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      For over 100 years, plant scientists have studied the construc-
tion of tissues and of whole plants on the basis of cell properties. 
For example, in Katherine Esau’s classic  Plant Anatomy  ( Esau, 
1965 ), each tissue was described fi rst in terms of cells and cell 
walls, before discussion of how the larger scale structures are de-
veloped. However, there has been little quantitative study of the 
properties of plant cells in diverse species. In particular, although 
the allometric approach to understanding variation of organ sizes 
and functions with plant size has yielded insights at a wide 
range of scales, from the early work of Pearsall ( Pearsall, 1927 ) 
and  Huxley (1932  [reprint 1993]) to more recent work on the me-
chanical design of organs and whole plants ( Niklas, 1992 ,  1994 ), 
there has been no previous quantifi cation of allometric relation-
ships among the dimensions of cells, cell walls, and tissues within 
leaves, even in the most well-known texts that describe allom-
etry in plants (e.g.,  Niklas, 1992 ,  1994 ;  Brown and West, 2000 ). 

 Our aim was to test a series of key hypotheses for fundamen-
tal allometries in leaf cells and tissues. Our hypotheses were 
developed based on the general expectation that any two ana-
tomical traits  x  and  y  will show power law relationships, i.e., in 
the form of  y  =  ax b  , linearized using log-transformed data to log 
 y  = log  a  +  b  log  x , where  a  and  b  are constants;  b  is known as 
the allometric slope, and log  a  is the allometric intercept. We 
tested expectations of geometric or “dimensional” scaling, i.e., 
that traits representing lengths ( L ), areas ( A ) or volumes ( V ) will 
scale together as expected from geometry; thus,  L    ∝    L  1 ,  L   ∝    
 A  1/2 ,  A    ∝    V   2/3  ( Niklas, 1992 ,  1994 ). Geometric scaling is to be 
expected if across species that vary in cell and leaf size, the di-
mensions of all components increase proportionately. That 
would be the case, for example, if there exists a developmental 
coordination of cell expansion rates and/or times for all the cells 
in the different leaf tissues and if the thickening of cell walls is 
coordinated with cell expansion ( Granier and Tardieu, 1998 ; 
 Donnelly et al., 1999 ;  Granier et al., 2000 ;  Albersheim et al., 
2011 ;  Pantin et al., 2012 ). Additionally, geometric scaling 
might be expected if the relative dimensions of cells within and 
among different tissues need to be maintained within an ap-
proximate range of proportions for mechanical reasons, e.g., if 
cells with larger lumens require proportionately thicker cell 
walls for support or for other biological functions, e.g., if it is 
optimal for a leaf to have substantial contribution and thus simi-
lar sizes of both mesophyll cell types for light capture, photo-
synthesis and/or water balance ( Haberlandt, 1914 ;  Pyankov and 
Kondrachuk, 2003 ). 

 We tested 10 hypotheses for such allometries across 
species: 

 (1)  Cell sizes in different tissues scale together isometrically . 
Thus, across species, the cell cross-sectional area (CCA) in 
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despite the explosion of interest in allometric analysis of numerous plant properties at larger scales. 
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 Additionally, we tested for a relationship of  leaf area with  (7) 
 cell cross-sectional area , (8)  cell wall thickness , and (9)  tissue 
thicknesses . We expected that leaf size would be independent 
of cell sizes and cell wall and tissue thicknesses across species, 
given the much stronger variation observed in leaf sizes than in 
cell sizes and cell wall and tissue thicknesses across species. 
Supporting hypothesis (7), across 94 alpine desert species, and 
across species within Proteaceae, leaf area was uncorrelated 
with cell volume or leaf thickness ( Pyankov et al., 1999 ;  Brodribb 
et al., 2013 ). 

 Finally, (10) we hypothesized that the above relationships 
among cell size, cell wall thickness, and leaf dimensions would 
hold strongly for mesophyll cell types, but weakly or not at all 
 for xylem cells , which are especially distinct in developmental 
origin and in function. 

 To test for fundamental allometries, 14 species from 12 fami-
lies were selected for their morphological and physiological 
diversity, including trees, shrubs, a liana, and herbs, originating 
from wet or dry habitats. Our aim was to investigate fundamen-
tal allometries with reference to hypotheses based on expecta-
tions from development, mechanics, and biological function, 
thus providing a conceptual framework for future studies of 
broader species sets and traits. 

 MATERIALS AND METHODS 

 Study species and sampling —   We sampled plants of 14 species that were 
cultivated with irrigation. Twelve species were sampled in and around the cam-
pus of the University of California, Los Angeles, one ( Quercus agrifolia ) at 
Will Rogers State Park, and one grown in a greenhouse ( Helianthus annuus  var. 
Sunspot; Botanical Interests, Broomfi eld, Colorado, USA) ( Table 1 ). Leaves 
from  H. annuus  were collected from greenhouse plants grown from seeds 
in 3.6-L pots (average minimum, mean, and maximum values for tempera-
ture, 21.1 ° C, 23.2 ° C, and 26.0 ° C; for humidity, 44%, 51%, and 59%). Sun-
fl owers were irrigated every 2 d, with 200 to 250 mL·L −1  20 : 20 : 20 NPK; 
the light availability measured at midday on a sunny day was up to 550 µmol 
photons·m −2 ·s −1  and on average 300 µmol photons·m −2 ·s −1  (LI-250 light meter; 
LI-COR, Lincoln, Nebraska, USA). These species were chosen to capture 
strong phylogenetic and functional diversity and to provide a fi rst indication of 
broad trends, representing 12 families, fi ve life forms, and native to at least 
eight geographic locations varying strongly in wet and dry habitat preferences 
( Table 1 ).  Mature, sun-exposed leaves were sampled from three individuals per 
species from September 2011 to April 2012. To avoid tissue shrinkage, leaves 
were rehydrated overnight before fi xing for tissue anatomy. Branches were cut 
from woody species or whole shoots from herbs, and these were brought to the 

