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Abstract

Chloroplast number per cell is a frequently examined quantitative anatomical parameter, often estimated by counting 
chloroplast profiles in two-dimensional (2D) sections of mesophyll cells. However, a mesophyll cell is a three-dimen-
sional (3D) structure and this has to be taken into account when quantifying its internal structure. We compared 2D 
and 3D approaches to chloroplast counting from different points of view: (i) in practical measurements of mesophyll 
cells of Norway spruce needles, (ii) in a 3D model of a mesophyll cell with chloroplasts, and (iii) using a theoretical 
analysis. We applied, for the first time, the stereological method of an optical disector based on counting chloroplasts 
in stacks of spruce needle optical cross-sections acquired by confocal laser-scanning microscopy. This estimate was 
compared with counting chloroplast profiles in 2D sections from the same stacks of sections. Comparing practical 
measurements of mesophyll cells, calculations performed in a 3D model of a cell with chloroplasts as well as a theo-
retical analysis showed that the 2D approach yielded biased results, while the underestimation could be up to 10-fold. 
We proved that the frequently used method for counting chloroplasts in a mesophyll cell by counting their profiles 
in 2D sections did not give correct results. We concluded that the present disector method can be efficiently used 
for unbiased estimation of chloroplast number per mesophyll cell. This should be the method of choice, especially in 
coniferous needles and leaves with mesophyll cells with lignified cell walls where maceration methods are difficult or 
impossible to use.

Keywords:   Chloroplast counting, confocal microscopy, disector method, mesophyll, coniferous needle structure, Norway 
spruce (Picea abies L. Karst.), profile counting, stereology.

Introduction

Chloroplasts are important organelles of plant photosynthe-
sizing cells as loci where the photosynthetic processes take 
place. In mesophyll cells, chloroplasts are usually located next 
to the cytoplasmic membrane adjacent to intercellular spaces 
to decrease the resistance to CO2 diffusion (Terashima et al., 
2011). The chloroplast number per cell represents a frequently 
examined quantitative anatomical parameter, reflecting various 
leaf internal and external conditions. It can be influenced by 

internal factors, such as ploidy (Mochizuki and Sueoka, 1955) 
and environmental factors, e.g. CO2 concentration (Wang et al., 
2004; Teng et al., 2006). Well-established methods for estima-
tion of the chloroplast number per cell previously used in two-
dimensional (2D) space are based on: (i) counting chloroplasts 
in stomatal guard cells in epidermal peels, (ii) determining the 
number of chloroplasts in flattened mesophyll cells after macer-
ation, and (iii) counting profiles of chloroplasts in leaf sections.

© The Author 2013. Published by Oxford University Press on behalf of the Society for Experimental Biology.

Abbreviations: 2D, two-dimensional; 3D, three-dimensional; SUR, systematic uniform random.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0/),  
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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Chloroplast counting in guard cells of epidermal peels 
using a light microscope is not problematic, enabling count-
ing of chloroplasts contained in one cell in one focal plane; 
this has been applied to various plants, e.  g. Beta vulgaris 
L.  (Mochizuki and Sueoka, 1955), Solanum tuberosum 
L. (Frandsen, 1968), and Citrullus lanatus (Thunb.) Matsum. 
and Nakai. (Sari et al., 1999).

One of the most frequently used methods for estimation 
of chloroplast number per mesophyll cell in herbaceous 
plants in 2D is counting chloroplasts in separated mesophyll 
cells obtained by maceration procedures, as described by 
Possingham and Saurer (1969). Fixation and maceration of 
Spinacia oleracea L.  leaves enabled the separation of meso-
phyll cells, which were then flattened into a single plane of 
focus, allowing the chloroplasts to be viewed in a single layer 
and thus to be easily counted under phase contrast in an opti-
cal microscope with an eyepiece graticule. Methods based on 
these principles were then improved (Possingham and Smith, 
1972), and modified protocols have been widely used, e.g. for 
Triticum aestivum L. (Boffey et al., 1979), Spinacia oleracea 
L. (Chaly et al., 1980), Pisum sativum L. (Lamppa et al., 1980), 
Medicago sativa L. (Molin et al., 1982), B. vulgaris L. (Tymms 
et  al., 1983), and Chenopodium album L.  (Yamasaki et  al., 
1996). The maceration process was further adapted and 
applied to Arabidopsis thaliana L. and counting was accom-
plished after chloroplast thresholding using an image analy-
sis program (Pyke and Leech, 1991; Marrison et  al., 1999; 
Stettler et al., 2009). Sung and Chen (1989) extracted chloro-
plasts from macerated leaves of Glycine max L. Merrill and 
counted chloroplasts per leaf using a haemocytometer—a 
special microscope slide with an engraved graticule. To our 
knowledge, a method for chloroplast counting using macera-
tion has not yet been applied to leaves with thick, lignified cell 
walls, such as coniferous needles.

Another method frequently used for the estimation of chlo-
roplast number per mesophyll cell in 2D is based on counting 
chloroplast profiles in semi-thin (1–4 μm thick) physical sec-
tions of a leaf using transmission electron and light micros-
copy (Boffey et al., 1979; Zechmann et al., 2003; Wang et al., 
2004; Jin et  al., 2011; Simon et  al., 2013). This method is 
frequently used, but its practical application including sam-
pling design is often insufficiently described (Sam et  al., 
2003; Hayashida et al., 2005; Teng et al., 2006; Gopi et al., 
2008). Moreover, in many recent studies, the chloroplast and/
or cell profiles in 2D were counted to get an estimation of 
chloroplast number in 3D, which is a theoretically incorrect 
approach. For example, the number of chloroplasts per unit 
of leaf area was estimated from the number of chloroplast 
profiles in a 0.8 μm thick section observed by light micros-
copy (Miyazawa and Terashima, 2001; Oguchi et al., 2005) 
and the number of mesophyll cells per leaf area was deter-
mined from the number of cell profiles in 5 μm thick sections 
(Adachi et al., 2013).

Some further methods have involved analysis of several 
optical sections from the same specimen, enabling the count-
ing of chloroplasts in 3D directly—either during focusing 
through the whole thick physical section by a light micro-
scope (e.g. for T. aestivum L. and Triticum monococcum L.; 

Ellis and Leech, 1985), focusing through protoplasts in a 
cell suspension of Marchantia polymorpha L. (Bockers et al., 
1997), or in a 3D reconstruction created from images of 
series of optical sections acquired by confocal microscopy. 
The latter approach was used for determining the chloroplast 
number per stomatal guard cell in leaves of potato S. tubero-
sum L. (Mozafari et al., 1997), A. thaliana L. (Dinkins et al., 
2001), Eucalyptus saligna Sm. (Xu et al., 2012), and Glycine 
dolichocarpa Tateishi and H.  Ohashi (Coate et  al., 2012). 
Chloroplasts in mesophyll cells of Oryza sativa L.  were 
counted after comparing photographs from three planes of 
focus located inside one cell (Hassan and Wazuddin, 2000).

The importance of using a proper method for count-
ing/sampling chloroplasts is obvious, because incorrect 
approaches can lead to serious bias in the chloroplast number 
estimation. However, in many studies, the sampling method 
is not well specified. In general, it is important to note that 
an unbiased method for sampling/counting particles must 
sample any of the particles with the same probability (Sterio, 
1984). It should be stressed that profiles of particles in a 2D 
section of a specimen do not represent an unbiased sample 
of the particles, as the larger particles are sampled (i.e. sec-
tioned) with a higher probability. Moreover, it is known that 
anatomical parameters often exhibit gradients along the leaf 
blade (e.g. Pazourek, 1966; Possingham and Saurer, 1969). 
Thus, a proper design of sampling leaf segments for an analy-
sis is crucial to obtain unbiased results.

For an unbiased estimation of the number of particles in 
3D with no assumption about particle shape and size, the 
optical disector method based on 3D unbiased sampling 
probe was developed (Sterio, 1984; Gundersen, 1986). This 
method enables particles of varying shape, such as chloro-
plasts in a cell and cells within a tissue, to be sampled inter-
actively and counted in an unbiased way. This method has 
already been used successfully for estimation of mesophyll 
cell number (Albrechtová and Kubínová, 1991; Kubínová, 
1991, 1993, 1994; Kubínová et al., 2002; Albrechtová et al. 
2007), but to our knowledge it has never been used for chlo-
roplast number estimation.

We hypothesised that the number of chloroplast profiles 
counted in cell sections in 2D would be different from the 
number of chloroplasts counted by an unbiased method 
in 3D. To verify our hypothesis, we compared 2D and 3D 
approaches to chloroplast counting (i) in practical measure-
ments of mesophyll cells of Norway spruce needles, (ii) in a 
3D model of a mesophyll cell with chloroplasts, and (iii) by a 
theoretical analysis.

Materials and methods
Norway spruce (Picea abies L. Karst.) current-year needles were col-
lected from crowns of 18-year-old trees planted on an experimental 
site of the Global Change Research Centre, Academy of Sciences, 
Czech Republic, the Bílý Kříž in Moravskoslezské Beskydy moun-
tains, in 2004 (Urban et  al., 2001). Spruce needles were collected 
from south- and south-west-facing branches from the middle crown 
part and were stored in a deep freeze until processing (Lhotáková 
et al., 2008). The images were captured during 2009 and analysed 
during 2009–2012.
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Sampling of 0.2 mm thick needle cross-sections cut off  using a 
hand microtome and placed into a drop of water was done in a sys-
tematic uniform random (SUR) way at intervals of 3 mm (Fig. 1).

The images of the spruce needle cross-sections were captured 
using a Leica SP2 AOBS confocal laser-scanning microscope 
(Leica Microsystems, Wetzlar, Germany) with Ar laser excitation 
of 488 nm; phenolics autofluorescence was detected in the green 
channel (494–577 nm) and autofluorescence of chlorophyll in chlo-
roplasts was detected in the red channel (625–710 nm) (Fig.  2A). 
The acquired images were analysed using Ellipse software (ViDiTo, 
Košice, Slovakia, http://www.ellipse.sk/, last accessed 21 November 
2013), which offers special modules for stereological measurements.

The Ellipse Disector module (Tomori et al., 2001) enables applica-
tion of a virtual 3D probe to the stack of serial optical sections. It 
is possible to browse through the successive optical sections and to 
mark the selected particles (Figs. 3B–D). The optical disector probe 
(Sterio, 1984, Gundersen, 1986) represents a virtual 3D block with 
three exclusion planes (Fig. 3A). The bottom look-up plane belongs 
to exclusion planes together with two side planes. The reference 
plane on the top does not belong to the exclusion planes. Particles 
lying within this block or intersecting its planes, except the exclusion 
ones, are counted (Fig. 3). The particles are sampled without bias if  
each particle has the same probability of being sampled, i.e. if  the 
3D space is filled in by the spatial mosaic of the shifted copies of the 
disector probe and each particle in the space is sampled by one and 
only one shifted copy of the 3D sampling probe (Fig. 4).

At first, the image of an entire cross-section was captured using 
a dry plan apochromatic 10× objective [numeric aperture (NA) 0.4] 
with resolution 1024 × 1024 pixels (1500 × 1500  µm). From these 
images, the areas of needle cross-sections and the proportions of 
mesophyll were estimated by the point counting method (Weibel, 
1979) using the Ellipse Point Grid software module (Fig.  2E). 
The spruce needle volume was estimated by Cavalieri principle 
(Gundersen and Jensen, 1987): the mean of the areas of cross-sec-
tions was multiplied by the length of the needle.

For mesophyll cell counting, 30  µm thick stacks comprising 16 
serial optical sections 2  µm apart were acquired by using a plan 
apochromatic 20× water-immersion objective (NA 0.7) with reso-
lution 2048 × 2048 pixels (750 × 750  µm) (Fig.  2F, Supplementary 
Videos S1 and S2, at JXB online). Several stacks were acquired in 
each cross-section to cover its whole area; altogether, 157 stacks 
were acquired. The height of the disector probe was 10 μm, placed 
in the middle of captured stacks, i.e. within a substack of six optical 
sections 2 μm apart, the size of the sampling frame was adjusted to 
cover the whole cross-section area. A double disector (Gundersen, 
1986) was used: the probe was used in both directions, i.e. at first, 
cells were counted by the disector with the reference plane and look-
up planes in the positions shown in Fig.  3A, and then additional 

cells were counted by the disector with the reference plane set to the 
position of the former look-up plane and vice versa. Thus, the total 
height of the probe was twice its real height (20 μm, in this case). 
The needle volume in the stack was determined by multiplying the 
height of the double disector and the needle area estimated from the 
cross-section captured by a 10× objective. The mesophyll cell density 
(number of cells per needle volume) was estimated by the formula 
(Sterio, 1984; Gundersen, 1986):
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where estNVneedle(cell) is the estimated number of mesophyll cells 
per needle volume, Q celli

− ( ) is the sum of all sampled cells in all 
disector probes within a needle, ∑Pi is the sum of all points falling 
within a needle in all disector probes (for calculation needle volume 
in each probe) used for cell counting, p is the number of test points 
in a grid in a sampling frame used for cell counting, a is the area of 
the disector sampling frame (the base plane of the 3D probe) used 
for cell counting, and h is the height of the disector probe used for 
cell counting

For chloroplast counting, the positions of captured stacks were 
selected by random application of rectangle grid in the Rectangles 
module of the Ellipse software (ViDiTo, Košice, SR) (Fig. 2C) on the 
images captured by a 10× objective, while the size of the rectangles 
was set equal to the size of the field of view and the distance between 
the rectangles was set to capture on average 24 stacks of optical sec-
tions per spruce needle. In each position, 20 µm thick stacks com-
prising 41 serial optical sections 0.5 µm apart were acquired using 
a plan apochromatic 63× water-immersion objective (NA 1.2) with 
zoom 2× and resolution 512 × 512 pixels (119 × 119 µm) (Fig. 2D). 
Altogether, 464 stacks were acquired and used for counting chloro-
plasts by applying the disector method.

The dimensions of the disector sampling frame for chloroplast 
counting in the middle of the stack were set to 500 × 500 pixels 
(116 × 116  μm) and the height of the probe was 5.5  μm, as there 
were 12 optical sections included, 0.5 μm apart. To estimate the vol-
ume of the spruce needle within each disector probe, the needle area 
in the middle image of the stack was determined by the point-grid 
method and multiplied by the disector height. The chloroplast den-
sity (number of chloroplasts per needle volume) was estimated by 
the formula (Sterio, 1984; Gundersen, 1986):
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Fig. 1.  Systematic uniform random (SUR) sampling of positions of cross-sections along the needle. 0, tip; z, position of the first cross-
section: a random integer from an interval 0–5 was chosen using a table of random numbers; this number determined the position of the 
first cross-section (z) in the needle (0 corresponded to 0.5 mm from the tip and 1 corresponded to 1 mm, up to 5, which corresponded 
to 3 mm from the tip), T=3 mm (the interval between subsequent cross-sections). (This figure is available in colour at JXBV online.)
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where estNVneedle(chl) is the estimated number of chloroplasts per 
needle volume, Q chli

− ( ) is the sum of all sampled chloroplasts in all 
disector probes within a needle, ∑P’i is the sum of all points falling 
within a needle in all 3D probes (for calculation of needle volume in 
each probe) used for chloroplast counting, p’ is the number of test 
points in a grid in a sampling frame used for chloroplast counting, 
a’ is the area of the disector sampling frame (the base plane of the 
3D probe) used for chloroplast counting, and h’ is the height of the 
disector probe used for chloroplast counting.

