that some structural traits such as the cuticle thickness have a
100  significant impact on mechanical strength and toughness. The main objectives of the
101  present study were to determine the leaf anatomical and compositional traits underlying
102  a higher leaf strength and leaf toughness. The objective was achieved by measuring leaf
103 anatomical traits and cell wall fiber composition, analyzing their relationship with both
104  LMA and leaf mechanical properties.
105 The genus Quercus is an excellent system to perform this study, as it not only
106  minimizes phylogenetic variation (compared to studies performed across diverse species),
107  but also displays a wide variation in leaf sclerophylly across species (Gil-Pelegrin et al.,
108  2017). In particular, section llex species has been considered as pre-adapted to dry
109  climates (He et al., 2014). Although their ancestors occupied tropical and subtropical wet
110  forests in the Himalaya-Hengduan mountains, some species exhibit xeromorphic-like
111  traits (Het et al., 2014; Jiang et al., 2019). These traits would have allowed them to cope
112 with hot-dry seasonal conditions that occur in the Mediterranean-type climates (Martin-
113 Sanchez et al. 2022).
114 The present study was performed on a set of 25 oak species (Quercus spp.) with
115  different leaf habit (deciduous and evergreen) grown in acommon garden in Northeastern
116  Spain. We analysed 41 leaf structural, morphological, physicochemical and anatomical
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117  traits on these species (for species names see Fig. 5). Specifically, we address the
118  following hypotheses. (i) While structural mechanical properties are better correlated
119  with leaf anatomical traits, leaf material properties are better correlated with cell-wall
120  composition. (ii) Sclerophyllous leaves are stronger and tougher due to their thicker
121 epidermis outer wall and/or higher cellulose concentration.

122

123 2 Material and Methods

124 2.1 Plant Material

125 For this study, leaves were sampled from a living collection of 25 oak species,
126  maintained in the experimental fields from CITA de Aragdn (41°390N, 0°520W, 200 m
127  as.l., Zaragoza, Spain). This common garden features Mediterranean climatic conditions
128  with a mean annual temperature of 15.4 °C and total annual precipitation of 298 mm. Oak
129  trees were ca. 20 years old; they were drop irrigated twice per week and pruned if it was
130  necessary. Current year, fully developed, mature leaves were collected from south-
131  exposed branches of one individual per species during the early morning. Leaves were
132 stored in sealed plastic bags and carried to the laboratory in portable coolers. One set of
133 10 leaves was used for punch and die tests to measure the mechanical properties, leaf
134  strength and toughness. A second set of nine leaves was aimed to phenolic compounds
135  analysis. A third set of 10 leaves was utilized to obtain LMA. A fourth set of 10 leaves
136 was used for leaf fiber content analysis, and a fifth set of 10 leaves was used to obtain the
137 morphological and anatomical traits.

138

139 2.2 Mechanical properties: punch and die test

140 Punch and die tests consisted of punching a hole through the leaf lamina. As the
141 punch contacts the leaf surface, the tip applies pressure until it overcomes the tensile
142  strength of the leaf, causing a fracture. As a result, a leaf hole is produced and the
143 compressive forces on the punch are released. A flat-ended and sharp-edged cylindrical
144  punch made of steel of 2 mm diameter with a clearance of 0.05 mm was built and mounted
145 onto the moving head of the mechanical tester Mach-1 V500C MAOO1 system
146  (Biomomentum, Inc., Québec, Canada). Similar to Read and Sanson (2003) a die
147  designed to fit the punch was located in the threaded base of the machine. A typical trial
148  allowed the punch to penetrate the die to a depth of 2 mm at a speed of 30 mm min. Data
149  for all punch tests were collected at a rate of 100 Hz and were used to generate force-
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150  displacement curves (Fig. Sla). Before every set of measurements, a blank test was
151  performed as a calibration in order to account for measuring the load forces due to the
152  background friction caused by the proximity of the die walls to the punch tip. Leaf
153  thickness (LT) was also measured with a micrometer (GT-H10L, Keyence, Osaka, Japan)
154  attached to an amplifier unit (GT-75AP, Keyence, Osaka, Japan) just before each punch
155  and die test.

156 To minimize variation in results due to differences between leaves of the same
157  species, the leaf tissue tested was standardized: major veins were avoided and all trials
158  were made halfway between the secondary veins delimiting the upper and lower borders
159  of the intercostal panel. When the size of the species under study was big enough, four
160  tests were conducted in each of the five leaves selected. Otherwise, two tests were
161  performed and ten leaves selected (Fig. S1b). All the mechanical tests were taken at room
162  temperature with leaves full hydrated.

163 The analysis of the curves allowed to obtain the following parameters: maximum
164  force (Fmax) defined as the highest load value, punch strength (PS) calculated as Fmax
165  divided by the circumference of the punch, and the leaf toughness or work of fracture
166  (WF), calculated as the area below the curve between the initial contact of the punch with
167  the leaf and Fmax (Fig. S1a). The starting point of the curve was counted from 10% of
168  Fmax, to avoid the effect of the leaf three-dimensional structure. Afterwards, the specific
169  punch strength (SPS) and the specific work of fracture (SWF) were expressed per unit
170  area of fracture (see all abbreviations and units in Table 1).