tissues 1 and 2 would be proportional: CCA 1   ∝      
1
2CCA   . Previous 

studies found that the sizes of epidermal cells of different types 
(i.e., pavement cells and stomatal guard cells) were correlated 
across species of diverse families ( Beaulieu et al., 2008 ), and 
across species within Proteaceae ( Brodribb et al., 2013 ). Fur-
ther, previous studies found that mesophyll and epidermis cell 
sizes were correlated across genotypes of  Arabidopsis   thaliana  
( Pérez-Pérez et al., 2011 ), and mesophyll, epidermal cell, and 
minor vein xylem conduit sizes were correlated across species 
within Proteaceae ( Brodribb et al., 2013 ). However, there has 
been no study to our knowledge of the wide range of leaf cells 
or analyses of their allometric relationships. 

 (2)  Cell wall thicknesses in different tissues scale together iso-
metrically . Thus, across species, the cell wall thickness (CWT) 
in tissues 1 and 2 would be proportional: CWT 1   ∝      

1
2CWT   . 

 (3)  Cell wall thickness scales geometrically with cell cross-
sectional area within each tissue . Thus, across species, for a 
given tissue, the cell wall thickness (CWT), a length dimension, 
would scale with the cell cross-sectional area (CCA): CWT   ∝   
CCA 0.5 . In the one previous study that examined cell wall thick-
nesses in different leaf tissues, for eight forage species, trends 
were not analyzed; our analysis of the reported values indeed 
indicated that species with larger cells had thicker cell walls 
in the mesophyll, though not in the xylem ( Moghaddam and 
Wilman, 1998 ). 

 Next, we tested whether  leaf thickness scales  (4)  geometri-
cally with cell cross-sectional area in each tissue , (5)  isometri-
cally with cell wall thickness in each tissue , and (6)  isometrically 
with the thicknesses of tissues , i.e., upper cuticle, upper epider-
mis, palisade mesophyll, spongy mesophyll, lower epidermis, 
and lower cuticle. Thus, across species, given that the thickness 
of the whole leaf (LT) and of any tissue (TT) are length dimen-
sions, LT   ∝   CCA 0.5 , LT   ∝   CWT 1 , and LT   ∝   TT 1 . Several previ-
ous studies were consistent with hypotheses (4), (5), and (6). 
Previous studies showed a correlation of LT with mesophyll 
cell size across 94 alpine desert species ( Pyankov et al., 1999 ) 
and of LT with mesophyll, epidermal, and minor vein xylem 
conduit cell sizes across species within Proteaceae ( Brodribb 
et al., 2013 ). Several studies found that LT was correlated with 
the thickness of one or more of the component tissues in various 
species sets (e.g.,  Garnier and Laurent, 1994 ;  Roderick et al., 
1999 ;  Sack and Frole, 2006 ), though previous studies did not 
analyze allometric relationships. 

  TABLE  1. Species tested for allometries of leaf cells and tissues, family, origin, leaf habit, life form, habitat preference, and mean  ±  SE for leaf area 
and thickness. 

Species Family Origin Leaf habit Life form
Habitat preference 

(wet/dry) Leaf area (cm 2 )
Leaf thickness 

(µm)

 Bauhinia galpinii Fabaceae Africa Evergreen Tree w 33.1  ±  4.34 91.3  ±  5.43
 Camellia sasanqua Theaceae Japan Evergreen Shrub w 14.0  ±  1.45 432  ±  11.6
 Cercocarpus betuloides Rosaceae California, Mexico Evergreen Shrub d 7.00  ±  2.08 261  ±  25.5
 Comarostaphylis diversifolia Ericaceae California, Mexico Evergreen Shrub d 11.1  ±  0.353 327  ±  28.6
 Helianthus annuus Asteraceae Across North America Deciduous Annual herb w 95.0  ±  8.86 183  ±  23.6
 Hedera canariensis Araliacaeae Canary Islands Evergreen Liana d 107  ±  15.3 312  ±  16.3
 Heteromeles arbutifolia Rosaceae California, Mexico Evergreen Shrub d 30.5  ±  3.66 395  ±  24.6
 Lantana camara Verbenaceae Pantropical Deciduous Perennial shrub w 31.6  ±  1.58 217  ±  4.28
 Magnolia grandifl ora Magnoliaceae Southern United States Evergreen Tree w 118  ±  19.7 527  ±  22.2
 Platanus racemosa Platanaceae California, Mexico Deciduous Tree w 67.2  ±  37.6 200  ±  6.17
 Quercus agrifolia Fagaceae California, Mexico Evergreen Tree d 35.1  ±  10.1 293  ±  23.8
 Raphiolepis indica Rosaceae Southern China, India Evergreen Shrub w 137  ±  90.4 529  ±  12.2
 Romneya coulterii Papaveraceae California, Mexico Deciduous Perennial herb d 24.0  ±  9.66 374  ±  30.4
 Salvia canariensis Lamiaceae Canary Islands Deciduous Perennial herb d 19.1  ±  3.35 181  ±  23.9
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release 15; Minitab, State College, Pennsylvania, USA). Prior to tests, data 
were log-transformed to improve normality and heteroscedasticity ( Sokal and 
Rohlf, 1995 ). 

 A correlation matrix was determined to reveal the intercorrelative structure 
of leaf gross dimensions and anatomical traits. Spearman rank correlations are 
less sensitive to the effects of outliers, and thus, for a conservative estimation, 
correlations were considered signifi cant only when  P  < 0.05 for both Spearman 
and Pearson coeffi cients ( r  s  and  r  p , respectively). 