The estimated number of chloroplasts per mesophyll cell was cal-
culated by the ratio of the chloroplast number and the mesophyll 
cell number per needle volume:

estN chl
estN chl
estN cellNcell

Vneedle

Vneedle

( )
( )
( )

=

where estNNcell(chl) is the estimated number of chloroplasts per 
mesophyll cell, estNVneedle(cell) is the estimated number of meso-
phyll cells per needle volume, and estNVneedle(chl) is the estimated 
number of chloroplasts per needle volume.

The profiles of chloroplasts and cells in 2D images were counted 
in the same stacks as those used for 3D measurements in the middle 
optical sections using the 2D unbiased sampling frame (Gundersen, 
1977) (Fig. 2D). The number of chloroplasts per cell was calculated 

Fig. 2.  Norway spruce needle cross-section: image acquisition, sampling, and processing. (A) Anatomical structure of a Norway 
spruce needle in a cross-section. Autofluorescence of chlorophyll in chloroplasts was detected in the red channel and autofluorescence 
of phenolics was detected in the green channel. (B) Histochemical lignin detection in cell walls (pink) of mesophyll cells using a 
phloroglucinol/HCl test (O’Brian and McCully, 1981). (C) Sampling frames were superimposed on a needle transverse section using 
the Rectangles module in Ellipse software. (D) Stacks of optical sections were acquired at the positions of rectangles in (C) with higher 
resolution. (E) Estimation of needle cross-sectional area by a point counting method using the Point Grid module in Ellipse software  
(F) Two frames showing the subsequent acquisition of series for counting mesophyll cells. (A, C–F), confocal microscopy: (B) bright-field 
light microscopy.
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as the ratio of the chloroplast profile number per needle area to the 
cell profile number per needle area, while the needle area was esti-
mated previously by the point counting method (Weibel, 1979).

In order to obtain comparable results by 2D and 3D methods, we 
calculated the chloroplast number per cell in each needle cross-sec-
tion (68 in total) by both methods. In the 3D method, we summed 

Fig. 3.  Chloroplast counting using the virtual 3D disector probe. (A) Scheme of the disector probe with chloroplasts. The disector 
probe is a 3D block. Chloroplasts lying within this block or intersecting its planes are counted, except those intersecting the exclusion 
planes. The exclusion planes in this scheme are represented by the dark planes and the transparent front plane (all bordered by a full 
line): the bottom KLMN (so-called look-up plane), KNRO, KLPO, and half-planes PLS and RNT. The top rectangle OPQR is called the 
reference plane and does not belong to the exclusion planes. Chloroplasts that lie fully inside the probe are always counted. In this 
scheme, eight chloroplasts are counted (ticked) and six chloroplasts are not counted (crossed). (B–D) Three optical sections of the stack 
of real serial optical sections acquired by confocal microscopy. Within section numbers 16–27, the disector probe was placed using the 
Disector module in the Ellipse software, section 16 being the reference plane of the probe (B), section 22 inside the disector probe (C), 
and section 27 the look-up plane of the disector probe (D). Counted particles are those within the probe not intersecting the exclusion 
planes: point, counted particle; cross, particle is not counted. In this example, eight chloroplasts were counted (chloroplasts numbers 3 
and 10–13 are intersecting the exclusion planes). (This figure is available in colour at JXB online.)
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the number of  chloroplasts per volume as estimated by the disec-
tor method in each cross-section and divided it by the sum of the 
estimated number of  cells in each cross-section. In the 2D profile 
counting method, we summed the estimated number of  chloro-
plasts per area in each cross-section and divided it by the sum of 
the estimated number of  cells in each cross-section. Acquired val-
ues were compared using statistical analysis (paired t-test) in NCSS 
2000 program (Number Cruncher Statistical Systems, Kaysville, 
Utah, USA).

For visualization of mesophyll cell surface (Fig. 5A–E) and 3D 
chloroplast arrangement in a mesophyll cell (Fig. 5G), the 3D recon-
structions were created based on processing series of optical sections 
2 µm apart acquired by a confocal microscope using a 20× objective. 

A model of a simplified mesophyll cell with 210 chloroplasts was 
made in the Cortona software (Fig. 5F, H, Supplementary Video S3 
at JXB online) in order to demonstrate comparison of the 3D disec-
tor and the 2D profile counting methods.

For maceration of  needle mesophyll samples, in order to count 
chloroplasts directly in separated cells, different methods were 
tested: a 1 M aqueous solution of  HCl (Possingham and Saurer, 
1969); a 3.5% aqueous solution of  glutaraldehyde and 0.1 M 
aqueous solution of  Na2EDTA (Boffey et al., 1979); and a solu-
tion of  10% aqueous CrO3 and 10% aqueous HNO3 (O’Brian and 
McCully, 1981). A phloroglucinol/HCl test (O’Brian and McCully, 
1981) was applied to demonstrate lignification of  mesophyll cell 
walls (Fig. 2B).

Fig. 4.  Scheme of the hypothetic spatial mosaic of 3D disector sampling probes illustrating that particles are unambiguously sampled 
by only one disector sampling probe. The probes a, b, and c are located next to each other. The exclusion planes in this scheme are 
represented by grey planes. Particles are labelled according to the label of the probe they are counted in. In this scheme, in probe 
a eight chloroplasts are counted (labelled a), in probe b eight chloroplasts are counted (labelled b), and in probe c nine chloroplasts 
are counted (labelled c). Chloroplasts labelled by crosses are not counted by any of the three probes shown here, but they would be 
unambiguously sampled by adjacent hypothetical probes. (This figure is available in colour at JXB online.)
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Results

The Norway spruce needle structure (Fig. 2A) is composed 
of a one-cell-layer epidermis with highly cutinized periclinal 
cell walls on the needle surface; below the epidermis, there 
is one-cell layer of sclerenchymatic hypodermis not present 
below the stomata, followed by mesophyll and a central cylin-
der with a vascular bundle surrounded by transfusion tissue. 
Mesophyll cells contain chloroplasts and have an irregular 
shape with lobed anticlinal cell walls and are prolonged in the 
direction perpendicular to the needle surface (Fig. 5E), form-
ing layers of tightly connected mesophyll cells surrounded 

by intercellular spaces (Supplementary Videos S1 and S2, 
Supplementary Fig. S1 at JXB online).

Numerous maceration methods were tested in order to 
count chloroplasts directly in separated spruce mesophyll 
cells. However, the spruce mesophyll cells kept connected 
together by the middle lamella and cell walls. We concluded 
that maceration methods were unsuccessful due to lignifica-
tion of mesophyll cell walls detected histochemically (Fig. 2B) 
and observed regularly in our previous study (Soukupová 
et al., 2000).

The average Norway spruce needle volume was 
8.17 ± 1.00 mm3 ([mean ± standard error (SE)] and the 

Fig. 5.  3D reconstruction and 3D model of a Norway spruce mesophyll cell. (A–D) Different optical sections of a mesophyll cell in a 
stack of images captured by a confocal microscope by using an objective 20×. (E) 3D reconstruction of the surface of the mesophyll 
cell from the confocal image stack shown in (A)–(D) using Ellipse software. (F) Face view of a model of a mesophyll cell with 210 
chloroplasts made in Cortona 3D software. (G) 3D reconstruction of the mesophyll cell with chloroplasts from a stack of optical sections 
from confocal microscopy using Ellipse software. The positions of chloroplasts do not correspond to the in vivo state. (H) Side view of 
the model from (F) with six lines indicating planes of cross-sections. (I) 2D sections through the model cell shown in (F) and (H). Letters 
indicate the position of section planes in (H). Numbers indicate the number of chloroplast profiles in each of these sections.
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proportion of mesophyll in the needle volume was 72.0 ± 0.8 %.  
The average number of chloroplasts per mesophyll cell esti-
mated by profile counting in 2D was 20.92 ± 1.32, while the 
average number of chloroplasts estimated by the disector 
probe in 3D was 10 times higher, i.e. 209.65 ± 17.44 (Fig. 6). 
Unsurprisingly, statistical analysis showed a significant differ-
ence between results obtained in 2D and 3D. The methods of 
chloroplast counting in 2D and 3D thus yielded estimates of 
the chloroplast number per mesophyll cell that were different 
by one order of magnitude.

To visualize differences in the results yielded by both meth-
ods, we used the 3D model of a mesophyll cell (Fig. 5F, H, 
I, Supplementary Video S3). We made 111 sections through 
the cell model and counted profiles in each section. The 
mean number of particle profiles per section was 17.23 ± 0.69 
(mean±SE). However, there were 210 particles in the model 
cell. Our test showed that the average number of chloroplasts 
estimated by profile counting was more than 10 times under-
estimated in comparison with the real number of chloroplasts 
in the model. This is clearly demonstrated in Fig. 6.

The difference between both estimators tested can be also 
explained theoretically as shown below. The number of chlo-
roplasts per mesophyll cell can be calculated by:

estN chl
estN chl
estN cellNcell

Vneedle

Vneedle

( )
( )
( )

=

Instead of direct counting of N, it could be estimated by esti-
mations of densities NV



:
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V

V

V




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= ( )
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obtained by stereological methods. N cellV
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mated with a small error, CV <
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4

, because it is not possible to 
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 ( ) with an error of about CV <

2
5

 

(Marsaglia, 2006). The number of chloroplasts cannot be 
directly estimated by counting profiles in the section, because 
the areal density of profiles is related not only to density Nv 

but also to height h: N h NA V= ⋅ . If  we count the ratio of 
estimations,
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which is different from the desired value by the ratio of the 
height of chloroplasts to the height of mesophyll cells:

h chl
h cell

( )
( )

The chloroplasts are much smaller than mesophyll cells 
(chloroplast mean height is approximately 4  μm, while the 
cell mean height is approximately 40–60 μm); therefore, the 
theoretically expected difference is high, also of one order of 
magnitude.

Discussion

Counting chloroplast profiles in 2D yielded values of chlo-
roplast number per cell that were 10 times underestimated in 
comparison with the mean number of chloroplasts estimated 
by the unbiased disector method in 3D. We determined that 
the systematic shift in an estimated value is inversely related 
to the ratio of the height of chloroplasts to the height of 
mesophyll cells. The 3D model also showed that neglecting 
the 3D appearance of the cell led to the underestimation of 
the number of chloroplasts (Fig.  6). All our practical and 
theoretical tests thus clearly showed that the frequently used 
method for chloroplast number estimation by counting pro-
files of particles from 2D sections (e. g. Boffey et al., 1979; 
Sam et al., 2003; Wang et al., 2004; Hayashida et al., 2005; 
Teng et al., 2006; Gopi et al., 2008) yielded biased estimates 
and that the results may be one order of magnitude different 
from the real chloroplast numbers.

A review of the previously reported results on the number 
of chloroplasts per mesophyll cell with focus on the method 
used is presented in Supplementary Table S1 at JXB online. 
The studies were conducted on various plant species, consid-
ering herbaceous species in the majority of cases. For example, 
the extreme variability can be seen in the number of chlo-
roplasts in Arabidopsis mesophyll cells estimated by various 
methods. The number of chloroplasts varied from eight to 10 
chloroplasts per cell, based on counting chloroplast profiles 
in thin sections (Teng et al., 2006; Jin et al., 2011), to more 
than 100 chloroplasts per cell if  the number was determined 
by the maceration method (Pyke and Leech, 1992; Marrison 
et al., 1999), or even more than 200 (Meyer et al., 2006).

It is generally known that the number of chloroplasts 
depends on plant internal factors—developmental stage, age, 
and species genotype (reviewed by Possingham, 1980)—or 
environmental factors, although the methodical bias could 

Fig. 6.  Comparison of 3D- and 2D-based methods for chloroplast 
number estimation. The mean number of chloroplasts per 
mesophyll cell in Norway spruce needle estimated by 3D disector 
was 209.65 ± 17.44 (mean±SE) (open column), and by profile 
counting in 2D (filled column) was 20.92 ± 1.32. This result was 
statistically significantly different (P<0.001).
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conceal effects of these factors. Authors often do not describe 
the sampling design and the method used for chloroplast 
counting. Nevertheless, sampling design is crucial for yield-
ing unbiased results, as anatomical gradients within a leaf 
blade were demonstrated also for the number of chloroplasts 
per cell (Dean and Leech, 1982). Gradients in leaf anatomi-
cal parameters, e.g. the number of chloroplasts per cell, also 
exist in dependence on distance of a leaf from the root system 
(Possingham and Saurer, 1969).

The chloroplast number per cell in conifers was estimated 
by profile counting to be six to 16 chloroplasts per cell in 
different species sampled in August (Maslova et  al., 2009) 
(Supplementary Table S1). These numbers seem to be very 
low and may not reflect the real chloroplast number in a 
mesophyll cell. For example, the number of chloroplasts per 
pair of stomatal guard cells in epidermal peels varies between 
10 and 20 (Mochizuki and Sueoka, 1955; Frandsen, 1968; 
Nicholson, 1981; Qin and Rotino, 1995; Sari et  al., 1999) 
and the mesophyll cells are obviously larger than guard cells. 
In flat cells, such as the stomatal guard cells, it is possible to 
observe the chloroplasts practically in one optical section and 
to count them correctly in contrary to the mesophyll cells, 
which are larger and thicker, so it is unlikely that profiles of 
all of the chloroplasts within a cell would be present in a sin-
gle optical section.

Chloroplast counting in separated mesophyll cells after 
leaf maceration (e.g. Possingham and Saurer, 1969; Stettler 
et al., 2009) is appropriate in the case when the chloroplasts in 
the specimen are not overlapping. Counting of chloroplasts 
in a solution from the macerated leaf segments (Sung and 
Chen, 1989) does not enable the determination of chloroplast 
number per cell as the number of mesophyll cells, from which 
the chloroplasts present in a solution are released, is not 
known. Applying the maceration method to coniferous nee-
dles is problematic or even impossible, as shown in our study, 
as they contain phenolic compounds and lignin in cell walls 
(Fig. 2B), as proved in a histochemical study by Soukupová 
et al. (2000).

Counting chloroplasts in cells directly during focusing 
through the specimen using conventional light microscopy 
(Ellis and Leech, 1985; Bockers et al., 1997) can be applied 
if  entire cells can be focused through and the chloroplasts 
are sparsely distributed in cells; however, chloroplasts usually 
tend to be densely packed along the cytoplasmic membrane. 
Determining the chloroplast number per cell in 3D recon-
structions made from a series of confocal microscope images 
(Mozafari et al., 1997; Dinkins et al., 2001; Coate et al., 2012; 
Xu et al., 2012) can yield an unbiased estimate if  SUR sam-
pling is applied and a sufficient number of cells is analysed. 
However, this is a much more time-consuming approach than 
application of the disector method.

In order to get unbiased results, it is also important to 
apply unbiased sampling of locations within the leaf where 
the measurement is performed. Many authors of previous 
studies reporting the chloroplast number per mesophyll cell 
do not explain the sampling design in a sufficient detail. 
However, a SUR sampling, along with both assumptions—
the unbiased method for counting particles and the sufficient 

number of measurements—are essential for getting unbiased 
and accurate results (Sterio, 1984).

In the present study, sample preparation and image acqui-
sition were carefully designed according to the principle of 
SUR sampling (Gundersen and Jensen, 1987). Needles col-
lected from Norway spruce trees were stored frozen before 
processing; freezing of needles does not influence various 
geometrical parameters of mesophyll (Lhotáková et  al., 
2008). Similarly, the number of mesophyll cells and the num-
ber of chloroplasts cannot change during the needle storage. 
Norway spruce chloroplasts kept their chlorophyll fluores-
cence activity, even after 5 years of storage in a freezer, and 
were perfectly suitable for confocal microscopy. To eliminate 
the possible shrinkage of a tissue caused by cutting, the dry 
stem pith of Sambucus nigra L. was used to fix the sample 
during cutting. It was found that some cells might have been 
pulled out of the specimen during cutting (Lhotáková et al., 
2008), and this is why the disector probe was placed in the 
middle of a stack.