171

172 2.3 Leaf mass per area, compositional content, lignification and arid intensity

173 To calculate LMA, one disc (12.6 mm? in area) per leaf was obtained between the
174  secondary veins of 10 leaves per species. Discs were oven-dried for 3 days at 70 °C and
175  afterwards, they were weighed to obtain their dry mass. LMA was then calculated as the
176  ratio between the dry mass and the disc area. Additionally, leaf density (LD) was
177  calculated as the ratio between LMA and LT (Niinemets, 1999; Sancho-Knapik et al.,
178  2021).

179 For fiber content calculation, 10 fresh leaves were oven-dried for 3 days at 70 °C.
180  Then, the petiole and mid-rib were removed. The rest of the plant material was ground
181  and values of hemicellulose content (HC), cellulose content (CC) and lignin + cutin
182  content (LCC) were obtained by quantifying neutral detergent fiber (NDF) and acid
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183  detergent lignin (ADL) following the method of Goering and Van Soest (1970). The
184  amount of total foliar nitrogen and carbon (Ntotal and Ctotal, respectively) in dry leaves
185  was measured using an organic element analyzer (Flash EA 112, Thermo Fisher Scientific
186  Inc., Waltham, MA, USA). The cellular composition was obtained after the neutral
187  detergent fiber (NDF) procedure according to the method of Goering and Van Soest
188  (1970). The nitrogen content of the cell wall fraction was further estimated using the
189  elemental analyzer described above.

190 To detect the presence of lignified anatomical structures, 15-20 um cross-sections
191  were cut with a microtome (HM 350 S, MICROM GmbH, Walldorf, Germany). Then,
192  cross-sections were stained with a drop of phloroglucinol-HCI solution or Wiesner stain,
193  prepared as a mixture 2:1 of 3 % phloroglucinol in absolute ethanol and concentrated HCI
194  (Pradhan & Loqué, 2014). Sections were observed under a light microscope (OPTIKA
195  B-600TiFL, Optika Microscopes, Ponteranica, Italy) where lignified tissues appeared as
196  fuchsia in color. A few drops of Safranin and AstraBlue 0.1% double stain were added to
197  confirm tissue lignification with a second method. After 30 seconds, the samples were
198  rinsed with distilled water and observed under light and epifluorescence microscopy
199  (OPTIKA B-600TiFL, Optika Microscopes, Ponteranica, Italy) using green filter.

200 We selected a climatic variable to characterise aridity stress intensity: the arid
201 intensity, defined as the sum of (2tm — pm) for months with 2tm > pm and tm > 10°C. Being
202 tm, the mean monthly temperature and pm, the mean monthly precipitation. Data was
203  obtained from Sancho-Knapik et al. (2019).

204

205 2.4 Anatomical traits

206 Vein morphological parameters were determined in a set of five mature leaves per
207  species following the method described in Scoffoni et al. (2011) with some modifications.
208  Leaf sections obtained between secondary veins were chemically cleared with 5% NaOH
209 in an aqueous solution, washed with a bleach solution, dehydrated in an ethanol dilution
210  series (70, 90, 95 and 100 %) and stained with safranin. Afterwards, one image (40x) per
211 sample was taken using a camera (Canon EOS M100) coupled to a microscopy (OPTIKA
212 B-600TiFL, Optika Microscopes, Ponteranica, Italy) and venation-related traits were
213  measured in three fields per leaf using the ImageJ software. Bundle sheath extension
214  density (BSE_d) was calculated as the ratio between the sum of all bundle sheath
215  extension lengths and sampled area. The cover percentage of the leaf surface occupied by
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216  bundle sheath extension (BSE_cp) and the mean width of the bundle sheath extension
217  (BSE_w; Fig. 1c) were obtained using the Image J software.

218 Finally, anatomical sections of five leaves per species were obtained by gradual
219  dehydration with ethanol, propylene oxide as a transition agent and inclusion in Araldite.
220  One mesophyll image (200x) per leaf section was taken using a camera (Canon EOS
221 M100) coupled to a microscope (OPTIKA B-600TiFL, Optika Microscopes, Ponteranica,
222 ltaly) and the following parameters were measured in five fields of each image: palisade
223 and spongy mesophyll thickness (PMT and SMT, respectively; Fig. 1a), number of cell
224  layers in the palisade mesophyll (PM_nl), palisade mesophyll cell width and length
225  (PM_cw and PM_cl, respectively), spongy mesophyll porosity (SM_p), upper and lower
226  epidermis thickness (UET and LET, respectively; Fig. 1a), upper and lower epidermis
227  outer wall (UE_ow and LE_ow, respectively; Fig. 1b), upper and lower epidermis lumen
228  width and length (UE_luw, UE_lul, LE_luw and LE_lul, respectively; Fig. 1b), upper and
229  lower epidermis lateral wall (UE_latw and LE_latw, respectively; Fig. 1b) and cell lumen
230 size (UE_lu and LE_lu, respectively). See all parameters, abbreviations and units in
231 Table 1.

232

233 2.5 Structural equation models (SEM)

234 The correlation analyses identified the independent variables most correlated to
235  punch strength and specific punch strength (Fig. S2). With this information in mind, we
236  proposed two mechanistic models including the most representative variables to estimate
237  the network of correlations between traits related to leaf mechanical properties, which
238  were assessed with structural equation models (SEM). In the first model, the leaf
239  structural properties (i.e., leaf thickness, palisade mesophyll thickness, spongy mesophyll
240  thickness, upper - lower epidermis thickness and upper - lower epidermis outer wall
241  thickness) were related to punch strength (Fig. 3a). In the second model, the leaf material
242  properties (leaf density, cellulose content, hemicellulose content, and lignin and cutin
243 content) were related to the specific punch strength (Fig. 3b).