 To analyze allometric relationships, we used standard major axes (SMA; 
using SMATR;  Warton et al., 2006 ). Standard major axes were used rather than 
ordinary least squares regression (OLS) to consider both  x  and  y  traits as inde-
pendent variables with similar measurement error and to best estimate the func-
tional relationship between the variables; OLS regression only considers the 
error in one trait ( y ) and the other variable ( x ) to be error-free and is most useful 
when the  y  variable is to be predicted from the  x  ( Sokal and Rohlf, 1995 ;  Sack 
et al., 2003a ,  b ;  Poorter and Sack, 2012 ). For each relationship, we fi tted a 
standard major axis to the log-transformed data, determining  a  and  b  for  y  =  ax b  , 
or, equivalently, using log-transformed data log  y  = log  a  +  b  log  x . We tested 
whether relationships differed in slopes and intercepts across tissues. We tested 
whether allometric slopes differed from those expected from geometric similar-
ity (see  Introduction ). 

 For allometries relating to spongy mesophyll, we excluded  Romneya coul-
terii , which lacked this tissue. All other allometric relationships were analyzed 
with and without including  R. coulterii,  as it was an outlier in other aspects of 
its leaf anatomy (see Results). We only tested allometric relationships among 
mesophyll anatomical traits, and not among xylem anatomical traits, which 
were hypothesized, and confi rmed to be uncorrelated with mesophyll traits (see 
Introduction and Results). 

 Given our testing of a large number of hypothesized allometric relation-
ships, we additionally tested for signifi cance using two methods that accounted 
for multiple signifi cance tests. We applied the sequential Bonferroni correction 
( Rice, 1989 ) and the false detection rate test ( Benjamini and Hochberg, 1995 ; 
 Harrington, 2002 ). 

 Our aim was to test hypothesized relationships that were likely to be very 
strong and thus to be resolved across a relatively small set of diverse species. 
Our general approach was consistent with that of previous studies often using 
10–20, or even fewer species, to resolve important relationships among leaf 
anatomical and physiological traits that are later to be confi rmed across yet 
larger, global data sets (e.g., 14 species in  Garnier and Laurent, 1994 ;  Garnier 
et al., 1999 ; 10 species in  Sack and Frole, 2006 ; 4 species in  Brodribb and 
Holbrook, 2003 ; 10 species in  Zwieniecki et al., 2007 ; 7 species in  Sperry et al., 
2005 ; 7 species in  Edwards, 2006 ; 7 species in  Lens et al., 2011 ; 6 species in 
 Nardini et al., 2012 ). These studies provide important and logistically challeng-
ing data especially as the fi eld of plant anatomy is still in the discovery phase. 
However, a frequently voiced concern is that in such studies too few species 
were included; here we justify this general approach for investigation of novel 
structure–function trait correlations by addressing fi ve potential objections: (1) 
A low species number might lead to detection of false trends (type I error), or 
(2) a failure to discern a true trend (type II error), and (3) trends might be too 
strongly affected by potential outlier species, and (4) when a signifi cant trend is 
found, the parameters of the fi tted line might be too imprecise, and (5) the re-
sults for few species might not be representative of larger species data sets, and 
especially global trends. Some of these objections are misplaced, and the others 
can be easily minimized through care in interpretation of the fi ndings of these 
studies. 

 Concern (1) is misplaced, as a low  n  > 2 in fact reduces the power to detect 
a false positive trend, and is thus a conservative approach for testing correla-
tions ( Sokal and Rohlf, 1995 ). When trends  are  identifi ed in studies with low  n , 
they are likely to be robust. In particular, in our study, we explicitly hypothe-
sized very strong scaling relationships that would be evident even for relatively 
few species. Concern (2) on the other hand is valid, and true trends might be 
missed when studying small species sets. Thus, the absence of a trend for a few 
species is not evidence that such trends would not be found in larger or more 
diverse datasets. To illustrate the value of testing trends among anatomical vari-
ables using 14 species, as in our study, we performed a randomization analysis 
of a published correlation data set, for the positive relationship of cell volume 
to leaf thickness for 91 alpine desert species ( R  2  = 0.59;  P  < 0.001;  Pyankov 
et al., 1999 ). We tested the ability to resolve this true correlation and avoid 
resolving a false trend by subsampling 14 species randomly with replacement 
from the 91 species and testing for a correlation, repeating 1000 times (using 
the program R;  R Development Core Team, 2005 ). This analysis showed a very 
low risk of discerning a signifi cant false trend, as only 3% of the 14-species data 
sets showed a signifi cant negative correlation. However, there was a reasonable 

laboratory with moist paper towel in black plastic bags, and recut underwater in 
the laboratory by at least two nodes, before rehydrating overnight with stem 
under water, covered with dark plastic bags. Leaves were then cut from each 
stem and stored in FAA solution (37% formaldehyde–glacial acidic acid–95% 
ethanol in deionized water at 10 : 5 : 50: : 35). 

 Anatomical sample preparation and measurements —   For anatomical 
analyses, one leaf was sampled from each of the three individual plants per 
species for cross-sectioning. A 1  ×  0.5 cm rectangular subsample was cut 
from each leaf center and gradually infi ltrated with mixtures of low viscosity 
acrylic resin (L. R. White; London Resin Co., UK) of increasing strength in 
ethanol, under vacuum, over the course of a week. Fully infi ltrated samples 
were set in resin in gelatin capsules in an oven at 55 ° C overnight. Samples 
were sectioned in the transverse plane at 1 µm thickness using glass knives 
(cut using a LKB 7800 KnifeMaker; LKB Produkter; Bromma, Sweden) in a 
rotary microtome (Leica Ultracut E, Reichert-Jung, California, USA), placed 
on slides and stained with 0.01% toluidine blue in 1% sodium borate (w/v). 
Slides were imaged with a 20 ×  or 40 ×  objective using a light microscope 
(Leica Lietz DMRB; Leica Microsystems) and camera utilizing SPOT ad-
vanced imaging software (SPOT Imaging Solutions; Diagnostic Instruments; 
Sterling Heights, Michigan, USA). 