In general, plant mesophyll cells contain a large central 
vacuole and, in vivo, chloroplasts are usually located in the 
peripheral cytoplasm, close to the cell wall. However, the spa-
tial distribution of organelles may be disrupted by freezing. 
Therefore, we are aware that our 3D models of mesophyll cells 
(Fig. 5) do not correspond to in vivo chloroplast arrangement; 
however, they illustrate well the size of Norway spruce meso-
phyll cells, their variable and irregular shape, as well as the 
number and size of chloroplasts within a cell. The particular 
mesophyll cell chosen for 3D reconstruction was a smaller one, 
so that it was possible to focus through the entire cell. Most 
mesophyll cells were too high to be focused through; therefore, 
a method based on direct counting of chloroplasts within the 
entire cell could not be used. The present 3D model of meso-
phyll cell (Fig. 5F, H, I) was constructed such that it contained 
the mean number of chloroplasts obtained in our study.

Conclusions

Based on the above-presented lines of evidence, we con-
clude that the presented optical disector method for chloro-
plast counting, using stacks of confocal microscopic images 
acquired from thick tissue sections accompanied by SUR 
sampling, is a very efficient method for estimating chloroplast 
number per mesophyll cell. While using the optical disector 
method for chloroplast counting, an important consideration 
that a mesophyll cell is a 3D structure is taken into account. 
We propose this method as a universal unbiased one. It should 
be the method of choice, especially in conifers or other xero-
morphic leaves with mesophyll cells with lignified walls, where 
maceration methods are difficult or impossible to apply.

Supplementary data

Supplementary data are available at JXB online.
Supplementary Figure S1. Norway spruce needle longi-

tudinal median section by confocal microscopy using 20× 
objective.
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Supplementary Table S1. Review of studies with results 
on the number of chloroplasts per mesophyll cell of dif-
ferent plant species (most studied plant species: families 
Brassicaceae, Fabaceae, Chenopodiaceae, and Poaceae, and 
other families; coniferous species) with focus on the method 
used.

Supplementary Video S1. 3D stack of 16 serial optical 
cross-sections 2  µm apart acquired by confocal microscopy 
using a 20× objective.

Supplementary Video S2. 3D reconstruction of the meso-
phyll arrangement created by volume rendering from images 
of 16 serial optical sections rotating in 3D space.

Supplementary Video S3. 3D model of a simplified mes-
ophyll cell with 210 chloroplasts (modelled by surfaces of 
oblate ellipsoids) made in IRIS Explorer (NAG, UK).
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shade needles on the irradiance macrogradient were flatter 
and had less cross-sectional area and smaller volume than 
did sun needles. The irradiance microgradient was detected 
within both sun and shade shoots, being steeper in sun shoots 
than shade shoots. On the microscale, the irradiance gradi-
ent induced changes in needle size and cross section shape 
according to needles’ orientation on a shoot. Due to a more 
favourable light environment the traits of the upper needles 
within both sun and shade shoots resembled more the sun 
needle traits. The sun needle volume was significantly larger 
in the case of elevated [CO2] as compared to ambient [CO2]. 
Irradiance was a stronger morphogenic factor determining 
needle size and cross section shape compared to CO2 con-
centration. We demonstrated that generalized Procrustes 
analysis can be a very powerful tool in ecophysiological 
studies for evaluating small-scale, subtle leaf shape changes 
on an intraspecific level caused by environmental factors.

Keywords  Coniferous needle morphology · Elevated 
CO2 concentration · Generalized Procrustes analysis · 
Geometric morphometry · Irradiance gradient · Leaf shape

Introduction

In the extended canopy, and particularly in forest trees, shad-
ing reduces irradiance, thereby impacting the irradiance 
gradient and thus the development of sun and shade leaves 
(Stahl 1883; Kim et al. 2005). In species with dorsiventral 
leaves, sun leaves are thicker compared to shade leaves, this 
greater thickness being accompanied by more layers of pali-
sade mesophyll (Wylie 1949; Hanba et al. 2002; Kim et al. 
2005; Niinemets 2007) and larger internal mesophyll surface 
area (Terashima 2005). Some conifer species also show nee-
dle differentiation between sun and shade ecotypes, but the 

Abstract 
Key message  Needle cross-section parameters differ 
according to needle orientation on a shoot correspond-
ing to irradiance microgradient. Irradiance is a stronger 
morphogenic factor determining needle size and shape 
than CO2 concentration.
Abstract  We investigated the effects of irradiance on mac-
roscale and microscale, elevated CO2 concentration [CO2], 
and their interaction on Norway spruce (Picea abies L. 
Karst.) needles. The irradiance macroscale was represented 
by sun and shade shoots from two vertical positions in a 
crown and the irradiance microscale corresponded to spatial 
orientation of individual needles on a shoot (upper, side, 
and lower needles relative to the shoot axis). Determination 
of needle cross section shape using generalized Procrustes 
analysis and principal component analysis provided a novel 
approach for evaluating needle morphometry. As expected, 
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differences are not as apparent as in leaves of broadleaved 
trees. Sun needles may have a higher volume-to-surface ratio 
and a thicker mesophyll layer (Niinemets 2007) or a circular 
shape in cross section that is in contrast with laterally flatter 
shade needles (Cescatti and Zorer 2003).

Because the leaves and branches overlap and shade one 
another, the irradiance gradient within a spruce canopy 
can be very steep. Photosynthetic photon flux density may 
thereby be reduced by as much as two thirds from top to bot-
tom within a tree crown (Reiter et al. 2005). Moreover, the 
quality of light changes along the crown’s vertical gradient, 
as absorption of light for photosynthesis by leaves of higher 
vertical position in a crown change the spectral composition 
of photosynthetically active radiation (Navrátil et al. 2007). 
Provided that incident irradiance may be limiting for pho-
tosynthesis, different light conditions within a mature tree 
crown could affect the carbon gain. As shown by Reiter et al. 
(2005) for Norway spruce, shade branches may display low 
or negative carbon balance.

Downscaling to the shoot microscale, the photosynthetic 
photon flux density at the leaf surface and the daily amounts 
of intercepted light within a branch vary not only among ver-
tical canopy layers (Iio et al. 2009) but depend also upon leaf 
inclination angle in broadleaved trees (Fleck et al. 2003). 
The influence of the light gradient within the conifer crown 
is also manifested in needle arrangement on shoots. The 
shoot architecture determined by the needle arrangement on 
a shoot has been studied together with needle surface area 
and described by the parameter STARmax (maximum ratio of 
shoot silhouette area to total needle surface area). STARmax 
is a measure of light interception efficiency per unit needle 
area of a shoot when the shoot axis is perpendicular to the 
direction of irradiance (Carter and Smith 1985; Stenberg 
1996). Shade shoots of Pinus and Picea have been shown to 
have higher STARmax than did sun shoots (Stenberg 1996). 
Shade shoots are usually more flat and with fewer needles, 
which grow more horizontally than vertically to intercept 
more light, while in the case of sun shoots the needles grow 
all around the shoot axis (Stenberg 1996; Cescatti and Zorer 
2003; Ishii et al. 2012). Carter and Smith (1985) modified 
sun and shade conifer shoots in Picea engelmannii Parry 
ex Engelm. by cutting selected needles to eliminate self-
shading. Then they compared modified shoots with intact 
ones and found that needle removal resulted in an increase 
in STARmax. Although the arrangement of sun and shade 
shoots thus seems to be well understood, it remains unclear 
how the characteristics of individual needles are influenced 
by their orientation on a shoot. Despite the fact that needle 
self-shading has been considered in many studies, to our 
knowledge, within-shoot light gradients have not yet been 
examined in conifers.

While the influence of irradiance on needle morphol-
ogy is fairly predictable, such is not the case of carbon 

dioxide concentration in the air ([CO2]). Changes in needle 
anatomy and morphology under elevated [CO2] have been 
studied and observed in different conifer species, but the 
findings are ambiguous. Pinus taeda L. and Pinus sylves-
tris L. needles in elevated [CO2] have been observed to be 
thicker, mainly due to an increase of mesophyll thickness 
(Thomas and Harvey 1983; Lin et al. 2001), while Larix 
kaempferi (Lamb.) Carr. needles have been reported to 
retain the same thickness (Eguchi et al. 2004). Moreo-
ver, the effects of [CO2] on needle morphology depend 
on such aspects of the experimental design as the level 
of elevated [CO2], duration of the experiment, and age 
of the treated plants. Older conifer trees seem to be less 
responsive to elevated [CO2] regarding morphological 
changes in needles. Although Lin et al. (2001) reported 
that treatment over several years of P. sylvestris seed-
lings in pots with elevated [CO2] led to an increase in 
needle thickness, Luomala et  al. (2005) observed that 
similar treatment of 20-year-old trees in a forest caused no 
change in this parameter. Our previous study of 18-year-
old Norway spruce trees after eight years of treatment 
(Lhotáková et al. 2012) corresponded with the results of 
Luomala et al. (2005). We observed no significant effect of 
elevated [CO2] on needles’ anatomical and morphological 
parameters (needle volume, internal needle surface area, 
mesophyll volume). The effect of elevated [CO2] on needle 
morphology is complex and interacts with other factors. 
To fully understand the effect of irradiance and elevated 
[CO2] on needle morphology and anatomy, it is vital to use 
a more precise method of needle parameter measurement.

The ratio of needle thickness to needle width is often 
considered to be a key morphological characteristic (Sellin 
2001; Apple et al. 2002; Palmroth et al. 2002; Homolová 
et al. 2013; Gebauer et al. 2015), but this parameter does 
not precisely describe the cross section shape. In contrast, 
generalized Procrustes analysis (GPA), a geometric mor-
phometric method, allows for precise quantitative analysis 
of plant organ shape. It also enables comparison of nee-
dle symmetry and shape independent of the actual needle 
cross section size. In general, this powerful method for 
shape description has been used rarely in plant studies, and 
then mostly for the detection of interspecific differences 
among plants (Klingenberg 2010; Savriama and Klingen-
berg 2011; Viscosi and Cardini 2011; Neustupa 2013). 
We anticipated that GPA would enable us to detect even 
very subtle differences among needle cross section shapes 
depending on their positions along the needle axis and 
spatial orientation on the shoot.

We expected that the needle cross section would 
become more circular in sun needles and flatter in shade 
needles, as commonly reported in other studies (e.g. Ces-
catti and Zorer 2003). We further hypothesized that
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H1  Within a shoot there is a microscale gradient in irradi-
ance caused by needle self-shading.

H2  Needle size and cross section shape change similarly as 
in sun and shade needle ecotypes according to their spatial 
orientation on a shoot.

H3  Irradiance is a stronger morphogenic factor than is 
elevated CO2 concentration.

Our study may help to elucidate the influence of ele-
vated [CO2] in interaction with different irradiance avail-
ability on macro- and microscale on Norway spruce needle 
morphology.

Materials and methods

Materials

Current-year Norway spruce needles were collected in 
October 2012 from crowns of 12-year-old trees planted 
at Bílý Kříž in the Moravskoslezské Beskydy Mountains 
at the experimental site of the Global Change Research 
Institute, the Czech Academy of Sciences, Czech Repub-
lic (49°30′8.813″ N, 18°32′20.213″ E; 908 m a.s.l.). The 
trees were growing in a mixed Norway spruce and European 
beech stand (35 spruce and 60 beech trees in each dome) 
with spacing of 1.2  m between individual trees within 
special glass domes either ambient (AC) or elevated (EC; 
700 ppm) CO2 concentration (Urban et al. 2001). The EC 
treatment was applied for seven growing seasons (since 
2005). Whole current-year shoots with needles were col-
lected from south- and south-west-facing branches of five 
trees in AC and five trees in EC. One sun (third whorl) and 
one shade (sixth whorl) shoot was cut from each tree, and 
thus a total of 20 shoots was sampled altogether. The sam-
ples were stored in a freezer (− 20 °C) until processing. 
For morphological analyses, five needles were cut from the 
middle part of each shoot in each of the three orientations 
on a shoot—upper, side and lower (Fig. 1a). This means 
that 15 needles were cut from each shoot and 300 needles 
in total were analysed. Needle length was determined first, 
and then free-hand cross sections were made at ¼, ½ and ¾ 
of needle length using a razor blade (Fig. 1c). These posi-
tions along the needle are further described as base, middle, 
and tip position, respectively. Each of the 900 cross sec-
tions was mounted in a drop of tap water and its image was 
acquired by an Olympus BX50 light microscope equipped 
with a Nikon digital camera using a dry plan apochromatic 
4 × objective (numeric aperture 0.10) and NIS-Elements AR 
3.1 software (Nikon Instruments, Tokyo, Japan).

Light microgradient measurements

Measurements of light penetration within sun and shade 
shoots collected fresh in January 2017 were made with the 
aim to reveal the presence of a microgradient in irradiance 
caused by needle self-shading. For this purpose, under arti-
ficial laboratory conditions, ten sun and ten shade shoots 
from trees grown in ambient [CO2] were examined. The 
detached shoots were illuminated directly, and therefore the 
position of the shade shoot within a tree and its shading 
by other shoots was not simulated in this experiment. The 
purpose of the measurement, however, was to elucidate how 
the needle arrangement influences light penetration within 
the shoot itself. Moreover, artificial illumination of detached 
shoots is frequently used for revealing effects of the angle of 
incoming light on photosynthetic rate (Ishii et al. 2012) or 
optical shoot properties (Oker-Blom et al. 1988; Rautiainen 
et al. 2012). An AvaSpec-2048 Fiber Optic Spectrometer 
(Avantes, Apeldoom, the Netherlands) was used in Scope 
Mode, thus recording real-time analogue-to-digital con-
verter (ADC) values. ADC values correspond to the voltage 
detected in the sensor generated by photons in visible wave-
lengths between 400 and 700 nm, and thus reflect the inten-
sity of the light source. A COL-UV/VIS collimating lens 
(a 6 mm diameter lens with a confocal length of 8.7 mm) 
mounted at the end of the optic fibre was affixed facing 
upwards toward the light source. For each sample, the results 
of ten scans were averaged and the spectrum recorded. The 
only source of illumination for the shoot consisted of a 5 W 
LED cool white (colour temperature 6500 K) lamp with an 

Fig. 1   Scheme of needle sampling design for sampling on a shoot 
and within a needle. a Scheme of needle sampling design demon-
strated on a shoot projection along the shoot axis taken from a shoot 
tip. The shoot tip is oriented towards the observer. Arrows indicate 
the needle orientation on the shoot in relation to the direction of sun 
irradiance. b Four landmarks placed on abaxial, adaxial, and both 
lateral extremities of the needle cross section. c Scheme of sampling 
design, taking three cross sections (base, middle, and tip) along the 
needle
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illumination angle of 5° placed at a distance of 0.5 m from 
the lens. The objective was to ensure that the shoot was illu-
minated as precisely as possible from the zenith to avoid 
light saturation of the sensor.

The lens connected to the sensor was set subsequently to 
three positions: upper position (U), with needle tips at the 
same level as the lens; side position (S), with the lens within 
the side needles on the shoot; and lower position (L), with 
the needles just above the lens while avoiding shading by a 
woody twig. Within each shoot, the irradiance was measured 
at three different places along the shoot in the three verti-
cal positions described above. In total, 180 measurements 
were recorded. The irradiance (μW cm−2) between 400 and 
700 nm for each position within a shoot was expressed as the 
value of the area under the curve from visible wavelengths 
for each lens position. The relative light penetration in a 
shoot side and lower position was then calculated as the ratio 
of irradiance measured in a shoot side and lower position, 
respectively, to irradiance measured in an upper position. We 
compared the irradiance sums within sun and shade shoots 
using one-way ANOVA and Tukey–Kramer multiple-com-
parison test in NCSS 9 Statistical Software (NCSS, Kay-
sville, UT, USA, https://ncss.com/software/ncss).