244

245 2.6 Leaf construction cost

246 Leaf samples from the seven studied species were oven dried at 70 °C for 3 d until
247  constant mass, ground and homogenized. Total leaf N concentration was determined with
248 an Organic Elemental Analyzer (Flash EA 112, Thermo Fisher Scientific Inc., MA,
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249  USA). Ash concentration was determined gravimetrically after combustion of duplicated
250  samples for at least 4 h at 500 °C. Heat of combustion was determined in triplicate samples
251 of 18-24 mg with an adiabatic bomb calorimeter (Phillipson Gentry Instruments, Inc.,
252  USA) with correction for ignition wire melting (Villar & Merino, 2001), following the
253 procedure of Phillipson (1964). Leaf construction cost (CC) (g glucose g*) was calculated
254  according to Williams et al. (1987) as:

(0.06968 H, —0.065) (L—[A])+ N
CC = 14.0067
255 Eg (10)
256 where Hc is the ash-free heat of combustion (kJ g1), [A] is the ash concentration

257 (g ash g dry mass), N is the tissue nitrogen concentration (g g dry mass), Eg is the
258  growth efficiency (0.89 for woody leaves; Williams et al., 1987) and k is the oxidation
259 state of the nitrogen source (+5 for nitrate or —3 for ammonium). In well-aerated
260  Mediterranean soils, nitrate is the main source of nitrogen and thus, k = +5. However,
261  given that nitrate reduction in leaves can occur at the expense of reductive equivalents
262  generated at light with no apparent cost, we note that the nitrogen contribution to the
263  construction cost also depends on the share of nitrate reduction above- and belowground
264  (Niinemets, 1997; Niinemets, 1999).

265

266 2.7 Statistical analysis

267 Data passed Shapiro-Wilk and Bartlett tests for normality and equality of
268  variances, respectively. Interspecific differences in leaf traits were evaluated by one-way
269  ANOVA. All analyses were performed in R (R Core Team, 2021). To summarize the
270  multivariate relationships among anatomical traits and Quercus species, a principal
271 components analysis (PCA) with two components was carried out. This PCA was
272 conducted using the FactoMineR: PCA package (Josse & Husson, 2008). To find
273  correlations between all studied parameters, a Pearson’s correlation matrix was
274  performed using ‘corrplot’ package (Wei & Simko, 2021). SEM were implemented using
275  ‘lavaan’ package (Rosseel, 2012). Standardized major axis (SMA) regressions (Warton
276 et al. 2006) were fitted to summarise the “scaling” relationship between two variables.
277  To ensure our results did not artificially arise from lack of phylogenetic independence,
278  we additionally performed phylogenetic generalized least squares analysis assuming that
279 traitevolution mimics Brownian motion and using the phylogeny from Hipp et al. (2020).
280
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281 3 Results

282 3.1 Leaf mass per area and leaf traits behind mechanical properties

283  Leaf mass per area (LMA), which is a combination of leaf thickness (LT) and leaf density
284  (LD), ranged from 64.2 to 223.9 g m™. LT ranged from 169 to 487 um and showed a
285  good correlation (r = 0.84, p < 0.001) with LMA. However, LD showed less variation
286  from 273 to 579 mg cm™ and had a moderate correlation (r = 0.52, p = 0.008) with LMA.
287  Oak species in this study showed a wide range in the values of the leaf mechanical
288  properties measured. Punch strength (PS) and specific punch strength (SPS) ranged from
289  0.59t04.47 kN m*and from 2.63to 11.11 MN m, respectively (Fig. 2), work of fracture
290  (WF) from 0.07 to 1.31 J m, specific work of fracture (SWF) from 0.33 to 3.26 kJ m™.
291  The species that showed the highest values of these mechanical parameters were Quercus
292  chrysolepis, Q. phillyreoides, Q. coccifera and Q. ilex subsp. rotundifolia. In contrast, the
293  species with the overall lowest values were Q. lobata, Q. robur and Q. cerris. In general,
294  measured mechanical properties showed a good correlation (r > 0.7, p < 0.001) with LMA
295  (Fig. 2) even when phylogeny was considered (r > 0.73, p < 0.01; Fig. S4). PS showed a
296  strong positive correlation (r = 0.75, p < 0.001) with LT, but a weak correlation (r = 0.4,
297  p = 0.045) with LD. Moreover, PS can be mathematically expressed as the product of
298  SPS, and LT with LT having a relative contribution of 0.51 to PS. SPS was better
299  correlated (r = 0.62, p < 0.001) with LD than with LT (r = 0.38, P > 0.05; Fig. 2).
300 Furthermore, leaves showed higher PS and WF at a given LMA as the scaling coefficients
301  of the standardized major axis slopes were significantly steeper than 1 (1.47 for PS and
302  2.06 for WF; see Fig. S3). As has been seen in LMA and leaf mechanical resistance
303 measurements, a wide range of variation was found in the compositional and anatomical
304 variables (see table S1 and TRY dataset).