 We relied on transverse cross sections to determine the dimensions of 
cells, cell walls, and tissues within the leaf (following e.g.,  Oguchi et al., 2005 ;  
Pasquet-Kok et al., 2010 ;  Tosens et al., 2012 ). Cross-sectional cell area was 
used as an index of cell size to test allometric relationships. Cell cross-sectional 
area would provide an accurate refl ection of cell volume for cells that have azi-
muthal symmetry (i.e., that are symmetrical with rotation around the vertical 
axis), including palisade cells and spongy mesophyll cells, which are typically 
modeled as capsules and spheres respectively ( Turrell, 1936 ;  Nobel et al., 1975 ; 
 Nobel, 1976 ,  2009 ). However, for epidermal cells, bundle sheath cells, and xy-
lem cells, which might not necessarily have azimuthal symmetry (i.e., their 
cross-sectional area in the vertical plane may not be proportional to their cross 
section in the horizontal plane), the transverse cross-sectional cell area may not 
necessarily be a strong proxy for cell volume, and ideally, paradermal sections 
might allow a complete determination of cell size for those cell types. Thus, we 
qualify our conclusions relating to these cell types in light of our use of trans-
verse cross-sectional cell areas (see Discussion). 

 Tissue thicknesses, mesophyll cell area, and cell dimensions were measured 
using software (ImageJ software version 1.42q; National Institutes of Health, 
Bethesda, Maryland, USA). Each measurement was replicated three times for 
every cross section on cells and tissues selected randomly in a systematic way. 
In the middle of the left, center and right thirds of the cross sections, tissue 
thicknesses were measured for upper and lower cuticle and epidermis and for 
spongy and palisade mesophyll. In the same three specifi c locations, cells from 
the upper and lower epidermis, and spongy and palisade mesophyll were mea-
sured for cell cross-sectional area and cell wall thickness (radial cell wall for 
epidermal cells), and the values for the three cells of each tissue per cross sec-
tion were averaged. The xylem and bundle sheath cells were much more vari-
able in lumen and cell wall diameters than mesophyll tissues, so a different 
approach was taken to determine mean values. From the bundle sheath sur-
rounding each of two minor veins in each cross section, cells were measured for 
cross-sectional area and thickness; to determine a central value, the largest and 
smallest bundle sheath cells were measured, and the values were averaged. The 
xylem conduit lumen cross-sectional areas and wall thickness were determined 
for midrib and minor veins from each leaf. To determine xylem conduit lumen 
cross-sectional area, the conduits were considered as ellipses and their areas 
were calculated based on measurements of the major and minor axes; areas 
were averaged across all conduits. To determine xylem conduit wall thickness, 
we measured the two thickest and two thinnest conduit walls in the midrib and 
in each of two minor veins per cross section. These were averaged to give, re-
spectively, the mean xylem conduit cell wall thickness for the midrib and minor 
vein. When cell walls were measured that separated two adjacent cells, the en-
tire wall was measured and halved; this was typical when measuring xylem cell 
wall thicknesses and epidermal radial cell wall thickness, but for mesophyll 
cells and bundle sheath cells, cell walls could generally be measured adjacent 
to airspace. 

 Leaf areas were measured for leaves scanned (using a fl atbed scanner; 
Epson Perfection 4490 Photo Scanner, Long Beach, California, USA; 1200 pixels 
per inch) and analyzed using ImageJ. 

 Statistics —   To test trait differences between moist and dry habitat species 
we performed ANOVAs with species nested within habitat type (Minitab 
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Thus, contrary to initial expectations, the xylem conduit cell 
walls were thin relative to mesophyll tissues, but they were very 
thick relative to their lumen areas compared with mesophyll 
cells. 

 Differences in anatomy between species native to wet and 
dry habitat —    We found signifi cant differences in whole-leaf 
and anatomical traits between species native to wet and dry 
habitat (Appendix S1b). Species native to dry habitat had signifi -
cantly smaller leaves, thinner epidermises and spongy meso-
phyll, but thicker palisade mesophyll, corresponding to a greater 
number of cell layers and larger cells. Indeed, species of dry 
habitat also had larger cells in the spongy mesophyll and lower 
epidermis. 

 Hypothesis (1): Cell sizes in different tissues scale together 
isometrically —    We found strong, novel relationships among 
the cell sizes of different tissues across leaves ( Figs. 1, 2 ;  Table 2 ;   
Appendix S1c, 1d; see online Supplemental Data). There were 
signifi cant correlations among cell sizes in different tissues for 
7 of 10 pairwise comparisons not including xylem ( r  = 0.62–
0.90;  P  < 0.001–0.039). 

 The scaling slopes for the relationships between cell sizes in 
different tissues did not vary when considered across all spe-
cies, but the slopes varied signifi cantly after removing outlier  R. 
coulterii  ( P  = 0.002;  Table 2 ). Cells of the upper and lower 
epidermis scaled isometrically in size (confi dence intervals for 
 b  included 1), as did those of the spongy and palisade meso-
phyll, those of the palisade and bundle sheath, and those of the 
bundle sheath and lower epidermis. However, the cells of 
spongy mesophyll increased in size disproportionately to those 
of the upper and lower epidermis ( b  > 1;  Table 2 ). 