Computed tomography

To illustrate the general difference in architecture between 
sun and shade shoots, computed tomography data of two 
Norway spruce shoots collected fresh in January 2016 were 
acquired using an Albira μCT/PET scanner (Bruker Bio-
Spin, Billerica, MA, USA; Sanchez et al. 2013) and recon-
structed using the Feldkamp, Davis, and Kress (FDK) algo-
rithm in Plastimatch software (Sharp et al. 2007) with voxel 
size = 125 × 125 × 125 µm3. Volume rendering utilizing the 
Amira 5.6 (FEI) program was used to create images and 
videos.

STARmax measurements

To reveal possible differences between sun and shade shoot 
arrangements in AC and EC, STARmax (maximum ratio of 
shoot silhouette area to total needle surface area; Carter and 
Smith 1985) was determined using an adjusted method from 
Ishii et al. (2012). The shoot silhouette area (the area pro-
jected by the shoot) was measured in the ImageJ (Rasband 
1997, https://imagej.nih.gov/ij/) program from images of 
shoots shot by a perpendicularly placed camera. Total nee-
dle area was estimated from projected needle area using a 
formula described in Homolová et al. (2013): 

where AL is the total needle area, n is the number of nee-
dles on a shoot, AP is the projected needle area, and CF is 

AL = n ⋅ AP ⋅ CF,

the correction factor used to estimate the surface area from 
projected area. The correction factor was calculated using a 
formula also described in Homolová et al. (2013): 

where PM is the middle cross section perimeter and D1M is 
the major diameter of the middle cross section. For addi-
tional measurements of STARmax on shoots, for which light 
penetration was measured, the values of CF from Homolová 
et al. (2013) were applied as follows: 3.47 for sun shoots and 
2.84 for shade shoots.

Chlorophyll content determination

Needles for chlorophyll a + b content and dry mass deter-
minations were collected from sun and shade shoots from 
two vertical positions within the crown identical to those 
of needles taken for morphological and photosynthetic 
analyses. Mixed samples from needles of all orientations 
on a shoot were used. Chlorophylls a and b were extracted 
with N,N-dimethylformamide for 7 days at 4 °C under con-
ditions of darkness (Porra et al. 1989). The concentrations 
of the photosynthetic pigments were measured spectropho-
tometrically using a Helios-α spectrophotometer (Unicam, 
Cambridge, UK) according to the equations of Wellburn 
(1994). The pigment contents were then expressed per unit 
of leaf dry mass, which was determined after drying the 
corresponding samples in an oven for 48 h at 80 °C.

Gas exchange measurements

In situ measurements were carried out in mid-September, 
2 weeks before sampling the shoots for morphological 
analyses, on the same spruce trees and at the same verti-
cal levels. Light-saturated rates of CO2 assimilation (Amax) 
were measured after 10 min exposure to a saturating irra-
diance (1400 µmol photons m−2s−1) and growth CO2 con-
centration (i.e. 400 ppm for AC plants and 700 ppm for EC 
plants) during extended midday hours (10:00–14:00). Amax 
was measured on intact shoots using the 6400-22L Lighted 
Conifer Chamber (Li-Cor, Lincoln, NE, USA) together 
with the Li-6400 gas exchange system (Li-Cor, USA) 
within a range of temperatures from 20 to 23 °C. Rela-
tive air humidity within an assimilation chamber was kept 
at a constant 60%, and the vapour pressure deficit values 
varied accordingly from 0.9 to 1.1 kPa. Two current-year 
shoots per tree were evaluated and the average of these two 
measurements was used for statistical analyses.

CF = 0.47 ⋅
PM

D1M

+ 1.31,

https://ncss.com/software/ncss
https://imagej.nih.gov/ij/
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Generalized Procrustes analysis application on needles 
and statistical evaluation

The needle cross sections were analysed using geomet-
ric morphometry methods based on the analysis of land-
marks (i.e. points located precisely on an analysed shape) 
to establish a clear one-to-one correspondence between 
all samples included in the study. Four landmarks were 
placed on abaxial, adaxial, and both lateral extremities of 
the perimeter of the cross section images (Fig. 1b) using 
the Ellipse software (ViDiTo, Košice, Slovakia, http://
www.ellipse.sk/). In geometric morphometry, the form 
of an object means a set of landmarks that are defined 
by their mutual positions and distances between them. It 
includes the size of the object but does not depend on 
landmark absolute positions, which may be influenced, 
for example, by object rotation. The shape of an object is 
derived from its form by translation, rotation, and rescal-
ing of landmarks, and it is defined by relative positions of 
the landmarks not depending on their absolute distance 
(e.g. all squares have the same shape regardless of their 
sizes).

The shapes of needle cross sections were analysed using 
geometric morphometry tools as described by Dryden and 
Mardia (1998). The calculations were made using the R pro-
graming environment for data analysis and graphics (Ihaka 
and Gentleman 1996) with the R library shapes as described 
in Dryden (2014).The landmark coordinates associated with 
the categorial data were read from an external file. The gen-
eralized Procrustes analysis (GPA) procedure (procGPA) 
was applied to remove positional and size information and 
to generate Procrustes shape coordinates used in subse-
quent shape analyses. GPA applies rescaling, translating, 
and rotating of the landmark configurations so that the sum 
of squares of distances between the corresponding points 
in the configurations is minimized [for an introduction to 
geometric morphometry, see the excellent monograph by 
Dryden and Mardia (1998)]. The “plotshape” procedure was 
used for drawing the Procrustes shape coordinates. Shape 
differences between groups were tested by Hotelling’s T2 
test implemented in the “testmeanshapes” procedure. Prin-
cipal component analysis (PCA) was applied for visualizing 
the dispersion of Procrustes shape coordinates using scatter 
plots of principal components (PC) in the “shapepca” pro-
cedure (Online Resource 1).

The area of cross section was estimated as the area of 
quadrangle with vertices represented by the landmarks. The 
needle volume was estimated as the average area of the three 
cross sections multiplied by the needle length. The surface 
area of the needle was estimated as the mean perimeter of 
the three cross section quadrangles multiplied by the nee-
dle length. The differences in needle volume, cross section 
area, and length between groups were tested by analysis of 

variance (ANOVA) in the R programing environment (Ihaka 
and Gentleman 1996).

Results

The laboratory measurement of light penetration within a 
shoot revealed the presence of an irradiance microgradi-
ent caused by needle self-shading: absolute values (Fig. 2) 
showed the irradiance gradient. The relative light penetra-
tions (the ratio of side or lower lens positions to an upper 
position) for sun and shade shoots were 89.45 ± 0.20% 
(mean ± standard deviation) and 88.1 ± 0.18%, respec-
tively, for a side lens position and 34.29% ± 0.19 and 53.76 
± 0.20%, respectively, for a lower lens position (under the 
shoot). The light gradient was steeper in sun shoots than in 
shade shoots, and particularly so between side and lower ori-
ented needles on a shoot. This corresponded to the stronger 
self-shading in sun shoots as compared to shade shoots, 
causing a marked light microgradient.

A very distinct needle arrangement of sun and shade 
shoots investigated in our experiment is demonstrated in 
Fig. 3 and in online videos (Online Resources 2, 3). STARmax 
(maximum ratio of shoot silhouette area to total leaf area) 
was used in our study because it is a well-established meas-
ure of needle self-shading within a shoot (Carter and Smith 
1985; Ishii et al. 2012). The measurement of STARmax of 
the shoots used for needle shape and size measurements 
showed no significant differences between sun and shade 

Fig. 2   Light penetration within sun and shade shoots. The irradiance 
was measured in laboratory conditions using only artificial illumina-
tion. The bottom and top edges of the boxes indicate the 25th and 
75th percentiles. The lines indicate medians and whiskers extend up 
to 1.5 times the interquartile range from each box. The circles indi-
cate the outliers. Significant differences were evaluated by the Tukey–
Kramer multiple-comparison test. L—lower lens position, with the 
lower needles above the lens but avoiding shading by the woody 
twig; S—side lens position, with the lens within the side needles on a 
shoot; and U—upper lens position, with needle tips of upper needles 
at the same level as the lens. a Sun shoot: the significant differences 
determined are indicated by letters c and d. b Shade shoot: the signifi-
cant differences are indicated by letters e, f and g 

http://www.ellipse.sk/
http://www.ellipse.sk/
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shoots in either CO2 treatment, AC or EC. Sun shoots in 
AC exhibited a trend towards lower STARmax (0.21 ± 0.08) 
than did shade shoots (0.31 ± 0.05). In EC, however, the 
situation was reversed: sun shoots (0.34 ± 0.12) had a ten-
dency to have higher STARmax in EC than did shade shoots 
(0.30 ± 0.06). The STARmax values in both CO2 treatments 
were slightly higher than were the values for Norway spruce 
shoots presented in Stenberg et al. (1996) (ranging from 0.21 
to 0.27). The STARmax of shoots used for the light micro-
gradient measurements grown in AC also exhibited a weak 
trend towards lower STARmax for sun shoots (0.16 ± 0.03) 
than shade shoots (0.18 ± 0.02), with no differences being 
significant.

Irradiance caused lower chlorophyll mass-based contents 
in sun needles in comparison to shade needles (p = 0.004), 
irrespective of the CO2 treatment (p = 0.355). Chlorophyll 
a + b content was 5.14 ± 0.70 and 5.95 ± 1.13 mg g−1for sun 
and shade needles, respectively, in AC and 4.70 ± 0.80 and 
5.82 ± 1.36 mg g−1for sun and shade needles, respectively, 
in EC.

Strong vertical gradients in irradiance led to significant 
(p < 0.01) within-canopy variation in Amax under both CO2 
treatments. Under EC conditions, Amax increased in both 
shoot ecotypes. A significant (p < 0.01) increase of 97% was 
recorded for shade shoots, while sun shoots showed only a 
47% increase (p < 0.05). Amax reached values of 8.7 ± 1.2 and 
12.8 ± 1.7 µmol CO2 m−2 s−1 in sun shoots from trees grown 
under AC and EC conditions, respectively. In shade shoots, 
Amax values of 3.6 ± 1.2 and 7.1 ± 2.5 µmol CO2 m−2 s−1 
were found under AC and EC conditions, respectively.

The first three principal components of the shape covari-
ance matrix manifest themselves in changes in the flat-
ness, lateral asymmetry, and abaxial/adaxial asymmetry of 
the needle cross sections, respectively (Fig. 4). Complete 

analysis of section shapes (including three sections along 
needles) showed that the principal component PC1 corre-
sponded to the flatness of the needle (reflecting the elon-
gation of the cross section along the adaxial–abaxial axis, 
see Fig. 4) and was responsible for 70% of the total vari-
ance. The PC2 corresponded to needle cross section lateral 
asymmetry and was responsible for 14% of the total vari-
ance. The PC3 corresponded to abaxial/adaxial asymme-
try and was responsible for only 9% of the total variance. 
The results of needle cross section shape analysis are visu-
alized in Fig. 4. When only the middle position was ana-
lysed, PC1 was responsible for 66%, PC 2 for 17% and PC 
3 for 10% of the total variance. Thus, this analysis proved 
that the change from circular to flatter cross sections, cor-
responding to changes in needle flatness (PC1), played the 
most important role in change of the needle cross section 
shape. For comparison of the mean shape of sections from 
different positions (i.e. needle base, middle, and tip), gen-
eralized Procrustes analysis showed that the tip section’s 
shape differed from the other two sections’ shapes accord-
ing to the Bonferroni-corrected two-group Hotelling’s T2 
test (tip–middle: p < 0.001, tip–base: p < 0.001, base–mid-
dle: p = 0.048) (Fig. 5a). Besides shape (shape without size) 
analysis, an analysis of form (shape and size combination) 
was also conducted (Fig. 5b). The form of the tip section 
differed from that of the other two sections according to the 
Bonferroni-corrected two-group Hotelling’s T2 test (tip–mid-
dle: p < 0.001, tip–base: p < 0.001, base–middle: p = 0.018). 
The tip section’s distance between adaxial and abaxial edges 
was less than those of the middle and base sections.

For further analyses, only the middle cross sections were 
used. The mean shapes of middle sections of sun and shade 
needles were different according to the Bonferroni-corrected 
two-group Hotelling’s T2 test (sun–shade: p < 0.001, ambi-
ent–elevated: p = 0.032). They were flatter in shade needles 
than in sun needles (Fig. 5c). The mean shapes of middle 
sections of needles in ambient and elevated [CO2] tended 
to differ in PC3 (Fig. 5e). The mean shapes of middle sec-
tions of upper, side, and lower needles on a shoot were sig-
nificantly different according to the Bonferroni-corrected 
two-group Hotelling’s T2 test (upper–lower: p < 0.001, 
side–lower: p = 0.56, side–upper: p = 0.033) in PC1. Upper 
needles were less flat than side needles, while lower nee-
dles were flatter than side needles (Fig. 5d). The difference 
between upper and lower needles on a shoot was highly sig-
nificant (Fig. 6). The upper needles were less flat in both 
CO2 experimental conditions irrespective of irradiance 
according to the two-group Hotelling’s T2 test (sun and AC: 
p = 0.002, sun and EC: p = 0.02, shade and AC: p = 0.023, 
shade and EC: p < 0.001).

Needle orientation on a shoot, needle cross section posi-
tion, [CO2], irradiance on macroscale separately, and inter-
action of irradiance with all other factors had significant 

Fig. 3   Typical sun (a, b) and shade (c, d) needle shoot projections 
acquired using computed tomography (colours inverted). a Sun shoot 
projection taken from a shoot tip oriented towards the observer. b 
Side view of a sun shoot from the left side. c Shade shoot projection 
taken from a shoot tip oriented towards the observer. d Side view of a 
shade shoot from the left side. Bar corresponds to 5 mm. For 3D view 
see online videos (Online Resources 2, 3)



237Trees (2018) 32:231–244	

1 3

influence on needle cross-sectional area (Tables 1, 2). Sun 
needle cross-sectional areas were larger than shade nee-
dle cross-sectional areas. Upper needles had larger cross-
sectional areas than did side needles, and side needles had 
larger cross-sectional areas than did lower needles. Sun nee-
dles had smaller cross-sectional areas in AC as compared to 
EC, while shade needles had mostly lower cross-sectional 
areas in EC as compared to AC (the exceptions being mid-
dle and tip cross sections of side needles). In both sun and 
shade needles, middle cross sections had larger areas than 
did tip cross sections. Sun needles had larger volumes than 
did shade needles in both CO2 concentrations. The sun 
needle volume was significantly greater under elevated 
[CO2] as compared to ambient [CO2], but this difference 
was not observed in shade needles (Tables 1, 2). Mean nee-
dle length was significantly greater in sun needles as com-
pared to shade needles. Upper needles were shorter. This 
explains why needle volume, in contrast to cross-sectional 
area, was not dependent on orientation. A smaller area was 

compensated by longer needle length (Tables 1, 2). Needle 
surface area was significantly larger in sun needles as com-
pared to shade needles. Irradiance, CO2 concentration, and 
their interaction significantly influenced needle surface area 
values (Tables 1, 2).