305 Both material and mechanical properties were positively correlated with cellulose
306  concentration (CC; r>0.72,p <0.001), palisade and spongy mesophyll thicknesses (PMT
307 and SMT, respectively; r = 0.50 and 0.86, repectively p < 0.05) including the components
308 palisade mesophyll cell width and number of layers (PM_ct and PM_nl, respectively; r =
309 0.43100.79, p < 0.05), upper epidermis and lower epidermis outer wall and lateral wall
310 (UE_ow, UE_latw and LE_ow, LE_latw; r = 0.59 to 0.86, p < 0.01) and bundle sheet
311  extension density, width and cover percentage (BSE_d, BSE w and BSE_cp,
312 respectively; r = 0.42 to 0.79, p < 0.05; Fig. S2). Upper epidermis lumen cell (UE_lul)
313  were negatively correlated with mechanical properties (r < -0.61). The rest of the

10
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314  anatomical and compositional traits showed less significant correlation coefficients (r <
315  0.5) or did not show significant correlations with the mechanical properties (Fig. S2). The
316  presence of lignified anatomical structures was detected in all species, specifically in the
317 bundle sheath. However, clearly lignified epidermis only appeared in the most
318  sclerophyllous species (eg. Q. chrysolepis, Q. phyllireoides and Q. coccifera).

319 Leaf carbon concentration and nitrogen concentration in cell wall (Ncw_Ctotal
320 and Ncw_Ntotal) were not related to leaf mechanical traits. However, leaf carbon
321 concentration and C/N ratio did have a moderate correlation with PS (C.LD and C_N; r
322 =0.40,p=0.049 and r = 0.41, p = 0.044, respectively).

323

324 3.3 Structural equation models (SEM)

325 In the designed paths for SEMs, leaf traits were divided, on the one hand, into
326  anatomical traits (thickness of the different tissue layers) related to LT and SPS (Fig. 3a),
327 and, on the other hand, into compositional traits (cell wall components) related to LD and
328 SPS/LD (Fig. 3b). In the anatomical traits model, both LT and SPS showed a high
329  contribution to PS (r = 0.49 and r = 0.7, respectively). Regarding anatomical traits, LT
330 was highly explained by PMT (r = 0.46) while SMT and ET showed a non-significant
331  association with LT (Fig. 3a). On the other hand, SPS was strongly associated with the
332 upper epidermis outer wall thickness (UE_ow) (r = 0.78) while it did not influence LT.
333  Furthermore, the sum of upper and lower epidermis thickness (ET) had a moderate
334 influence on SPS (r = 0.33). UE_ow and ET together explained much of the variation in
335  SPS (R?=0.54).

336 In the compositional traits model, SPS was strongly associated with both LD (r =
337 0.55) and SPS/LD (r = 0.77). As expected, LD was explained by a combination of
338  compositional traits, especially hemicellulose content per unit volume (HCD, r = 0.62)
339  and cellulose content per unit volume (CD, r = 0.36). SPS/LD was explained by a strong
340  (r =0.78) direct influence of CD (Fig. 3b).

341

342 3.4 Principal component analysis and phylogeny

343 A principal component analysis (PCA) based on a selection of the strongest
344  correlations between variables in the correlation matrix (Fig. S2) and considering the
345  SEM, was performed. This PCA showed that the first main component (explaining the
346 62.4% variability) grouped PS, LMA, CD, PMT, SMT, UE_ow and BSE_w, whereas the
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347  second main component (explaining the 15.7% variability), grouped LD and HCD (Fig.
348 4). The scores of the studied Quercus species in the PCA biplot indicated that the
349  mechanical, compositional and anatomical traits analyzed clear differentiated deciduous
350 and evergreen species although could not differentiate the species according to the climate
351 (Fig. 4).

352 Regarding the phylogeny, all the species of the Quercus section, except Q.
353  mohriana, which is evergreen, tend to have low LMA, PS, cellulose content, thin
354  mesophylls and UE_ow (Fig. 5a). In contrast, all species of the llex sect. had a strong
355  coordination with those traits related to sclerophylly as high LMA, PS, cellulose content,
356 thick mesophyll and UE_ow, although they inhabit very different climates. Q. chrysolepis
357  (sect. Protobalanus), presented sclerophyllous traits. Among the studied sect. Lobatae
358  species, those evergreens (Q. agrifolia and Q. wislizeni) had a strong coordination with
359  sclerophyllous traits, while Q. shumardi had less relation to sclerophyllous traits and a
360 strong coordination with LD and hemicellulose content. In the case of Q. myrsinifolia
361  (sect. Cyclobalanopsis), it had moderate coordination with both main components. In the
362 case of the sect. Cerris, the only species with sclerophyllous traits was Q. suber.
363  Regarding climate, no significant relationship was found between arid intensity and the
364  main components of PCA (Fig. 5b; Fig. S5).

365

366  Differences in construction cost and underlying traits among the evergreen oaks
367  Leaf construction cost of the seven species ranged from 1.43 + 0.05 g glucose g (Q. ilex
368  subsp. rotundifolia) to 1.61 + 0.06 g glucose g (Q. agrifolia and Q. coccifera), while the
369  mean leaf construction cost for the seven strudied species was 1.53 + 0.07 g glucose g
370 (Table S2). All the studied species showed construction cost values in the range published
371  for sclerophyllous evergreen leaves (Villar & Merino, 2001). The ash fraction does not
372 contribute to the construction cost, while the nitrogen concentration increases the
373 construction cost due to extra costs required for nitrogen assimilation. However, the
374  energy content (Hc) was the main determinant of the leaf construction cost; therefore, the
375  highest Hc values corresponded to the highest construction cost values (Table S2). Thus,
376 Q. suber, with the highest leaf N concentration, but also with the highest ash content, and
377  low energy content had the lowest leaf construction cost (Table S2).