 Hypothesis (2): Cell wall thicknesses in different tissues 
scale together isometrically —    We also found strong relation-
ships between the thickness of cell walls across tissue types for 
each pair of tissues except for the xylem vs. other tissues, and 
the bundle sheath vs. upper epidermis ( Figs. 1, 3 ;   Table 2 ; 
Appendix S1c, 1d). Thus, correlations were statistically signifi -
cant for 9 of 10 pairwise comparisons excluding the xylem ( r  = 
0.65–0.91;  P  < 0.001–0.009). 

 The scaling slope for the relationships between cell wall 
thicknesses in different tissues was common across all the pairs 
of tissues with signifi cant relationships (i.e., excluding that be-
tween bundle sheath and upper epidermis), and the scaling was 
isometric (confi dence intervals for each species’  b  and for the 
common  b  included 1;  Table 2 ). 

 Hypothesis (3): Cell wall thickness scales geometrically 
with cell cross-sectional area within each tissue —    We found 
strong, novel relationships between the thickness of cell walls 
and cell sizes ( Fig. 4 ;  Appendix S1c, 1d). Strong correlations 
were found of cell wall thickness with cell cross-sectional areas 
for palisade and spongy mesophyll, bundle sheath, and lower 
epidermis tissues ( r  = 0.58–0.84;  P  < 0.001–0.029). These rela-
tionships were not found for upper epidermis or xylem tissues 
( r  = 0.02–0.48;  P  = 0.084–0.93). 

 For the tissues in which cell wall thickness related to cell 
size, the scaling was geometric. Thus, there were common al-
lometric slopes for cell wall thickness vs. cell cross-sectional 
area across the palisade mesophyll, spongy mesophyll, bundle 
sheath, and lower epidermis (confi dence intervals for each spe-
cies’  b  and for the common  b  included 0.5;  Table 2 ). 

power to discover the true trend, as 67% of the 14-species data sets showed a 
signifi cant positive correlation. Presumably, the probability of discovering the 
true trend would be stronger if species were sampled explicitly for their diver-
sity, as they were in our study. To test the danger of resolving correlations in a 
random data set, we repeated this subsampling analysis after randomizing the 
 Pyankov et al. (1999)  cell volume and leaf thickness data to remove the correla-
tion ( R  2  = 0.042,  P  = 0.69). Here, only 3% of 14-species data sets showed a 
signifi cant positive correlation, and 2% showed a signifi cant negative correla-
tion. This simple case illustrates the potential to discover true trends and the 
low risk of determining false trends even when using small data sets. 

 Concern (3) can be minimized with analyses to specifi cally reduce the infl u-
ence of outliers. In our study, we tested Spearman correlations, which are more 
robust to outliers, in addition to Pearson correlations. We also performed tests 
with and without including the outlier species,  Romneya coulterii , which was 
easily identifi ed (see previous section). 

 Concerns (4) and (5) are meaningful, but do not invalidate studies of rela-
tively small species sets, as long as the interpretation takes these into account. 
Thus, the confi dence intervals for parameters of the fi tted lines for trends based 
on few species may be wide; however, these trends provide a baseline for future 
work with larger species sets, which will likely reduce the uncertainty around 
the mean parameter values. Further, the trends discerned for a few, diverse spe-
cies may not necessarily be generalized to all plants, but these trends represent 
the “state-of-the-art”, refi ned hypothesis for the relationship that can motivate 
further tests with larger species data sets. These tests would extend or constrain 
the generality of the relationship, or show variation in the relationship, e.g., 
across different lineages, communities or functional types. 

 For these reasons, we pursued our tests of hypothesized cell, tissue, and leaf 
anatomical allometries for 14 diverse species to accomplish our goal of discov-
ering strong relationships which can be further tested and extended on larger 
and global data sets in future studies. 

 RESULTS 

 Variation across species in cell and tissue anatomy —    The 
species were diverse in their leaf size and in their leaf tissue 
thicknesses ( Fig. 1 ;   Table 1 ; Appendix S1a and S1b, see Sup-
plemental Data with the online version of this article). For all 
traits, a substantial portion of variation was explained by spe-
cies differences, a small amount by wet vs. dry habitat, and 
typically a minority of trait variation related to differences 
among leaves of given species (accounting for the residual er-
ror; Appendix S1b, last column). Species varied 20-fold in leaf 
area, 6-fold in thickness, 4-fold in the thickness of upper and 
lower epidermis, 8-fold in spongy and 11-fold in palisade mes-
ophyll thickness, and 18-fold in the thicknesses of upper and 
lower cuticle. Species varied in having 1–2 cell layers in the 
epidermis (upper and lower) and 0–8 layers of spongy meso-
phyll (as  Romneya couterii  had only palisade mesophyll; 
 Fig. 1 ) and 1–9 layers of palisade mesophyll. 

 Species also varied strongly in cell sizes and cell wall thick-
nesses ( Fig. 1 ). Species varied 6-fold in cell cross-sectional ar-
eas for the upper epidermis, 13-fold for the lower epidermis, 
12-fold for the spongy mesophyll, 8-fold for the palisade meso-
phyll, 9-fold for the bundle sheath, and 11-fold and 8-fold, re-
spectively, for xylem conduits in the midrib and minor veins. 
Species varied 3-fold to 4-fold in cell wall thickness for each 
tissue. 

 We found very strong variation in cell sizes and cell wall 
thicknesses among the leaf tissues. Averaged across species, 
cell cross-sectional areas were smallest for minor vein xylem 
conduits, followed by, in order of increasing size, midrib vein xy-
lem, bundle sheath, lower epidermis, spongy mesophyll, palisade 
mesophyll, and upper epidermis. Cell walls were thinnest for 
the minor vein xylem conduits, followed by, in order of increas-
ing thickness, the bundle sheath, midrib vein xylem, palisade 
and spongy mesophyll, lower epidermis and upper epidermis. 
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thickness increased disproportionately to cell wall thickness 
(common  b  > 0.5). 