Discussion

Irradiance gradients: microscale within a shoot 
and macroscale within a crown

The strong irradiance microgradient within a shoot, observed 
as a consequence of needle spatial arrangement resulting in 
self-shading, was steeper in sun shoots. This circumstance 
was caused by sun shoot architecture and by the angle at 
which the needles were attached to the shoot. In addition, 
the sun shoots receive more direct light in comparison to 
shade shoots, as the ratio of direct to diffuse light decreases 

Fig. 4   Results of needle cross section shape analysis. The landmark 
configurations form a cloud in data space and the principal compo-
nents show orthogonal directions in the cloud, along which the most 
pronounced changes in the configurations occur. The character of the 
changes in the landmark configuration (and the leaf cross section as 
well) with the position in the data cloud along the principal directions 
are plotted in the graphs. a Scheme of the extremes of the three main 
principal components of needle cross section shape shown by draw-
ings and with full and empty grey circles depicting the extreme land-
mark positions. b Complete analysis of a needle cross section shape: 
shape variation corresponding to the first three principal components 

is visualized by changes in the landmark configuration caused by var-
ying the values of principal components. The rows correspond to the 
principal components. The middle column shows the landmark con-
figuration of the mean shape. The left (right) column shows the land-
mark configuration of the mean shape minus (plus) the first principal 
component multiplied by three times the standard deviation (c = 3) 
along the principal component (respectively). Principal component 1 
(PC1) corresponded to the flatness of the needle, PC2 to its lateral 
asymmetry, and PC3 to its abaxial/adaxial asymmetry. The units are 
μm
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down the forest canopy (Stenberg et al. 1998; Suzaki et al. 
2003). The shade shoot morphology is thus adapted to utilize 
diffuse light incoming from various angles, while sun shoot 
morphology is adapted to avoid the negative effects of strong 
direct light and to enhance light diffusion into the canopy 
(Ishii et al. 2012). It should be mentioned, however, that our 
measurements were carried out under artificial, laboratory 
conditions, and thus the position of the shade shoot within 
a tree and its shading by other shoots was not simulated in 
this experiment.

Under natural conditions, the photosynthetic photon 
flux density usually reaches higher values in sun-exposed 
upper spruce canopy foliage (300–1000 µmol m−2 s−1) 
than in shaded lower canopy foliage (0–100 µmol m−2 s−1), 
as observed by Špunda et al. (1998) for a Norway spruce 
juvenile stand in Central Europe during a sunny day. Shade 
shoots are typically flat with fewer needles, and that explains 

why STARmax is generally higher in shade shoots as com-
pared to sun shoots. We observed just that in trees grown 
under AC. Combining STARmax with photon recollision 
probability, needle spectral properties can be scaled up to 
shoot level (Rautiainen et al. 2012). Within-shoot heteroge-
neity in needle area density, and therefore, within-shoot light 
scattering is assumed to be the crucial parameters result-
ing in lower reflectance of coniferous canopies in compari-
son with that of broadleaved canopies in forest reflectance 
simulations (Rautiainen and Stenberg 2005). Provided that 
the total needle surface area did not differ among needles 
growing in different orientations on a shoot, we can assume 
that the needle surface is illuminated more evenly in shade 
shoots. This finding corresponds with the idea of there being 
a more even spatial distribution of photon–needle interac-
tions in a shoot with a higher STARmax than in a shoot with a 
lower STARmax (Rautiainen et al. 2012). This result implies 

Fig. 5   The mean shape of needle cross sections affected by needle 
orientation on a shoot, irradiance, and CO2 concentration. The char-
acter of the changes in the landmark configuration (and the leaf cross 
section as well) with the position in the data cloud along the principal 
directions is plotted in the graphs. For each tested group, mean land-
mark positions of all four landmarks with 95% confidence ellipses are 
shown. The units are μm. The differences were evaluated by Bonfer-
roni-corrected two-group Hotelling’s T2 test and are indicated by the 
letters f and g. a Mean shape of needle cross sections from different 
positions: base, middle, and tip. The tip section shape differed from 
those of other sections (tip–middle: p < 0.001, tip–base: p < 0.001, 
base–middle: p = 0.048). b Mean form (shape and size) of sections 
(generalized Procrustes analysis, not scaled) at different positions 

along the needle: base, middle, and tip (Fig. 1c). The tip section was 
obviously less wide and its form differed from that of other sections 
(tip–middle: p < 0.001, tip–base: p < 0.001, base–middle: p = 0.018). c 
Mean shape of middle sections of sun and shade needles. The shapes 
were significantly different for PC1 (flatness) (sun–shade: p < 0.001). 
d Mean shape of middle sections of upper, side, and lower needles. 
The shapes were significantly different for PC1: upper needles were 
less flat than side needles and side needles less flat than lower needles 
(upper–lower: p < 0.001, side–lower: p = 0.56, side–upper: p = 0.033). 
e Mean shape of middle sections of needles in ambient and elevated 
[CO2] (ambient–elevated: p = 0.032). The shapes tended to differ in 
PC3 (adaxial/abaxial asymmetry)
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Fig. 6   Mean shape of middle 
needle cross sections sampled 
from different needle orienta-
tions on a shoot (upper, side, 
and lower). The character of 
the changes in the landmark 
configuration (and the leaf 
cross section as well) with the 
position in the data cloud along 
the principal directions are 
plotted in the graphs. Shown 
for each tested group are mean 
landmark positions of all four 
landmarks with 95% confidence 
ellipses. The units are μm. The 
differences were evaluated by 
the two-group Hotelling’s T2test 
and are indicated by the letters 
e and f. a Sun needles, ambient 
[CO2]. The difference between 
upper and lower needles was 
significant (p = 0.002). b Sun 
needles, elevated [CO2]. The 
difference between upper and 
lower needles was significant 
(p = 0.02). c Shade needles, 
ambient [CO2]. The difference 
between upper and lower nee-
dles was significant (p = 0.023). 
d Shade needles, elevated 
[CO2]. The difference between 
upper and lower needles was 
significant (p = 0.001)

Table 1   Anatomical and morphological needle parameters for different positions along a needle and for needles from different orientations on a 
shoot (mean ± standard deviation)

CO2 concentra-
tion

Irradiance Needle orienta-
tion

Mean area of sections (mm2) Needle parameter

Cross section position Volume (mm3) Length (mm) Surface area 
(mm2)

Base Middle Tip

Ambient Sun Upper 0.812 ± 0.210 0.800 ± 0.198 0.722 ± 0.158 9.76 ± 3.59 12.16 ± 2.12 31.83 ± 8.19
Side 0.713 ± 0.209 0.695 ± 0.205 0.625 ± 0.157 9.76 ± 3.66 14.00 ± 1.76 34.89 ± 7.92
Lower 0.591 ± 0.158 0.595 ± 0.136 0.538 ± 0.101 8.34 ± 3.05 14.08 ± 2.20 32.93 ± 8.09

Ambient Shade Upper 0.462 ± 0.116 0.483 ± 0.119 0.451 ± 0.109 5.03 ± 1.96 10.56 ± 1.96 22.69 ± 5.74
Side 0.393 ± 0.057 0.405 ± 0.095 0.370 ± 0.062 4.69 ± 1.08 12.08 ± 2.02 24.32 ± 4.50
Lower 0.358 ± 0.044 0.365 ± 0.065 0.324 ± 0.051 4.51 ± 0.98 12.96 ± 2.34 25.27 ± 5.05

Elevated Sun Upper 0.905 ± 0.179 0.911 ± 0.155 0.869 ± 0.145 13.96 ± 4.07 15.28 ± 2.35 43.35 ± 8.61
Side 0.807 ± 0.163 0.773 ± 0.117 0.707 ± 0.103 13.34 ± 4.43 17.12 ± 4.30 45.80 ± 13.07
Lower 0.726 ± 0.124 0.703 ± 0.099 0.656 ± 0.082 12.86 ± 3.77 18.24 ± 4.05 47.15 ± 11.69

Elevated Shade Upper 0.434 ± 0.186 0.461 ± 0.190 0.431 ± 0.172 4.93 ± 3.40 10.24 ± 2.67 21.60 ± 9.61
Side 0.388 ± 0.180 0.411 ± 0.176 0.374 ± 0.155 4.86 ± 3.41 11.28 ± 3.30 23.17 ± 11.38
Lower 0.333 ± 0.159 0.342 ± 0.146 0.321 ± 0.121 4.35 ± 3.36 11.76 ± 3.74 23.17 ± 12.38
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that for the upscaling of optical properties from needle to 
shoot levels, models presuming even distribution of pho-
ton–needle interactions (Rautiainen et al. 2012) would per-
form better for shade shoots.

The leaves in a tree canopy are able to adjust their struc-
tural and biochemical parameters to the specific light or 
temperature environment of a particular vertical crown 
layer (Bauerle et al. 2007), thereby maximizing their pho-
tosynthetic capacity (Niinemets 2007). In Norway spruce, 
the specific leaf area (SLA, leaf area per dry mass unit) and 
needle chlorophyll content decrease towards the crown top 
(e.g. Homolová et al. 2013). This vertical variation in SLA 
in conifers, which some authors explain by the decreasing 
gravitational component of water potential (Marshall and 
Monserud 2003), causes the vertical variation in area-based 
photosynthetic capacity to decline continuously from the 
upper to lower canopy (Ellsworth and Reich 1993; Niinem-
ets2007; Urban et al. 2012b). On the canopy macroscale 
level, all morphological, biochemical (chlorophyll content), 
and physiological (CO2 assimilation rate) parameters pre-
sented above confirmed the adaptations to incident irradi-
ances leading to the formation of sun and shade photosyn-
thetic apparatus. We deduce that the present variation in 
size and shape of needles on a microscale (within a shoot) 
was based on the needles’ different exposure to irradiance, 
which probably caused differently functioning physiological 
processes such as light absorption and carbon assimilation 

in a manner similar to that seen on a macroscale (within a 
crown). Considering the findings discussed above, we accept 
our hypothesis H1 that within a shoot there is a microscale 
gradient in irradiance caused by needle self-shading.

Needle size and cross section shape on macroscale 
and microscale irradiance gradients

Our results obtained for geometrical parameters of sun and 
shade needles indicated that the differentiation in sun and 
shade ecotypes was in accordance with previous studies on 
conifers: mean needle length, volume, surface area, thick-
ness, and cross-sectional area were significantly larger in 
sun needles as compared to shade needles. For example, 
Cescatti and Zorer (2003) reported that shade needles of 
A. alba were flatter as compared to the almost round sun 
needles. Similarly, Gebauer et al. (2011) found that shade 
needles of P. abies were shorter and thinner and had lower 
cross-sectional area than did sun needles. Furthermore, nee-
dles at the bottom position of the crown of black spruce 
Picea mariana Mill. (B.S.P.) were observed to have signifi-
cantly smaller width than did needles at the top position of a 
crown (Major et al. 2013). In addition, Sprugel et al. (1996) 
reported that the most-exposed needles in Abies amabilis 
Dougl. ex Forbes were about 2.5 times thicker than the most-
shaded ones.

Table 2   Effects of environmental and spatial factors on geometric needle parameters of a cross section and needle size (analysis of variance 
table)

na not applicable
Significance: * p < 0.1; ** p < 0.05; *** p < 0.01; **** p < 0.001

Analysis of variance table Needle parameter

Cross section area Volume Length Surface area

P value F value P value F value P value F value P value F value

[CO2] 1.040e−06**** 24.1998 1.174e−07**** 29.5292 5.948e−05**** 16.6084 8.477e−07**** 25.3416
Irradiance < 2.2e−16**** 1225.8381 < 2.2e−16**** 310.6436 < 2.2e−16**** 123.1260 < 2.2e−16**** 222.1792
Position 4.935e−05**** 10.0312 na na na na na na
Orientation < 2.2e−16**** 90.5685 0.1303 2.0528 3.574e−07**** 15.6364 0.1487 1.9186
[CO2]:irradiance 5.485e−10**** 39.3903 7.912e−08**** 30.3745 5.745e−10**** 41.1603 6.823e −10**** 40.7763
[CO2]:position 0.8605301 0.1502 na na na na na na
Irradiance:position 0.0563199* 2.8863 na na na na na na
[CO2]:orientation 0.9354503 0.0667 0.9454 0.0562 0.9188 0.0847 0.8977 0.1079
Irradiance: orientation 0.0007872**** 7.2065 0.7033 0.3524 0.7560 0.2800 0.9046 0.1003
Position:orientation 0.9565200 0.1641 na na na na na na
[CO2]:irradiance:position 0.9508716 0.0504 na na na na na na
[CO2]:irradiance:orientation 0.3864010 0.9519 0.7807 0.2478 0.4677 0.7620 0.6768 0.3909
[CO2]:position:orientation 0.9781946 0.1124 na na na na na na
Irradiance:position:orientation 0.9806475 0.1054 na na na na na na
[CO2]:irradiance:position:ori

entation
0.9612070 0.1540 na na na na na na



241Trees (2018) 32:231–244	

1 3

Differences in needle cross section shape among upper, 
side, and lower needles detected within a shoot corresponded 
to the observed irradiance microgradient in both sun and 
shade shoots. The PCA revealed that the major component 
affecting needle cross section shape was needle flatness 
(PC1), which corresponds to observations made by other 
authors on sun and shade needles as presented above. In 
addition to needle flatness, the generalized Procrustes analy-
sis enabled us also to evaluate the contribution of lateral and 
abaxial/adaxial asymmetries (PC2 and PC3, respectively) to 
cross section shape changes. Nevertheless, it was revealed 
that the latter two parameters made only minor contributions 
to needle cross section shape. This implies that needle flat-
ness (PC1) is the major morphological parameter describ-
ing changes in cross section shape induced by the studied 
environmental factors.

We demonstrated that generalized Procrustes analysis is 
a powerful tool for detecting subtle intraspecific changes in 
needle morphology caused by various environmental fac-
tors. Needle shape is often assessed as the ratio of needle 
thickness to needle width as determined on the needle cross 
section (Sellin 2001; Apple et al. 2002; Palmroth et al. 2002; 
Gebauer et al. 2011, 2015; Homolová et al. 2013), or as 
the ratio of the perimeter and the major cross-sectional nee-
dle axis (Cescatti and Zorer 2003). Alternatively, it may be 
determined according to the width or thickness measured 
on fresh or scanned needles using a calliper tool (Sprugel 
et al. 1996; Major et al. 2013). Such approaches, however, 
reveal only some changes in needle shape or size. GPA, on 
the other hand, enables comparisons of shapes irrespective 
of the actual size of needle cross sections as well as com-
parisons of needle asymmetry. To our knowledge, this is the 
first study analysing needle cross section shapes by means 
of geometric morphometry using GPA. This approach ena-
bled us to reveal even very subtle differences among shapes 
of cross sections in different positions along the needle. 
According to the argumentation presented above, we may 
accept our hypothesis H2 that needle size and cross section 
shape change similarly in sun and shade needle ecotypes 
according to their spatial orientation on a shoot.

Irradiance is a stronger morphogenic factor 
than is elevated CO2 concentration

Our study was conducted on juvenile trees, which are gen-
erally presumed to be more CO2-responsive in terms of 
needle anatomy and morphology than are mature trees. As 
expected, we detected significant CO2-induced changes in 
cross-sectional area, needle volume, length, and surface 
area.