378

379 4 Discussion
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380 In this study, we analysed 41 leaf mechanical, morphological, physicochemical
381 and anatomical traits of 25 Quercus species grown in a common garden in Northeastern
382 Spain to determine the leaf traits underlying sclerophylly. Although most
383  ecophysiological studies have used leaf mass per unit area (LMA) as a proxy value for
384  sclerophylly, sclerophylly actually means "hard-leaved,” implying that mechanical
385  properties of leaves are important in understanding this attribute (Alonso-Forn et al.,
386 2020). As previously observed (Wright et al., 2004; Onoda et al., 2011), our results
387 showed that, mechanical properties were strongly correlated with LMA in studied
388  Quercus species.

389 The inability of LMA to account adequately for the wide variation in punch
390 strength in our dataset reveals that there are variations in the mechanical properties that
391  do not contribute to an increase in the accumulated mass per surface area. In this sense,
392  we found a variation range in punch strength (PS) measures of 7.5-fold and in work to
393  fracture (WF) of 18-fold, while LMA only varied 3.5-fold. Moreover, leaves showed
394  higher PS and WF at a given LMA as the scaling coefficients of the standardized major
395 axis slopes were significantly steeper than 1 (1.47 for PS and 2.08 for WF; see Fig. S3).
396  Although the increase in LMA in Quercus has previously been attributed mainly to an
397 increase in leaf thickness (LT) (Sancho-Knapik et al., 2021), we found that when
398 accounting for the effect of LT, the specific work to fracture (SWF) still increased with
399 LMA (Fig. 2; S3). These results suggest that LMA could have more implications besides
400 leaf strength. Although high LMA species can have lower photosynthetic rate per unit
401 leaf area (Wright et al. 2004), Sancho-Knapik et al. (2021) suggested that accumulation
402  of photosynthetic tissues enable plants to generate higher assimilation rates when facing
403  certain environmental limitations. Moreover, some sclerophyllous evergreen oaks,
404  despite their larger LMA, were able to achieve area-based net CO; assimilation values
405  equivalent to congeneric deciduous species due to an increased chloroplast surface area
406  exposed to intercellular air space (Peguero-Pina et al., 2017; Onoda et al., 2017).

407 According to our models, the upper epidermis outer wall had a strong and direct
408  contribution to the leaf mechanical strength (measured as specific punch strength, SPS)
409  (Fig. 3a) which is consistent with previous studies (Onoda et al., 2012; Westbrook et al.,
410 2011; He et al., 2019). Thus, an increase in the thickness of this layer appears to lead to
411  atougher epidermis without great changes in the accumulated mass per unit leaf surface
412  area. Onoda et al. (2012) showed that leaves with relatively thicker cuticles had higher
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413  leaf mechanical resistance because the cuticle is made of very stiff material. Although a
414  thicker cuticle may imply a higher investment (Poorter & Villar, 1997), it does not result
415 in substantial changes in leaf thickness, total accumulated mass per surface nor
416  construction cost (Villar & Merino, 2001; Table S2). In this sense, although Q.
417  chrysolepis a notably higher (>60%) LMA than Q. agrifolia, their construction costs are
418  very similar (Table S2). In addition, its extra cost can be offset by its greater mechanical
419  resistance to biotic and abiotic stresses which might confer longer leaf lifespans among
420  evergreen species (Krauss et al., 1997; Riederer & Schreiber, 2001; Wright et al., 2004;
421  Carver & Gurr, 2006; Onoda et al., 2012).

422 The cellulose concentration per unit volume had a strong direct contribution to
423  SPS/LD (Fig. 3b) which indicates that cellulose plays a critical role in increasing leaf
424  strength and toughness, a result also found in tropical plants (Kitajima & Poorter, 2010).
425 In the correlation analysis (Fig. S2), cellulose concentration was tightly correlated with
426  the bundle sheath extension width and cover percentage, and the outer wall thickness,
427  suggesting that these anatomical components, which are rich in cellulose, play key roles
428  in mechanical resistance.

429 The PCA plots based on foliar trait values indicated a clear separation of two
430  groups along the first component axis corresponding to evergreen and deciduous species
431  (Fig. 4). Foliar mechanical properties, including punch strength, LMA, cellulose content,
432 mesophylls thickness upper epidermis outer wall thickness, Bundle Sheath Extension
433 width and cover percentage separated these contrasting leaf habits. Deciduous oaks from
434 Quercus, Cerris and Lobatae sections, showed common leaf attributes regardless of their
435  phylogenetic lineage. This group of species is characterized by softer and thinner leaves,
436 narrower bundle sheath extension, less coverage of bundle sheath extension, lower
437  cellulose content, as well as thinner cuticles and outer walls that are not lignified. Thus,
438 Q. robur (section Quercus) from central Europe and Q. shumardii (section Lobatae) from
439  eastern North America share these leaf traits (Fig. 5). Moreover, these leaf features do not
440  seem to depend on the average climate of the native habitat. Temperate species (e.g., Q.
441  robur) share characters with species that inhabit Mediterranean climates (e.g., Q. faginea
442  and Q. cerris; Gil-Pelegrin et al., 2017).