 Leaf thickness correlated with tissue thickness for palisade 
mesophyll, spongy mesophyll, and upper and lower cuticle 
( Fig. 4 ;  r  = 0.56–0.98;  P  < 0.001–0.036; Appendix S1c, 1d), but 
not for upper and lower epidermis ( r -values for Spearman cor-
relations = 0.38–0.44;  P  > 0.05). The leaf thickness scaled geo-
metrically with the thickness of palisade mesophyll (confi dence 
intervals for  b  included 1), but the leaf thickness did not in-
crease in proportion with tissue thickness for the spongy meso-
phyll and upper and lower cuticles ( b  < 1). 

 Hypotheses (7–9): Lack of relationship of leaf area with (7) 
cell cross-sectional area, (8) cell wall thickness, and (9) tissue 
thicknesses —    We found no relationships across species of leaf 
size with cell size or cell wall thickness in any tissue, or with 
tissue thicknesses, or number of cell layers in given tissues 
( r  = 0.03–0.48;  P  = 0.10–0.92; Appendix S1c and 1d). 

 Hypotheses (4–6): Leaf thickness scales geometrically 
with cell cross-sectional area in each tissue, cell wall thick-
ness in each tissue, and the thicknesses of tissues —    Across 
species, leaf thickness was positively related to cell size and 
to cell wall thickness for all tissues ( Fig. 4 ;  r  = 0.56–0.98; 
 P  < 0.001–0.038; Appendix S1c, 1d) except for xylem 
(| r | = 0.01–0.44;  P  = 0.099–0.98). The scaling of leaf thick-
ness with cell cross-sectional area was geometric for cells in 
some tissues, i.e., palisade and spongy mesophyll (confi -
dence intervals for  b  included 0.5), but not for others, i.e., the 
upper and lower epidermis and bundle sheath ( b  > 0.5), and 
thus across all species, leaf thickness increased dispropor-
tionately to cell cross-sectional area (common  b  > 0.5). Simi-
larly, the scaling of leaf thickness with cell wall thickness 
was geometric for cells in some tissues, i.e., upper and lower 
epidermis and spongy mesophyll (confi dence intervals for  b  
included 1), but not for others, i.e., the palisade mesophyll 
and bundle sheath ( b  > 1), and thus across all species, leaf 

 Fig. 1. Anatomical cross sections for 14 study species. (A)  Magnolia grandifl ora , (B)  Raphiolepis indica , (C)  Camellia sasanqua , (D)  Heteromeles 
arbutifolia , (E)  Quercus agrifolia , (F)  Romneya coulterii , (G)  Comarostaphylis diversifolia , (H)  Hedera canariensis , (I)  Cercocarpus betuloides , (J)  Lan-
tana camara , (K)  Platanus racemosa , (L)  Salvia canariensis , (M)  Helianthus annuus , (N)  Bauhinia galpinii .   
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 Fig. 2. Relationships between cell sizes (determined as cell cross-sectional areas) between leaf tissues for 14 diverse species. The plots are pre-
sented for all combinations of epidermal and mesophyll cell types; plots against leaf vein xylem cell sizes are not presented, as they were independent 
of those of other tissues (see text). Power laws were fi tted for signifi cant relationships using standardized major axes; parameters of allometric lines 
fi tted by standard major axes are given in  Table 2 . The apparent outlier on the far right in panels B, D, and G, and at the top of panels I and J is the 
species  Romneya coulterii . That species is not present in panels A, C, E, and H given its lack of spongy mesophyll. All statistical analyses were per-
formed with and without this species, with minimal impact on overall trends and statistical signifi cance ( Table 2 ; Appendix S1c and S1d, respec-
tively). Confi rmation of the signifi cance of correlations despite multiple testing using Bonferroni and false detection rate analyses is presented in 
Appendix S1e. * P  < 0.05, ** P  < 0.01, *** P  < 0.001.   
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relationships between cell cross-sectional area and cell wall 
thickness within the xylem ( r  = −0.02–0.2;  P  = 0.48–0.95). 
Additionally, there were no signifi cant relationships between 
xylem cell size or cell wall thickness and leaf thickness or area 
( r  = 0.03–0.35;  P  = 0.20–0.91). 

 Hypothesis (10): No relationships among xylem cells and 
mesophyll cell dimensions or leaf dimensions —    We found no 
signifi cant scaling relationships for xylem cell or cell wall 
thickness with those of other tissues ( r  = 0.01–0.43;  P  = 0.30–
0.99; Appendix S1c, 1d). Further, we found no signifi cant 

 Fig. 3. Relationships between cell wall thicknesses between leaf tissues for 14 diverse species. Plots are presented for all combinations of epidermal 
and mesophyll cell types; plots against leaf vein xylem cell sizes are not presented, as they were independent of those of other tissues (see Results). Power 
laws were fi tted for signifi cant relationships using standardized major axes; parameters of allometric lines fi tted by standard major axes are given in  Table 
2 . The apparent outlier on the far right in panels B, D, and G, and at the top of panels I and J is the species  Romneya coulterii . That species is not present 
in panels A, C, E, and H given its lack of spongy mesophyll. All statistical analyses were performed with and without this species, with minimal impact on 
overall trends and statistical signifi cance ( Table 2 ; Appendix S1c and S1d respectively). Confi rmation of the signifi cance of correlations despite multiple 
testing using Bonferroni and false detection rate analyses is presented in Appendix S1e. * P  < 0.05, ** P  < 0.01, *** P  < 0.001.   
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genome sizes, likely relating to the well-known correlation of 
cell nucleus size with cell size ( Bonner, 2006 ). Whether ge-
nome size is larger in species that have large cross-sectional 
internal cell sizes remains to be tested. Additionally, geometric 
scaling might be expected if there exists a developmental coor-
dination of the rates and times of cell expansion rates and 
cell wall production in the different leaf tissues ( Granier and 
Tardieu, 1998 ;  Donnelly et al., 1999 ;  Granier et al., 2000 ; 
 Albersheim et al., 2011 ;  Pantin et al., 2012 ) or if leaf function 
depends on a relatively conserved size proportionality of cells 
in different leaf tissues. 