The sun needles under EC exhibited higher volume as 
compared to sun needles under AC. We thus conclude that 
sun needles under EC profited from both abundant light 

energy and high [CO2]. To support this finding, we may 
discuss the study of Urban et al. (2012a) conducted on the 
same experimental trees in 2008. At that time, the light-
saturated CO2 assimilation rate per unit leaf area was 57% 
higher in current-year needles under EC as compared to AC 
(Urban et al. 2012a). Those trees, however, were up to 1 m 
tall and grew in an open canopy with no differentiation into 
sun and shade crown layers. The increase in light-saturated 
CO2 assimilation rate under EC persisted until the canopy 
was closed and sun and shade shoots clearly differentiated. 
According to Terashima (2005), thicker needles are able to 
draw more CO2 because CO2 diffusion is easier due to there 
being more internal mesophyll area exposed to the intercel-
lular spaces. When the internal leaf CO2 concentration is 
high, the rate of photosynthesis is limited by the amount 
of regenerated ribulose-1,5-bisphosphate (RuBP) rather 
than by CO2 availability. Consequently, RuBP regeneration 
is dependent on adenosine triphosphate synthesis via (1) 
availability of inorganic phosphate, and (2) the non-cyclic 
electron transport rate (Urban 2003). The rate of non-cyclic 
electron transport should be less limited by the amount of 
absorbed photosynthetic active radiation in sun needles than 
in shade needles.

In addition, the morphological needle parameters were 
significantly affected by the interaction between irradiance 
and [CO2]. GPA revealed that irradiance on both macroscale 
and microscale had significant effect on needle cross sec-
tion shape—and particularly on needle flatness (PC1)—that 
was in contrast to the effect of [CO2]. Moreover, the shade 
shoots in our study exhibited reduced needle volume and 
thus adjusted to lower irradiance regardless of [CO2]. Based 
on the lines of evidence presented above, we can accept our 
hypothesis H3 that irradiance is a stronger morphogenic fac-
tor than is elevated [CO2].

Potential and limitations of the present study

The potential of the present study in terms of its linking to 
real forest conditions lies in the description of variability 
in various needle parameters of both sun and shade shoots 
due to an irradiance microgradient within a shoot. This 
gradient induced analogous needle variability in morpho-
logical and possibly physiological traits. It is important to 
consider this fact when sampling needles for anatomical 
and biochemical analyses, as the upper needles in both 
sun and shade shoots corresponded more to sun needle 
ecotype than did lower needles irrespective of [CO2]. In 
future investigations, it would be beneficial to characterize 
physiological processes (light absorption, carbon assimila-
tion) in needles oriented differently on the shoot to explain 
the described variation in needle structure parameters. 
However, determining photosynthetic parameters for sin-
gle needles with different orientation on a shoot will be 
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a significant challenge. When using regular gas exchange 
equipment, a part of the whole shoot (i.e. with all needle 
orientations on it) is enclosed in the measurement cham-
ber, thus preventing measurement of gas exchange for a 
single needle. Detaching the needles from a shoot for pho-
tosynthetic measurements is not feasible due to their small 
size and resulting rapid water loss. Another limitation of 
the present study is that the irradiance microgradient was 
measured on detached shoots under artificial laboratory 
conditions, without taking into account shading by other 
shoots in a real forest canopy. The purpose of the measure-
ment, however, was to elucidate how shoot architecture 
influences light penetration within sun and shade shoots. 
We therefore focused only on the self-shading phenom-
enon within the shoot, not on the macroscale irradiance 
gradient within the tree crown. Moreover, similar con-
trolled illumination of detached shoots has frequently been 
used to reveal the effects of the angle of incoming light 
on photosynthetic rate (Ishii et al. 2012) or optical shoot 
properties (Oker-Blom et al. 1988; Rautiainen et al. 2012).

Conclusions

In summary, all hypotheses were accepted. We confirmed 
that needle cross sections correspond to a more circular 
shape in sun needles and flatter shape in shade needles. 
The demonstration of a strong irradiance microgradient 
within a shoot as a consequence of needle self-shading may 
be regarded as a new and unique finding. The irradiance 
microgradient is steeper in sun shoots due to the needles’ 
more homogeneous spatial distribution around a shoot axis 
as compared to shade shoots. Differences in needle cross 
section shape among upper, side, and lower needles detected 
within a single shoot corresponded to the observed irradi-
ance microgradient in both sun and shade shoots. Upper 
needles exhibited more sun needle structural traits than did 
side and lower needles, particularly in terms of needle flat-
ness. This implies that needle flatness is the major morpho-
logical parameter responding to the irradiance gradient on 
both microscale and macroscale. Furthermore, generalized 
Procrustes analysis proved that the irradiance, unlike CO2 
concentration, on both macroscale and microscale had a 
significant effect on needle cross section shape, and par-
ticularly on needle flatness. Based on the lines of evidence 
presented above, we conclude that irradiance was a stronger 
morphogenic factor than was elevated CO2 concentration. 
Based on our study, we encourage the use of generalized 
Procrustes analysis in plant ecophysiological studies for 
evaluating environmentally induced changes in the shapes 
of plant organs and to do so not only on interspecific but also 
on intraspecific levels.
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ABSTRACT 

The main objective of this study was to find out whether the selected chloroplast characteristics measured in 
the mesophyll layer nearest to the needle surface (i.e., the first mesophyll layer) could be representative for 
the whole needle cross section. Two chloroplast sampling approaches were applied on Norway spruce 
needles during the investigation of the effects of different levels of air CO2 concentration and irradiance: (i) 
sampling only from the first mesophyll layer, and (ii) systematic uniform random (SUR) sampling. The 
selected characteristics were: (i) chloroplast area, (ii) starch grain area, and (iii) starch areal density on 
median chloroplast cross sections, and (iv) chloroplast number per unit of needle volume. It was shown that 
the first mesophyll layer was not representative for estimating all evaluated characteristics except the 
chloroplast area. Sampling only there caused obtaining slightly biased results, while SUR sampling gave 
unbiased estimations at the cost of longer measuring time. The major effect of studied factors was in starch 
areal density and starch grain area, which were larger in sun needles in elevated CO2 concentration in 
comparison with sun needles in ambient CO2 concentration. In conclusion, it was demonstrated that the first 
layer of mesophyll is not always representative for the needle cross section. If technically feasible, SUR is 
recommended for analysis of chloroplast ultrastructure. The simplified sampling design can be applied, e.g., 
for comparisons of many different treatments. However, it should be combined with other approaches to 
characterize the chloroplast function and the results carefully considered and interpreted. 

Keywords: chloroplast number, chloroplast ultrastructure, elevated CO2, needle anatomy, stereology. 

INTRODUCTION 
Chloroplasts are the photosynthetic organelles of 
plant cells. They absorb solar energy to run carbon 
fixation, during which the carbon from CO2 is built 
into organic compounds. The atmospheric concentration 
of CO2 is ever increasing (ESRL, 2018); therefore, 
the global carbon cycling process is affected. Forest 
trees significantly participate in carbon cycling repre-
senting an important carbon sink (rev. Calfapietra et 
al., 2010). One such important species is the Norway 
spruce (Picea abies L. Karst.), currently the most ab-
undant conifer in Central European forests. Due to its 
importance and abundance, appropriate approaches to 
study its responses to environmental factors, including 
changes of chloroplast structural characteristics, are 
of great importance. 

Trees are known to accommodate their growth 
based on sink prioritization in response to environ-
mental factors (Polák et al., 2006). Under elevated 
CO2 concentration (EC), plants may invest the extra 
carbon to their growth or to the production of secon-
dary metabolites (Gebauer et al., 1997; Räisänen et 
al., 2008). Moreover, as a result of EC, leaf anatomy 
(Lin et al., 2001; Eguchi et al., 2004) and chloroplast 
ultrastructure (Pritchard et al., 1997; Sallas et al., 
2003; Günthardt-Goerg and Vollenweider, 2015) may 
change. Nevertheless, the effect of CO2 on mesophyll 
structural characteristics and phenolics accumulation 
can be ambiguous, as Lhotáková et al. (2012) found 
no change, even though enhanced light-saturated CO2 
assimilation rates and reduced dark respiration in the 
current-year needles were observed. Irradiance is 
apparently a stronger morphogenetic factor than EC, 
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principally affecting needle differentiation and phe-
nolics content (Lhotáková et al., 2012), and needle 
shape even within an irradiance gradient on a shoot 
(Kubínová et al., 2018). 

Thus, to study the chloroplast ultrastructure and its 
quantitative characteristics, careful consideration should 
be taken concerning the methods applied, including 
relevant chloroplast sampling for measure-ments, so 
as to yield unbiased estimations of the observed cha-
racteristics. 

Chloroplasts can be easily detected using light 
microscopy; however, its resolution is insufficient for 
observation of their ultrastructure. Chloroplast ultra-
structure, including starch grain cross-section area 
and the arrangement of the thylakoid membrane system 
is usually studied on images acquired by transmission 
electron microscopy (TEM). Because it is difficult to 
obtain series of ultrathin sections, the studies are usually 
done on single TEM sections (e.g., Albertsson and 
Andreasson, 2004; Kubínová and Kutík, 2007; 
Demmig-Adams et al., 2015). The comparability of 
3D characteristics estimated on 2D cross sections 
between samples is usually ensured by analysing only 
those chloroplasts that are sectioned in the middle 
perpendicularly to the prevailing plane of thylakoid 
membranes, i.e., in their median cross section (FIG 
1C, D; Sharkova and Bubolo, 1996; Kutík et al., 2004). 

For chloroplast ultrastructural studies in broad 
leaves, the first or upper layers of leaf photosynthetic 
tissue, mesophyll, (Fig. 1A) are often analysed 
(Günthardt-Goerg et al., 2000; Wheeler and Fagerberg 
2000; Valkama et al., 2003; Velikova et al., 2009; 
Sun et al., 2011; Mašková et al., 2017). The first 
layer of mesophyll receives more incident irradiance 
than its deeper layers and thus, it can be regarded as 
the most important layer for photosynthesis. This is 
also true for conifer needles, where the chloroplast 
ultrastructure in the outermost mesophyll layer was 
found to be the most affected by the environmental 
factors (Anttonen, 1992; Kivimäenpää et al., 2005). 
Many studies of conifer needle ultrastructure do not 
specify in detail the part of the needle or the place on 
needle cross section used for measurements (Palomäki 
et al., 1996; Pritchard et al., 1997; Kainulainen et al., 
2000; Lepeduš et al., 2001; Demmig-Adams et al., 
2015). Depending on the type of study, chloroplasts 

are sampled only from one part of a needle (Utriainen 
et al., 2000; Jönsson et al., 2001; Sallas et al., 2003; 
Siefermann-Harms et al., 2004) or from the sun-expo-
sed side of a needle and the mesophyll layer closest to 
the centre of a needle (Soikkeli, 1978; Wulff et al., 
1996; Kivimäenpää 2003; Kivimäenpää et al., 2014). 

In order to quantify leaf structure, it is necessary 
to be aware of possible heterogeneity within the leaf 
and existing leaf anatomic gradients. A gradient in 
both irradiance and carbon dioxide concentration is 
known to exist inside the broad leaves (Parkhust et 
al., 1988; Smith et al., 1997) and irradiance gradient 
was also recorded within the needle (DeLucia et al., 
1992). In our previous study, we observed a gradient 
in Norway spruce needle section shape based on the 
irradiance microgradient within a shoot due to self-
shading of needles (Kubínová et al., 2018). It is pro-
bable that irradiance microgradient within a needle 
affects the chloroplast ultrastructure. However, infor-
mation about the heterogeneity of chloroplast charac-
teristics within needles is still scarce. For example, it 
was shown that chloroplast alterations caused by 
ozone are more pronounced in the outer mesophyll 
cell layers and in the upper side of the needle com-
pared to the inner mesophyll layers and lower side of 
the needle (Kivimaënpää et al., 2005). This infor-
mation is essential for proper sampling design for 
quantitative studies where the absolute values for the 
whole leaf are needed. As far as we know, no study 
has yet systematically tested different parts of Norway 
spruce mesophyll in the sense of representativeness 
for the whole needle cross section. 

In the present study, we focused on methodical 
and ecophysiological aims. The methodical aim was 
to test the assumption of the first mesophyll layer 
representativeness for the whole needle cross section 
regarding four selected chloroplast characteristics: 
chloroplast density in mesophyll, chloroplast size, 
starch grain area and starch areal density. We have 
compared characteristics of chloroplasts selected within 
the cells in the first mesophyll layer and cells from 
systematically uniform randomly selected positions 
within the mesophyll. The ecophysiological aim was 
to test whether the selected chloroplast characteristics 
are influenced by CO2 concentration and irradiance, 
and to what extent. 

84 



Image Anal Stereol 2019;38:83-94 

 
Fig. 1. Needle cross section and chloroplasts. A – Confocal image of needle cross section, bar 200 µm; m – 
mesophyll with chloroplasts fluorescent in red, cc – central cylinder, ic – intercellular space, e – epidermis and 
hypodermis fluorescent in green. B – Scheme showing location of the first mesophyll layer in the needle cross 
section. C – TEM image of SUR sampled chloroplast from a deeper mesophyll layer, bar 1 µm. D – TEM image 
of chloroplast (encircled by a green line) from the first mesophyll layer, bar 1 µm; s - starch grains (encircled 
by a red line); p – plastoglobuli. 

 
Fig. 2. Confocal images of Norway spruce mesophyll cells. A, B, C – single optical cross sections 1.95 µm apart with 
visible, autofluorescent chloroplasts (in green) showing that chloroplasts are located in the narrow cytoplasm layer 
below the cell membrane; D – volume rendering showing chloroplasts within 21 µm thick layer. Bar 20 µm. 
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MATERIAL AND METHODS 

EXPERIMENTAL SITE AND SAMPLE 
COLLECTION 

Norway spruce needles were collected from the expe-
rimental site of CzechGlobe AS CR in Moravsko-
slezské Beskydy (Beskid Mountains, Czech Republic), 
where the glass domes had controlled levels of CO2 
concentration; with ambient atmospheric CO2 concen-
tration (AC) and elevated CO2 concentration (EC = 
700 ppm) (Urban et al., 2001). The comparison was 
done separately in four combinations of CO2 concen-
tration and irradiance: sun needles in ambient CO2 
(AC sun), shade needles in ambient CO2 (AC shade), 
sun needles in elevated CO2 (EC sun) and shade 
needles in elevated CO2 (EC shade). Current-year sun 
(3rd whorl) and shade (6th whorl) needles from both 
CO2 concentrations were collected in October 2011 
from south- and south-west-facing branches of 11-year-
old trees grown under these experimental conditions 
from the year 2005. The tree crowns were differentiated 
into sun and shade crown parts. For chloroplast coun-
ting, whole needles were frozen for confocal micro-
scopy (Lhotáková et al., 2008). For ultrastructural 
analysis, segments (about 1 mm long) from the middle 
part of the needle were immediately fixed in 5% gluta-
raldehyde (v/v) and transported to the laboratory. 

TRANSMISSION ELECTRON 
MICROSCOPY 

In the laboratory, the fixed samples were transferred 
into an automated microwave tissue processor Leica 
EM AMW (Leica Microsystems, Vienna, Austria). All 
steps of sample preparation were carried out automa-
tically following the protocol according to Zechmann 
and Zellnig (2009). Samples were then manually 
transferred into the polymerization forms containing 
fresh Spurr’s epoxy resin (Spurr, 1969) and polyme-
rised at 70 °C for 48 h.  

Ultrathin sections (70 nm) were cut by an ultra-
microtome (Leica EM UC7, Leica Microsystems, 
Vienna, Austria) and mounted on 1 × 2 mm formvar 
coated slot grids. Images of needle cross sections and 
of individual chloroplasts were captured using trans-
mission electron microscope JEOL JEM 1011 (JEOL, 
Tokyo, Japan).  