443 Evergreen oaks also share common features irrespective of their phylogenetic
444  lineage. These species share harder and thicker leaves, wider bundle sheath extensions, a
445  higher coverage of wider bundle sheath extensions, higher cellulose content and an
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446  epidermis with thick cuticles and cell walls that are often lignified. Regarding this second
447  group, some interesting insights emerge. Species of sect. llex show similar foliar features,
448  regardless of their climate of origin. They occupy quite contrasting climates that range in
449  arid intensity from 0 (e.g., Q. phyllireoides) to 261 (e.g., Q. calliprinus) (Fig. 5b) and
450  there is still a great variation when we consider the phylogeny (Fig. S5). These shared
451  features may be explained by their common phylogenetic origin in the palaeotropical flora
452  in East Asia (Jiang et al., 2019) (Fig. 5a). Species from this section are currently found
453  in diverse climates, from humid temperate or subtropical climates (e.g., Q, phillyreoides
454  and Q. semecarpifolia; cf. Jiang et al., 2019), to semi-arid Mediterranean areas (e.g., Q.
455  coccifera; cf. Vilagrosa et al. 2003; Gil-Plegrin et al., 2017). According to fossil record,
456  xeromorphic-like traits were already present in the ancestor of the sect. llex, Q.
457  yangyiensis that lived in warm aseasonal tropical conditions (Zhou et al., 2007; He et al.,
458  2014). Under conditions favorable year-round growth, maintaining an evergreen leaf
459  habit would have been favored over a deciduous leaf habit (Kikuzawa 1991, 1995).
460  Evergreen species with longer leaf lifespan necessitated more durable leaves with traits
461  that allow them to resist tearing and wear due to abiotic (Nikklas, 1999) and biotic
462  (Wrigth & Vincent, 1996; Peeters et al., 2007) interactions with the environment (Turner,
463  1994). The increase in the level of sclerophyll through the accumulation of structural
464  carbohydrates could improve leaf persistence. In this way, the improved leaf protection
465  would help to resist for a longer time (Turner, 1994; Takashima et al., 2004). Moreover,
466  habitats with several ecological limitations (e.g., drought, nutrient scarcity, low
467  temperatures during the vegetative period or mechanical damage) are the ones where
468  sclerophylly is more prevalent, as exemplified by the case of Mediterranean evergreens
469  (Alonso-Forn et al., 2020 and references therein).

470 Although the leaf features of evergreen sclerophylls are extremely functional in
471  Mediterranean-type climate conditions, Ackerly (2004) proposed that these qualities
472  originated in ancestral non-Mediterranean-type habitats in many lineages. Thus,
473  previously mentioned sclerophyllous features can be inferred to have contributed to the
474  later success of section llex with the expansion of the relatively recent Mediterranean-
475  type climates (Ackerly, 2004; Deng et al., 2017). Sect. llex species may thus have evolved
476  foliar traits under ancestral climates that pre-adapted them to Mediterranean-type climates
477  (Verdu et al., 2003). All American oak clades share a common high latitude temperate
478  ancestor (Hipp et al., 2018). Thus, some oaks studied here that occupy habitats in
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479  Mediterranean climates in the Nearctic (e.g., Q. agrifolia or Q. wislizeni, section
480 Lobatae), have been suggested to have evolved from temperate ancestors (Hipp et al.,
481  2018). Nevertheless, species of section Protobalanus are evergreen and are restricted to
482  mild climates. It appears likely that both conservatism in foliar traits linked to shared
483  ancestry and evolutionary legacies of adaptation to ancient climates as well as
484  evolutionary convergence in foliar traits from different sections contributes to the
485  observed patterns of sclerophyllous traits among lineages and leaf habits. To conclude,
486  there is an evolutionary progression towards sclerophyllous leaf traits in sect.
487  Protobalanus and sect. Lobatae that inhabit dry climates, while sect. Ilex may have
488  evolved to a lesser degree because its tropical ancestors had foliar traits that were pre-
489  adaptated to some extent.

490

491
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722 Tables

723  Table 1. List of mechanical and chemical properties, leaf morphological, and leaf
724  anatomical traits with their abbreviations and units.

725

726  Figures

727  Fig. 1 Leaf mesophyll cross section of Quercus myrsinifolia (a), detail of the upper
728  epidermis of Q. chrysolepis (b), and detail of leaf venation of Q. shumardii (c), showing
729  diverse anatomical leaf traits measured in this study. Trait notation as in Table 1.

730  Fig. 2 Main relationships between physical parameters (punch strength and specific
731 punch strength) and leaf mass per area, leaf thickness, and leaf density, for deciduous
732 (DEC; blue) and evergreen (EVE; pink) Quercus species. Each point belongs to a
733 Quercus species and represents its mean value. Black continuous line is the correlation
734  considering all species when correlation was significative (p < 0.05).