 Notably, weak or absent relationships were found mostly for 
comparisons of internal and external tissues (i.e., mesophyll vs. 
epidermis). This was likely at least in part due to issues of mea-
surement. While for the spongy and palisade mesophyll cells, 
the cross-sectional area can represent the cell volume, given 
their azimuthal symmetry (see Methods), for epidermal cells, 
volume may not be well represented by the cross-sectional area. 
Thus, the absence of a signifi cant relationship among the size of 
epidermal cells and those in some other tissues needs to be con-
fi rmed using other estimates of cell size, especially as in some 
cases, nonsignifi cant empirical trends were observed ( Fig. 2 ). 

 Additionally, as hypothesized, we found strong, novel geo-
metric scaling between the thickness of cell walls and cell sizes 
in the mesophyll tissues. This fi nding was consistent with 
qualitative classical observations on the ecological anatomy of 
drought tolerance. F. W. Went is cited as having observed that 
“One of the most typical characters of xerophytes…is the thick-
ness of the cell walls of  all  cells” ( Metcalfe and Chalk, 1989, 
p. 142 ). Indeed, we found thicker cell walls coinciding with 
larger cells in the species of dry habitat. There are at least two 
explanations for the correlation of cell wall thickness with cell 

 DISCUSSION 

 This study focused on 14 diverse angiosperm species, with 
strong differentiation in leaf anatomy, in part related to their 
adaptation to native wet or dry habitats. The principal novel 
fi ndings of this study were fundamental and previously unchar-
acterized allometries for cells and tissues. We found strong re-
lationships across diverse species relating the sizes of cells in 
the different tissues of the leaf and of cell wall thicknesses to 
the sizes of cells across tissues within the leaf. Additionally, we 
found that leaf thickness was strongly related to cell sizes across 
leaf tissues and to the thicknesses of component tissues, but that 
cell sizes and tissue thicknesses were independent of leaf area 
across species. In many cases, the allometries were consistent 
with the hypothesis of geometric scaling. These fi ndings have 
important implications for understanding the development 
and design of whole leaves, with potential applications for 
modeling and estimating key functional traits from anatomical 
characteristics. 

 The fi rst set of allometries tested was for the relationship 
among the sizes of cells in different tissues. As hypothesized, 
we found that in general, leaves with larger cells had propor-
tionally larger cells in all their tissues, excluding the xylem. 
This pattern did not arise from uniform cell sizes across all leaf 
tissues for given species; cell sizes varied many-fold between 
tissues in given species. Rather, the scaling of cell sizes indi-
cated a coordination of the relative cell sizes across all species, 
with isometric relationships among the cross-sectional areas. 
This fi nding extends to the internal anatomy the fi nding in a 
previous study of a correlation between epidermal pavement 
cell sizes and stomatal guard cell sizes ( Beaulieu et al., 2008 ). 
In that study, the species with larger epidermal cells had larger 

 Fig. 4. Relationships between cell wall thickness and cell cross-sectional area (panels A–E), between total leaf thickness and cell cross-sectional area 
(panels F–J) and between total leaf thickness and cell wall thickness (insets in panels K–O) for given leaf tissues for 14 diverse species. The plots are pre-
sented for all combinations of epidermal and mesophyll cell types; plots against leaf vein xylem cell sizes are not presented, as they were independent of 
those of other tissues (see Results). Power laws were fi tted for signifi cant relationships using standardized major axes; parameters of allometric lines fi tted 
by standard major axes are given in  Table 2 . The apparent outlier in panels A, E, F, and J is the species  Romneya coulterii . That species is not present in 
panels C, H, and M given its lack of spongy mesophyll. All statistical analyses were performed with and without this species, with minimal impact on 
overall trends and statistical signifi cance ( Table 2 ; Appendix S1c and S1d, respectively). Confi rmation of the signifi cance of correlations despite multiple 
testing using Bonferroni and false detection rate analyses is presented in Appendix S1e. * P  < 0.05, ** P  < 0.01, *** P  < 0.001.   
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 The fi nding of no relationship of leaf lamina area to tissue 
thicknesses and cell sizes is consistent with fi ndings for across 
 A. thaliana  genotypes ( Perez-Perez et al., 2011 ), across species 
within Proteaceae ( Brodribb et al., 2013 ), across 94 alpine des-
ert species ( Pyankov et al., 1999 ), and also in comparisons of 
bonsai and natural tree leaves ( Korner et al., 1989 ). This fi nd-
ing is analogous to the lack of correlation between cell size and 
body size in animals. The fi nal size of the leaf (or organism) 
depends equally on the number of cell divisions as fi nal cell 
size and thus can be independent of cell size and vary across 
species by many more orders of magnitude ( Schmidt-Nielsen, 
1984 ). 

 These strong relationships provide new insight into the gen-
eral rules underlying the construction of leaves. The overall 
trend is that thicker leaves have thicker tissues, with larger cells 
and thicker cell walls, except in the xylem, and that leaf area is 
independent of these trends. The scaling of cells and cell walls 
tends to be geometric. These allometries, here shown for 14 
diverse species, should be further tested, and the relationships 
extended, to include a yet wider diversity of plant species. The 
relationships should additionally be tested within lineages of 
closely related species, in a phylogenetic context, to determine 
their robustness in evolutionary trajectories. Within lineages, 
developmental trait coordination may be expected to be even 
stronger than when considering diverse species, as in this study; 
thus, in a study of species within Proteaceae, correlations among 
cell sizes were very strong, including among mesophyll and 
epidermal cell sizes and minor vein xylem conduit diameters 
( Brodribb et al., 2013 ). Indeed, the strength of these novel al-
lometries across diverse species indicates that they are likely to 
be found more generally, and point to the need for future work 
to elucidate the underlying developmental and evolutionary 
mechanisms for their origin and ontogenetic basis, and their 
functional implications. 