For the analysis of chloroplast size and starch grain 
area and areal density, two different approaches were 
chosen. Firstly, chloroplasts from the first layer of me-
sophyll cells below the hypodermis (Fig. 1A) were 
chosen systematically, one from each third, fourth or 
fifth cell depending on the number of cells on a needle 

cross section, so that at least 7 chloroplasts per needle 
cross section were sampled. Secondly, chloroplasts 
from the whole needle cross sections (images captured 
at low magnification, 100×) were chosen using stereo-
logical systematic uniform random (SUR) sampling 
(Gundersen and Jensen, 1987). At least 5 sampling 
fields were selected using our custom-made plug-in 
‘Rectangles’ (Ellipse software, Vidito, Košice, Slova-
kia) (Fig. 3), and the first nearly median section of 
chloroplast from the middle of the sampling field was 
then captured for measurements (at 25,000 × magni-
fication). 

LASER SCANNING CONFOCAL 
MICROSCOPY 

For laser scanning confocal microscopy, a cross section 
was made in the middle of the needle using a hand 
microtome. Series of optical sections were captured 
by Leica SP2 AOBS confocal laser scanning micro-
scope (Ar laser excitation 488 nm and autofluores-
cence detection in green and red channels: 494-577 
nm and 625-710 nm). For chloroplast number esti-
mation in the whole needle cross section, the proce-
dure described in Kubínová et al. (2014) was applied: 
sampling fields were selected using systematic uniform 
random sampling (SUR, Fig. 3 A) in the image captured 
by 10× objective (Fig. 1A). Detailed series were 
acquired by 63× objective. For chloroplast number 
estimation in the first mesophyll layer, 5 sampling 
fields around the needle in the image by 10× objective 
were selected using systematic sampling in the newly 
developed ‘Object sampling’ plug-in (Ellipse software, 
Vidito, Košice, Slovakia) (Fig. 3B). Detailed series 
were acquired by 63× objective (water immersion, 
NA 1.2, Fig. 2). 

STEREOLOGICAL MEASUREMENTS 
We compared chloroplast parameters acquired from 
the first mesophyll layer with those acquired from 
different positions on needle cross sections selected 
by SUR. In total, 215 chloroplasts from the first meso-
phyll layer and 183 chloroplasts selected by SUR were 
analysed to estimate the starch grain area, chloroplast 
area and starch areal density. For chloroplast number 
estimation, 100 and 104 series of confocal microscope 
images from the first mesophyll layer and selected by 
SUR, respectively, were analysed. 

Starch grain cross-section size and starch areal 
density were determined on chloroplast median cross 
sections in TEM images using the method of interactive 
segmentation, based on drawing a line along the 
borders of the object under study using the software 
Ellipse (ViDiTo, Košice, SR). 
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To evaluate the effects of CO2 and irradiance on 
chloroplast characteristics, two-way nested ANOVA 
was then employed using NCSS 9.0 software (NCSS, 
LCC Kaysville, Utah, USA). This type of ANOVA 
takes into account that sun and shade needles from one 
tree are not independent observations. The individual 
tree replicates were evaluated as a nested factor (subject 
variable), while CO2 treatment, and irradiance were 
used as fixed between factor variables. Differences 
were always considered as significant if p < 0.05.  

Chloroplast number was estimated by the optical 
disector method (Kubínová et al., 2014) from the 
series of optical sections acquired by the confocal 
microscope using 63× objective. For each needle, the 
number of chloroplasts per unit of needle volume was 
estimated by the formula (Sterio, 1984; Gundersen, 
1986) (each term defined below): 
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estNVneedle (chl) – estimated number of chloroplasts 
per unit of needle volume; RESULTS 
Qi(chl) – sum of all sampled chloroplasts in all disector 
probes within a needle; The time needed for chloroplast sampling by SUR 

was approximately six times longer than for selecting 
suitable chloroplasts from the first mesophyll layer. 

Pi – sum of all points falling within a needle in all 
3D probes (for calculation needle volume in each 
probe) used for chloroplast counting; In all four cases studied, the chloroplast number 

and chloroplast area estimated by evaluation of the 
first mesophyll layer were not significantly different 
from the chloroplast number and area measured in the 
whole needle cross section (Fig. 4 A, B). Thus, at this 
stage, we could not reject the hypothesis that chlo-
roplast number and chloroplast area measurements in 
the first mesophyll cell layer were representative for 
the whole needle cross section. In three of four cases 
(AC shade, EC sun, EC shade) there was also no 
significant difference between both starch area and 
starch areal density assessed from the first mesophyll 
layer and the whole needle cross section (Fig. 4 C, D). 
However, both characteristics behaved differently in sun 
needles under ambient CO2: starch area and starch areal 
density were significantly higher when assessed from 
the whole needle cross section in comparison with the 
first mesophyll layer (indicated by asterisks in Fig. 4 C, 
D). Regarding both the starch grain area and starch areal 
density, we thus cannot claim the first mesophyll layer 
as representative for the whole needle cross section. If 
we assume that the first mesophyll layer is represen-
tative for the whole needle regarding studied chloroplast 
characteristics, we should obtain identical results of 

p – number of test points in a grid in a sampling 
frame used for chloroplast counting; 
a – area of disector sampling frame (base of the 3D 
probe) used for chloroplast counting; 
h – height of the disector probe used for chloroplast 
counting. 

STATISTICAL ANALYSES 
Two sample unequal variance t-tests were used for 
testing the hypothesis whether the first mesophyll 
layer is representative for the whole needle cross 
section. Chloroplast number in mesophyll, chloroplast 
cross-section area, starch grain cross-section size and 
starch grain areal density were compared for each 
combination of CO2 concentration and irradiance 
separately. The second step to test representativeness 
of first mesophyll layer one–way analysis of variance 
(ANOVA) and Tukey-Kramer Multiple-Comparison 
test was employed on two different datasets of chloro-
plast characteristics acquired from 1) the first meso-
phyll layer and 2) from SUR. These results of one–
way ANOVA were compared to evaluate the repre-
sentativeness of the first mesophyll layer.   

 
Fig. 3. Scheme of sampling of series of images by confocal microscopy on needle cross section. A – Systematic 
uniform random sampling using Ellipse plug-in ‘Rectangles’. B – sampling in the first mesophyll layer using 
polygonal selection and Ellipse plug-in ‘Object Sampling’ to determine equidistant midpoints (crosses) of 
images captured using field rotation in the microscope. 
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ANOVA from both datasets. However, this was not 
the case for all the characteristics studied (Table 1). 
The chloroplast number appeared to be significantly 
affected by CO2 concentration if tested on SUR 
sampled dataset. On the contrary, no effect of either 
CO2 concentration or irradiance was revealed if the 
dataset from the first mesophyll layer was used for 
analysis. In case of starch areal density, significant 
effect of both CO2 concentration and irradiance was 
detected for both datasets. However, the interaction of 
the environmental factors was significant only if the 
dataset from the first mesophyll layer was analysed. 
Therefore, we express an uncertainty regarding the 
representativeness of the first mesophyll layer for 

chloroplast number and starch areal density. On the 
other hand, both chloroplast area and starch grain area 
showed consistent ANOVA results for both datasets, 
with only the p-values slightly differing between the 
samplings (see p-values for CO2 concentration and 
interaction for starch grain area in Table 1). 

Based on the comparisons presented above, we put 
in doubt the representativeness of the first mesophyll 
cell layer regarding three of four studied chloroplast 
characteristics: chloroplast number, starch grain area 
and starch areal density. The only characteristic, for 
which we did not clearly reject the first layer repre-
sentativeness hypothesis, was the chloroplast area.  

 
Fig. 4. Comparison of chloroplast characteristics sampled from the first mesophyll layer (1ST) and systematic 
uniform random sampling (SUR). A – Chloroplast number per mesophyll volume. B – Chloroplast cross-section 
area. C – Starch grain cross-section area. D – Starch areal density on chloroplast cross section. AC – ambient 
CO2 concentration, EC – elevated CO2 concentration, black – SUR – systematically uniformly randomly 
sampled from the whole needle cross-section area, white – 1ST – sampled from the first layer of mesophyll. 
Bars – standard deviation.* – significant difference between SUR and the first layer within the same growth 
conditions at p < 0.05 by two-sample t-test. Lower case letters above the bars – Tukey-Kramer Multiple-
Comparison Test among SUR values, upper case letters above the bars – Tukey-Kramer Multiple-Comparison 
Test among 1ST values; bars having the same letter are not significantly different according to the test.  
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Table 1. Effects of CO2 concentration, irradiance and interaction of both factors on chloroplast number per 
mesophyll volume and selected ultrastructural characteristics on median chloroplast cross section analysed by 
Two-way nested Analysis of Variance (p-value). SUR – sampled systematically uniformly randomly from the 
whole needle cross-section area. First layer – sampled from the first layer of mesophyll. AC – ambient CO2 
concentration, EC – elevated CO2 concentration. Significance: * = p<0.05; ** = p<0.01; n.s. = not significant. 

SUR First layer Structural characteristic Factor p value Significance p value Significance 
Irradiance 0.979370 n.s. 0.166354 n.s. 
CO2 0.022420 * 0.861250 n.s. Chloroplast number 
Interaction 0.960103 n.s. 0.083487 n.s. 
Irradiance 0.051896 n.s. 0.540956 n.s. 
CO2 0.394268 n.s. 0.843852 n.s. Chloroplast area 
Interaction 0.010480 * 0.040781 * 
Irradiance 0.004692 ** 0.004037 ** 
CO2 0.004592 ** 0.015830 * Starch grain area 
Interaction 0.044399 * 0.007329 ** 
Irradiance 0.003792 ** 0.001111 ** 
CO2 0.005008 ** 0.013513 * Starch areal density  
Interaction 0.093614 n.s. 0.002512 ** 

 
Assuming that we cannot consider the first meso-

phyll layer to be fully representative for all studied 
chloroplast characteristics, emphasis was put on eva-
luation of the EC and irradiance effects based on the 
characteristics acquired by systematic uniform random 
sampling. A nested analysis of variance, which con-
sidered that sun and shade needles were col-lected 
from one tree, revealed significant effects of CO2 
concentration on chloroplast number, starch grain area 
and starch areal density (Table 1). Chloroplasts were 
more abundant in needles from trees grown under EC 
in comparison with those grown under AC (Fig. 4 A), 
however, according to the multiple comparison test, 
the differences were not significant. The chloroplast 
area was not affected by CO2 concentration (Fig. 4 
B), but in the chloroplasts from sun needles in EC, 
the starch grain area and starch areal density were 
larger (Fig. 4 C, D). The irradiance was found to have 
no effect on either chloroplast number or chloroplast 
area (Table 1). However, there was a significant inter-
action between CO2 and irradiance. This corresponds 
with the result of the multiple comparison Tukey-
Kramer test, which showed a significant difference in 
chloroplast area between sun and shade needles grown 
under ambient CO2 concentration but not in EC. Fur-
thermore, the characteristics describing starch accumu-
lation were strongly sensitive to irradiance. In EC, 
chloroplasts from the shade needles had lower starch 
grain area and starch areal density. According to the 
multiple comparison Tukey-Kramer test, both starch 
characteristics were significantly higher in sun needles 
from EC in comparison with the rest three CO2 and  

irradiance combinations (Fig. 4 C, D). 
The same statistical analysis applied on the chloro-

plast characteristics assessed from the first mesophyll 
layer showed slightly different results than on SUR. 
The effect of EC on chloroplast number was not 
detected, probably due to high variance and higher 
values of this characteristic in sun needles grown in 
ambient CO2 concentration (Fig. 4A; Table 1). The 
effect of EC on starch grain area and starch areal 
density was significant, however slightly weaker in 
the first layer (see p-values for the first layer in Table 
1). Lastly, the significance of the interaction between 
irradiance and CO2 concentration was more pronounced 
for starch grain area and starch areal density (see p-
values for the first layer in Table 1). Thus, for the 
majority of the studied structural characteristics, irra-
diance proved to be a stronger morphogenetic factor 
than EC. 

DISCUSSION 

Despite the clear importance of proper sampling in 
measurements of plant structure, this issue is often 
inadequately addressed in plant studies as pointed out 
recently by Kubínová et al. (2017). If the study aims 
for estimation of unbiased quantitative parameters for 
the whole plant organ, then SUR and stereological 
methods are recommended (West, 2012).  

In this study, selected chloroplast characteristics 
measured on the same needle cross section sampled 
in the first mesophyll layer and sampled by SUR were 
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in some cases significantly different. Thus, the first 
mesophyll layer was not always representative for every 
structural characteristic and every treatment. This is in 
agreement with the findings of Kivimäenpää and 
Sutinen (2007) who reported that mesophyll cells near 
the epidermis of four year old needles of Pinus sylve-
stris had smaller chloroplasts with lower area of starch 
grains than cells in the inner part of the needle. Further-
more, Senser et al. (1975) noticed in Picea abies that 
the chloroplasts in cells near to the epidermis had higher 
amounts of starch than cells near the central cylinder, 
according to the gradient in light intensity. Both studies 
confirm the variability of measured structural charac-
teristics within the needle cross section. 

Taking into account that measurements of chlo-
roplast ultrastructure are extremely time consuming, 
we restricted our study to cross sections cut in the 
middle of the needle and not in a higher number of 
positions along the needle corresponding to a SUR 
sampling principle (for needle see e.g., Lhotáková et 
al., 2008). Even this restricted examination clearly 
reveals that sometimes chloroplast structural characte-
ristics measurements give different results when eva-
luated from all layers of mesophyll cells in the needle 
than just in the first mesophyll layer. Unlike the eva-
luation of chloroplast ultrastructure where TEM is 
necessary, the measurement of plant anatomical 
characteristics is feasible by confocal microscopy 
(Albrechtová et al., 2007). This approach is much 
less time consuming than procedures necessary for 
ultrastructure measurements using TEM, and thus 
SUR sampling of needle sections can be recommended 
for proper chloroplast counting. This was shown by 
Kubínová et al. (2014) where the practical issues 
connected with the evaluation of thick needle sections 
by using confocal microscopy are discussed in detail. 

In studies of chloroplast characteristics, description 
of sampling procedure on TEM images is often 
restricted to mere stating of how many cells were 
counted in a cross section, while further details of 
sampling within the section are omitted (Back and 
Huttunen, 1992; Oksanen et al., 2001; Bondada and 
Syvertsen, 2003). The SUR sampling is theoretically 
the best choice for unbiased measurement. However, 
it should be noted that using SUR on TEM images of 
conifer needles requires good fixation that can be 
challenging because of the thick, nearly impermeable 
cuticle, the extremely differentiated cell walls, with 
deposition of phenolics or even lignin (Soukupová et 
al., 2000), and a system of intercellular spaces 
(Meyberg, 1988; Ebel et al., 1990). Moreover, the 
size of whole cross sections of conifer needles (dimen-
sions of approx. 2 × 1 mm) is rather large for ultra-

thin sectioning, which adversely affects the quality of 
the sections (Hayat, 1970). Kivimäenpää et al. (2001, 
2003) halved the needle longitudinally to cut the 
ultrathin sections from either adaxial or abaxial side 
of the needle, thus it was easier to get undistorted 
ultrathin sections. Preservation of chloroplast ultra-
structure in conifers may also be improved by chan-
ging the buffers or embedding media (Ebel et al., 
1990), by changing the molarity of buffers according 
to season (Soikkeli, 1980) or by using microwaves 
during sample processing (Zechman and Zellnig, 
2009). Furthermore, even when SUR is used on TEM 
images, one should be aware, that the TEM image has 
a large depth of field, so that the single image may be 
in fact an overprojection. Therefore the use of electron 
tomography is recommended for more precise measu-
rements (Vanhecke et al., 2007). 