735  Fig. 3 Structural equation models (SEM) for the contribution of (a) anatomical and (b)
736  compositional variables to leaf strength. punch strength (PS) and b) specific punch
737  strength (SPS). The figure shows the full model, with significant correlations (p < 0.05)
738  highlighted by solid arrows. PS, punch strength; SPS, specific punch strength; LT, leaf
739  thickness; LD, leaf density; PMT and SMT, palisade and spongy mesophyll thickness,
740  respectively; ET, summatory of upper and lower epidermis thickness; UE_ow, upper
741  epidermis outer wall; CD, cellulose content per unit volume; HCD, hemicellulose content
742 per unit volume; LCD, lignin and cutin content per unit volume. Numbers denote
743  standardized path coefficients.

744  Fig. 4 Principal component analysis (PCA) of leaf variables (black lines) in 25 Quercus
745  species (dots). Each symbol corresponds to a genus Quercus section. Variables: PS,
746 punch strength; SPS, specific punch strength; LMA, leaf dry mass per unit area; LT, leaf
747  thickness; LD, leaf density; CD, cellulose content per unit volume; HCD, hemicellulose
748  content per unit volume; LCD, lignin and cutin content per unit volume; PMT, palisade
749  mesophyll thickness; SMT, spongy mesophyll thickness; UET, upper epidermis
750  thickness; LET, lower epidermis thickness; UE_ow, upper epidermis outer wall; LE_ow,
751 lower epidermis outer wall; BSE_cp, bundle sheath extension cover percentage; BSE_w,
752  bundle sheath extension width; N, Nitrogen content; UE_Iu, upper epidermis cell lumen
753  size; LE_lu, lower epidermis cell lumen size. Images of the epidermis of (1) Q. shumardii
754  and (2) Q. phillyreoides. Scale bar, 20 um.
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755  Fig. 5 a) Quercus phylogenetic tree based on Hipp et al. (2020). Colors in the tree
756  represent Quercus sections; in orange, section Cyclobalanopsis; dark green, section
757  Cerris; light green, section llex; red, section Lobatae; fuchsia, section Protobalanus; blue,
758  section Quercus. PC1 and PC2. b) Relationship between PC1 and PC2 and Arid intensity
759  (Al). The colors of the circles refer to the phylogenetic tree sections. It should be noted
760  that the lower the Al value, the higher the degree of aridity.

761
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Abbr. Parameter Units Abbr. Parameter Units

BSE_cp Bundle sheath extension cover % LT Leaf thickness pm
percentage

BSE_d Bunc_ile sheath  extension mm mm2 N.LD Nitrogen per unit volume mg cm?

BSE_w ginrfclitl)é sheath extension width  pm Ncw_Ntotal  Nitrogen in cell wall:Nitrogen

C.LD Carbon per unit volume mg cm Ntotal Nitrogen content g 1001 g1

CcC Cellulose content mg g PM_cl Palisade mesophyll cell length pm

Ccw_Ctotal Carbon in cell wall:Carbon PM_cw Palisade mesophyll cell width pm

CD Cellulose per unit volume mg cm3 PM_nl Palisade mesophyll number of

Ctotal Carbon content g 1001 g? PMT Ea)lllfsf;de mesophyll thickness um

Ctotal_Ntotal Ratio carbon:nitrogen PS Punch strength kN m*t

HC Hemicellulose content mg g* SM_p Spongy mesophyll porosity %

HCD Hemicellulose per unit volume mg cm3 SMT Spongy mesophyll thickness pm

LCC Lignin and cutin content mg g! SPS Specific Punch Strength MN m-2

LCD Lignin and cutin per unit mgcm?3 SWF Specific Work to Fracture kJ m
volume

LD Leaf density mg cm3 UE_latw Upper epidermis lateral wall pm

LE_latw Lower epidermis lateral wall pm UE_lu Upper epidermis lumen cell pm?

LE_lu Lower epidermis lumen cell um? UE_lul Upper epidermis lumen length pm

LE_lul Lower epidermis lumen length  pm UE_luw Upper epidermis lumen width pm

LE_luw Lower epidermis lumen width ~ pm UE_ow Upper epidermis outer wall pm

LE_ow Lower epidermis outer wall pm UET Upper epidermis thickness pm

LET Lower epidermis thickness pm WF Work of fracture Jm

LMA Leaf mass per unit area g m?
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785  Supporting information
786  Table S1. Mean value, maximum (Max.) and minimum (Min.) values, standard deviation

787  (SD) and coefficient of variation (CV) of leaf traits for Quercus species.