 Future work is also needed to consider the possible infl uence 
of the environment on the allometries of cells and tissues within 
leaves. Many trait allometries (e.g., those among the mass of 
organs) shift substantially due to plasticity across different 
growing conditions, i.e., different supplies of light, nutrients, 
and/or water (e.g.,  Poorter et al., 2012 ;  Poorter and Sack, 2012 ), 
and previous studies have shown that the relationships among 
tissue thicknesses and whole-leaf thickness across 22 herba-
ceous species shifted with irradiance and nutrient availability 
( Meziane and Shipley, 1999 ). The leaves in this study were for 
plants all grown under well-exposed, irrigated conditions. 
Additional experimental work will show how much the allom-
etries among cell, tissue, and whole leaf dimensions can shift 
for given species in different conditions. 

 These fundamental relationships among the dimensions of cell 
walls, cells, tissues, and whole leaves will themselves scale up to 
infl uencing other leaf and plant traits. Indeed, an increasing focus 
of research is to clarify the anatomical basis of leaf mass per area 
(LMA), and other relationships pertaining to “leaf economics” 
traits, which tend to correlate with LMA, e.g., rates of photosyn-
thesis and respiration, nutrient concentrations per leaf area and 
per leaf mass, and leaf longevity (cf.  Garnier and Laurent, 1994 ; 
 Shipley et al., 2006 ;  Poorter et al., 2009 ;  Sack et al., 2013 ). The 
allometries of cells and tissues will fi gure fundamentally in future 
attempts to determine the quantitative anatomical basis for these 
traits, their genetic and developmental basis, and their evolution-
ary and ecological differentiation, increasing the ability to select 
or engineer those traits in crop plants ( Gowik and Westhoff, 
2011 ;  Kattge et al., 2011 ). 

size, a mechanical and a developmental explanation. As leaves 
transpire or dehydrate, cells undergo shrinkage, and the pres-
sure required to deform a cell is a function of the cell wall thick-
ness relative to the lumen diameter of the cell, a relationship 
well studied in wood xylem ( Hacke et al., 2001 ), but not previ-
ously examined in leaf mesophyll cells, though the same prin-
ciple should apply. Indeed, the geometric scaling of cell wall 
thickness with cell cross-sectional area would indicate a mech-
anism for the ability of the cell wall to withstand collapse to be 
independent of cell size across species. Notably, the xylem cells 
did not show this trend, but rather, cell walls were dispropor-
tionally thick across all xylem conduit sizes, and lumen diam-
eter was not related to wall thickness, as previously observed in 
wood xylem studied across species of angiosperms and coni-
fers ( Pittermann et al., 2006 ;  Cochard et al., 2008 ), and as con-
fi rmed in our analysis of the data for leaf minor veins for 20 
diverse Australian angiosperms ( P  > 0.05 in Spearman rank 
correlation;  Blackman et al., 2010 ). Such disproportional thick-
ening would contribute to the ability to withstand strong tensions. 
Notably in the upper epidermis, there also was no correlation 
of cell cross-sectional area and cell wall thickness. This lack of 
a relationship might have been due to azimuthal assymetry of 
epidermal cells (see  Methods ) and a relationship might occur 
between cell volume and cell wall thickness. Alternatively, 
there may be no relationship due to disproportionate thicken-
ing of these cell walls, which would provide mechanical protec-
tion to the leaf ( Haberlandt, 1914 ;  Esau, 1965 ). 

 A second explanation for the geometric scaling of mesophyll 
cell wall thickness with cell size is developmental. Cell wall 
thickening may match cell expansion because these processes 
continue simultaneously from when leaf primordium cells be-
gin to divide until leaf maturation ( Esau, 1965 ;  Albersheim 
et al., 2011 ). The lack of this trend in xylem and upper epidermal 
cells may correspond to their developing thick, lignifi ed sec-
ondary cell walls. Thus, species with cells that expand to larger 
sizes, either via more rapid expansion in a given time or via a 
longer time for expansion would also develop thicker cell walls 
(cf.  Donnelly et al., 1999 ). Such a developmental explanation 
for scaling trends across tissues has been recently proposed for 
the relationship of leaf major vein traits to leaf size across di-
verse species ( Sack et al., 2012 ). 

 The relationships of whole-leaf thickness to mesophyll tissue 
thicknesses, to cell sizes, and cell wall thickness throughout the 
leaf may be a simple result of these components contributing to 
the whole-leaf thickness and/or it may involve a developmental 
mechanism. A recent review has shown that in typical leaves, 
leaf thickening is coordinated with the expansion of cells in the 
mesophyll, which continues after cell divisions slow ( Pantin 
et al., 2012 ). Thus, thicker leaves would likely develop with 
larger cells and thicker mesophyll tissues, even across diverse 
species. Indeed, correlations of whole-leaf thickness with thick-
ness of leaf tissues have been previously reported to hold across 
deciduous species and evergreen species ( Garnier and Laurent, 
1994 ;  Roderick et al., 1999 ;  Sack and Frole, 2006 ). Our allo-
metric analyses indicated that whole-leaf thickness typically 
increased less than geometrically with component tissue thick-
nesses or cell sizes or cell wall thickness, as expected given that 
epidermal tissue thicknesses, also a component of whole-leaf 
thickness, were unrelated to leaf thickness in our data set, and 
also likely due to the variability in the contribution of different 
tissues to the whole-leaf thickness across species. 
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