Abbr. Variable Units Mean Min. Max. SD CV
PS Punch strength kKNm' 181 059 447 101 0.56
SPS Specific Punch Strength MNm? 579 263 11.1 198 0.34
WF Work of fracture Jm? 042 007 131 035 081
SWF Specific Work to Fracture kim=2 126 033 326 0.76 0.60
LMA Leaf mass per unit area gm? 134 640 224 485 0.36
LT Leaf thickness pum 300 169 487 924 031
LD Leaf density mgcm?® 448 273 579 86.0 0.19
HC Hemicellulose content mg g* 192 134 262 281 0.15
CcC Cellulose content mg g* 160 96.0 246 413 0.26
LCC Lignin and cutin content mg g* 746 320 110 184 0.25
HCD Hemicellulose per unit volume mgecm® 865 39.1 139 235 0.27
CD Cellulose per unit volume mgcm® 724 310 132 26.0 0.36
Lignin and cutin per unit
LCD volume mgcm® 329 162 534 893 0.27
Ntotal  Nitrogen content g100tg* 137 095 178 0.26 0.19
Ctotal  Carbon content gl100tg! 477 412 507 230 0.05
N.LD Nitrogen per unit volume mgcm?® 611 286 837 146 0.24
C.LD Carbon per unit volume mgcm® 213 126 280 415 0.19
Ncw_Ntotal Nitrogen in cell wall:Nitrogen 041 023 074 013 0.32
Ccw_Ctotal Carbon in cell wall:Carbon 048 031 066 0.08 0.17
CN Ratio carbon:nitrogen 36.0 260 523 7.38 0.20
PMT Palisade mesophyll thickness pum 79.7 425 148 293 0.37
PM_nl  Palisade mesophyll layers 1.52 1 3 0.59 0.39
PM_cl Palisade mesophyll cell length pm 543 326 802 124 0.23
PM_ct  Palisade mesophyll cell width pm 874 699 121 156 0.18
SMT Spongy mesophyll thickness ptm 96.9 493 163 36.2 0.37
SM_p Spongy mesophyll porosity % 36,5 215 475 6.37 0.17
UET Upper epidermis thickness pm 182 141 244 278 0.15
UE_ow  Upper epidermis outer wall ptm 549 280 9.66 2.07 0.38
UE_luw  Upper epidermis lumen width pm 116 6.60 181 3.34 0.29
UE_lul  Upper epidermis lumen length ptm 18.16 106 246 441 0.24
UE_latw  Upper epidermis lateral wall pm 312 130 642 116 0.37
UE_lu Upper epidermis lumen cell um? 200 704 312 772 0.39
LET Lower epidermis thickness ptm 118 830 16.7 202 0.17
LE ow  Lower epidermis outer wall ptm 356 110 6.20 150 042
LE luw  Lower epidermis lumen width ptm 712 453 946 1.08 0.15
LE_lul  Lower epidermis lumen length pm 109 7.00 141 210 0.9
LE_latw  Lower epidermis lateral wall pm 131 071 214 043 0.33
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Abbr. Variable Units Mean Min. Max. SD CV
Bundle sheath extension
BSE_d  density mmmm? 740 496 960 1.38 0.19
Bundle sheath extension cover
BSE _cp  percentage % 343 887 59.0 151 044
BSE_w  Bundle sheath extension width pm 261 123 359 7.02 034
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Table S2. Heat of combustion, ash, nitrogen concentration (N) and construction cost (CC)

of leaves for the seven studied Quercus species. Data are mean + SE. Different letters

indicate significant differences among species (Tukey’s test, P < 0.05).

Heat of
Species combustion Ash N ce

(kIgh (9g? (9g™ (g glucose g)
Q. chrysolepis ~ 22.2 +0.3 0.0736 + 0.0004°  0.012 + 0.0012 1.58 + 0.02b°
Q. agrifolia 21.9+0.3%® 0.0465 + 0.0004°  0.014+ 0.002? 1.61 + 0.02°¢
Q. wislizeni 19.8 +0.62 0.0392 + 0.0005° 0.014 + 0.003? 1.46 + 0.04?
Q. coccifera 22.0+0.9% 0.0487 £ 0.0002° 0.014 + 0.0022 1.61 + 0.06°°
ﬁ)-éx"ex Subsp. 5040 g 0.0558 + 0.0006™ 0.011 +0.003%  1.50 + 0.16%¢
S)tb'sgligﬁzp 20.0 + 0.7 0.0257 +0.0004* 0.011+0.001°  1.49 +0.06%
Q. suber 20.3+0.72 0.0856 + 0.0004° 0.017 + 0.002? 1.43 +0.05?
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799  (a) Example of force-displacement curves of Quercus robur obtained from punch and die
800  test showing maximum force (Fmax) and work to fracture (WF) calculated as the area
801 below the curve between the initial contact of the punch with the leaf and Fmax. (b)
802  Examples of the points were punch and die tests were conducted in leaves of Q. coccifera
803  (left) and Q. robur (right), avoiding major veins and delimiting upper and lower borders
804  of the intercostal panel.
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809
810 Correlation coefficients in matrix form between leaf mechanical properties and
811 anatomical traits. The matrix includes the correlations graduated according to the legend.
812
813
814
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816
817  The bivariate trait relationships between leaf structural properties and leaf mass per area
818 (LMA) for deciduous (DEC; blue) and evergreen (EVE; pink) Quercus species. Note that
819  graph axes are logio scaled.
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822
823  Corrected main relationships using phylogenetic generalized least squares analysis
824  assuming that trait evolution mimics Brownian motion and using the phylogeny from
825  Hipp et al. (2020). Physical parameters (punch strength and specific punch strength) and
826 leaf mass per area, leaf thickness, and leaf density, for deciduous (DEC; blue) and
827  evergreen (EVE; fuchsia) Quercus species. Each circle belongs to a Quercus species and
828  represents its mean value. The blue continuous line is the correlation considering all
829  species.
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831 Fig. S5
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832

833  Corrected relationship between PC1 and PC2 and Arid intensity (Al) using phylogenetic
834  generalized least squares analysis assuming that trait evolution mimics Brownian motion
835 and using the phylogeny from Hipp et al. (2020). Each circle belongs to a Quercus species

836  and represents its mean value. The colors of the circles represent the different sections of
837  studied Quercus (see Figure 5).
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