Another complication that makes SUR sampling 
more challenging in transmission electron microscopy 
is poststaining of the sections on slot grids. The slot 
grids are suitable for SUR sampling as they enable us 
to view whole large cross sections of the needle 
without interference of grid bars. Poststaining, if it is 
done manually on a drop of stain solutions (uranyl 
acetate followed by lead citrate), is technically chal-
lenging as the formvar coating on the slots is prone to 
ruptures. It is always possible to view sections without 
poststaining, as in this study, but it significantly 
decreases the observed contrast and resolution (Hayat, 
1970; Ellis, 2007). Due to lower contrast in the deeper 
layers of mesophyll (Fig. 1C), we were able to quantify 
only the starch grain area but not the parameters of 
thylakoid membranes. A fully automated system for 
contrasting ultrathin sections (Yang et al., 2017) might 
solve this problem. 

Lastly, SUR sampling can be much more time 
consuming depending on the equipment accessible 
for the study. In our case, SUR sampling was about 
six times more time consuming because of the need 
to pick the chloroplasts manually from the low contrast 
sections that were not poststained. However, the avai-
lability of the cutting edge equipment should certainly 
reduce or even diminish this difference (automated 
poststaining, automated acquisition). 

Our study shows that chloroplast characteristics 
estimations acquired from the first mesophyll layers 
and SUR cannot always substitute each other. Based 
on our results, measurement of chloroplast characte-
ristics from the first mesophyll layer slightly under-
estimates the effect of CO2 concentration. In the case 
of starch grain characteristics, this bias could mask 
CO2 concentration impact if only TEM analysis is 
used. If the possibility of using SUR for chloroplast 
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evaluation is impeded by the extreme laboriousness 
or technical constraints, we recommend to combine 
TEM analysis with other physiological approaches, 
e.g., starch biochemical assessment (Mašková et al., 
2017) or determination of photosystem activities and 
fluorescence parameters.  

As discussed above, there are several objective 
constraints and challenges of using SUR in extensive 
studies based on TEM. In our case, we faced the 
difficulty in acquisition of high-quality and high-
contrast ultrathin sections of the whole needle for 
SUR sampling and chloroplast selection. Considering 
the extreme laboriousness of sample preparation, the 
difficulties associated with technical processing and 
financial costs of TEM working hours, some simpli-
fications of sampling principles are acceptable if the 
aim is for comparison of ultrastructural characteristics 
between different treatments. 

The following discussion is based on results from 
SUR sampling. A trend to higher chloroplast number 
observed in the mesophyll of needles from trees grown 
under EC in comparison with those grown under AC 
agrees with studies on herbaceous plants and broad-
leaved trees (Oksanen et al., 2001; Wang et al., 2004; 
Oksanen et al., 2005; Teng et al., 2006). The effect of 
irradiance on chloroplast number is not always unam-
biguous, as it was in our case. In some previous studies, 
more chloroplasts were observed in sun than in shade 
leaves (Cui et al., 1991), and in high light compared 
with low light grown plants (Zhang et al., 2015). On 
the contrary, increased chloroplast number in shade 
conditions was also reported (Shao et al., 2014). Thus, 
the influence of irradiance on chloroplast number in 
conifers remains unclear. 

Higher starch areal density and starch grain area 
in sun EC needles in comparison with sun AC needles 
is in agreement with previous findings in both leaves 
and needles in EC (Pritchard et al., 1997; Griffin et 
al., 2001; Oksanen et al., 2001; Eguchi et al., 2004; 
Liu et al., 2004; Sholtis et al., 2004; Liu et al., 2005; 
Teng et al., 2006; Onoda et al., 2007; Cabálková et 
al., 2008), and both starch characteristics were signi-
ficantly higher in sun needles from EC in comparison 
with the other three CO2 and irradiance combinations. 
The difference may be explained by enhanced photo-
synthetic rate in EC (rev. Leakey et al., 2009), which 
may be more pronounced in sun needles leading to 
higher production of starch. Another explanation may 
be that the winter hardening process in the EC needles, 
sampled in October, was delayed as has been previously 
reported (Utriainen et al., 2000; Palomäki et al., 
1996). In summary, the main influence of CO2 con-
centration, irradiance and their interaction was on the 

starch grain area and areal density, which were found 
to be largest in sun needles in EC. 

CONCLUSION 

Based on the results of our study, we conclude 
that the first mesophyll layer cannot be always consi-
dered as representative for chloroplast characteristics 
in the mesophyll on the whole cross section of Norway 
spruce needles. Therefore, if technically possible, we 
recommend the use of systematic uniform random 
sampling for the selection of examined cells and chloro-
plasts in conifers, which yields unbiased estimations 
of chloroplast ultrastructure, though depending on the 
equipment accessible it can be more time-consuming. 
However, in the case of limited time, technical equip-
ment and resources in combination with large sample 
numbers in ecophysiological studies, we do not comp-
letely reject measuring the chloroplast ultrastructural 
characteristics from the first mesophyll layer if the 
aim is for comparison between different treatments. If 
such simplified sampling instead of SUR sampling is 
applied, it is advisable to combine the TEM analyses 
with different approaches to characterize the chloroplast 
function and to carefully consider and interpret the 
results. 
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ABSTRACT 

This review presents an historical overview of stereological methods used for the quantitative evaluation of 
plant anatomical and cytological structures. It includes the origins of these methods up to the most recent 
developments such as the application of stereology based on 3D images. We focus especially on leaf, as the 
vast majority of studies of plant microscopic structure examine this organ. An overview of plant cell 
ultrastructure measurements as well as plant anatomical characteristics (e.g., plant tissue volume density, 
internal leaf surface area, number and mean size of mesophyll cells and chloroplast number), which were 
estimated by stereological methods most frequently, is presented. We emphasize the importance of proper 
sampling needed for unbiased measurements. Furthermore, we mention other methods used for plant 
morphometric studies and briefly discuss their relevance, precision, unbiasedness and efficiency in 
comparison with unbiased stereology. Finally, we discuss reasons for the sparse use of stereology in plant 
anatomy and consider the future of stereology in plant research. 

Keywords: chloroplast, confocal microscopy, leaf anatomy, mesophyll, stereological methods, systematic 
uniform random sampling  

INTRODUCTION 

Plant anatomical and cytological structure has been 
studied since the introduction of the first magnifying 
devices in the 16th century. By the end of the 19th 
century, a number of basic developmental and func-
tional concepts in plant anatomy were well understood 
(Eames and MacDaniels, 1925). For example, Julius 
von Sachs (1834-1897) proposed the first physiological 
classification of plant tissues based on their origin 
from uniform meristem. While some quantitative 
methods for studying physiological processes in plant 
organisms were being established, these early findings 
were largely based on descriptive analyses of plant 
anatomical structure. There was a clear need for quanti-
tative evaluation of plant anatomy for studying relations 
between the function and structure of the plant body. 
Thus, plant scientists began to quantitatively assess 
anatomical characteristics, initially by morphometric, 
intuitive methods, and later by more rigorous approa-
ches made possible by stereological methods.  

This review presents the history of stereology 
applied in plant studies and discusses other methods 
for measuring plant structural parameters. Particular 
focus is given to the evaluation of leaf structure as the 
leaf is the most frequently studied plant organ. This is 
due to the fact that the specific leaf tissues, cells, and 
organelles (Figs. 1, 2, 8) are involved in the transfer 
of carbon dioxide during the process of light capture 
and photosynthesis, which has crucial importance for 
the function of the plant organism. Quantitative analysis 
of changes in the leaves can be very helpful in many 
applications studying the effect of environmental 
factors on plants, such as analysis of the effect of air 
pollution (Albrechtová et al., 2007), elevated CO2 
concentration (Lhotáková et al., 2012) or temperature 
(Juurola et al., 2005). Moreover, leaf geometrical 
characteristics may be useful for interpreting physio-
logical measurements, three-dimensional (3D) model-
ling during photosynthesis (Juurola et al., 2005) and 
for phenotyping (Flood et al., 2016).  
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Fig. 1. Leaf epidermis. (a) Oregano (Origanum spp.) - dicotyledonous plant. St – stoma composed of two guard 
cells (GC), EC – epidermal cell, l – stoma length. (b) Maize (Zea mays L.) - monocotyledonous plant. Stomatal 
apparatus: two dumble-shaped guard cells (GC) and two subsidiary cells (SC), EC – epidermal cell. 

Fig. 2. Leaf internal structure in cross sections. (a) Norway spruce needle (Picea abies L. Karst): Ep – 
epidermis, St – stoma, CC – central cylinder with vascular tissues (round structure between arrows), mesophyll 
composed of parenchyma cells (PC) and intercellular spaces (IS). (b) Monocotyledonous leaf (barley, 
Hordeum vulgare L.): AdEp – adaxial epidermis, AbEp – abaxial epidermis, VB – vascular bundle, PC – 
mesophyll parenchyma cell. (c, d) Dorsiventral leaf (apple tree, Malus spp.): AdEp – adaxial epidermis, AbEp 
– abaxial epidermis, VB – vascular bundle, mesophyll composed of palisade parenchyma (PP), spongy
parenchyma (SP), and intercellular spaces (IS). Shade leaf (c) with one layer of palisade parenchyma and sun 
leaf (d) with three layers of palisade parenchyma. tl – leaf thickness, tp – palisade parenchyma thickness, ts – 
spongy parenchyma thickness. 
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SHORT HISTORY OF 
QUANTIFICATION OF PLANT 
ANATOMICAL STRUCTURE 

The earliest quantitative data characterizing plant ana-
tomy were published by Friedrich Wilhelm Heinrich 
Alexander von Humboldt already in 1786 who presen-
ted data on stomatal density (i.e., number of stomata 
per unit leaf area, see Fig. 1; Pazourek, 1988). Since 
then, many plant anatomists have used quantitative 
methods in their research, quite often in connection 
with physiological (particularly ecophysiological) and 
taxonomic studies, as summarized in reviews by Nátr 
(1988) and Pazourek (1988).  

In the history of the development of quantitative 
approaches to investigating plant anatomy, the work 
of Salisbury (1928) is of particular note. Salisbury 
introduced the application of statistical methods in 
the analysis of quantitative data. He focused on deter-
mining stomatal distribution on the leaf surface and 
tried to prove the relations between various stomatal 
characteristics. He introduced the concept of stomatal 
index - the percentage of the number of stomata per unit 
leaf area with respect to the number of epidermal cells 
including stomata in the same unit area. A key finding 
of this study was determining stomatal index as less 
variable than stomatal density (i.e., number of stomata 
per unit leaf area) within a particular plant species.  

In general, stomatal density and stoma length in 
the leaves were found to be the most frequently studied 
plant anatomical parameters. Stoma length is usually 
evaluated from epidermal peels or imprints, i.e. from 
practically two-dimensional (2D) structures (Fig. 1). 
Leaf thickness or thickness of its tissue layers is 
another frequently reported parameter. It is usually 
measured in 2D leaf cross-sections (Fig. 2c). The 
thickness of tissue layers was often measured in 
dorsiventral leaves (Turell, 1936; Wylie, 1949). This 
parameter can be useful when studying important 
physiological phenomena associated with irradiance-
affected leaf morphogenesis, e.g., differentiation of 
dorsiventral leaves into thicker and denser sun leaves 
with more layers of palisade mesophyll parenchyma 
in comparison with shade leaf ecotypes (Fig. 2 c, d). 
In other plant organs, the most frequently measured 
parameter was the length of the root system. The root 
length in 2D was usually measured by the line-
intercept method (Newmann, 1966), the principle of 
which had already been proposed by Buffon in 1777.  

In the studies of internal leaf structure (Fig. 2), 
the physiologically important characteristics most 
often measured were the number and dimensions of 

mesophyll cells, internal leaf surface area (i.e., the 
surface area of mesophyll cell walls adjoining the 
intercellular spaces), and the proportion of intercel-
lular spaces. In one of the first comprehensive studies 
of leaf mesophyll, Meyer (1923) measured the dimen-
sions of mesophyll palisade cells - the ratio of their 
length to the width, variations in the length of palisade 
cells within a blade, the number of palisade cell layers, 
the angle of orientation of palisade cells to the leaf 
surface, and the arm palisade cells surface area. The 
following methods for measurement of mesophyll 
parameters were most frequently used: Mesophyll 
cell dimensions were usually measured by applying a 
model-based approach, i.e., assuming that the cells 
could be modelled by simple geometrical bodies 
(Maksymowych, 1963; Chonan, 1966; 1970). The 
number of mesophyll cells was most frequently 
obtained by counting isolated cells after maceration 
(Maksymowych, 1959). Regarding internal leaf surface 
area, Turrell (1934) also applied a model-based ap-
proach. He emphasized the importance of this para-
meter for photosynthetic performance, since the gas 
exchange is via exposed mesophyll cell walls. Further-
more, Nius (1931) examined the physiological impor-
tance of the relative volume of intercellular spaces using 
the infiltration method according to Unger (1854). 

Following the development of electron microscopy, 
the first quantitative measurements of chloroplast ultra-
structure emerged in the 1960s. Parameters such as 
the number of grana per chloroplast or thylakoids per 
granum were measured and 3D models of chloroplasts 
were introduced (Wehrmeyer and Röbbelen, 1965; 
Paolillo and Falk, 1966). Stereological methods were 
increasingly applied in the following decades, including 
estimating area and/or volume densities of different 
chloroplast compartments (Gamalei and Kulikov, 1978; 
Fagerberg, 1983; Kutík et al., 1984). 

After the establishment of stereology as a new 
scientific discipline in the 1960s and 70s (Weibel, 1979; 
Howard and Reed, 1998), design-based stereological 
methods emerged and began to be used also in quanti-
tative studies of plant structures. The first applications 
of stereology in plant anatomy were published by 
Pazourek (1975; 1977), Chabot and Chabot (1977), 
Parkhurst (1982), Morris and Thain (1983), and Haji-
bagheri et al. (1984). Later, a number of design-based 
stereological methods for the estimation of various 
leaf characteristics were introduced by Kubínová (1987; 
1989b; 1991; 1993; 1994). Characteristics highlighted 
included mesophyll volume, proportion of intercellular 
spaces in mesophyll, internal leaf surface area, meso-
phyll cell number and mean mesophyll cell volume, 
based on measurements in 2D leaf sections. Further-
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more, a specific approach to root length estimation 
using the stereological method of total vertical projec-
tions (Cruz-Orive and Howard, 1991) was presented 
by Albrechtová et al. (1998).  

Although stereological methods proposed for the 
estimation of leaf characteristics from 2D sections 
were known to be reliable, they have rarely been 
applied. This is mainly due to their laborious nature. 
Therefore, there was a clear need for less demanding, 
efficient and unbiased methods for measuring phy-
siologically important mesophyll anatomical charac-
teristics, such as internal leaf surface area, mean 
mesophyll cell volume and cell number in the leaf. 
Stereological methods based on 3D images acquired 
by confocal microscopy, electron tomography and 
other modalities, are suitable for this purpose since 
they are efficient and unbiased. Moreover, confocal 
microscopy can be applied to thick fresh plant tissue 
sections, thus minimizing the time spent on tissue 
specimen preparation and avoiding deformation of 
tissues due to fixation and embedding procedures. 

Stereology based on 3D confocal images, called 
confocal stereology (for reviews see Peterson, 1999; 
Kubínová et al., 2002; 2004, 2005; Kubínová and 
Janáček, 2015) is a contemporary approach that eva-
luates structures using a combination of stereological 
methods and confocal microscopy (Pawley, 1995; 
2006) enabling the obtainment of perfectly registered 
stacks of thin serial optical sections (approx. 350 nm 
thick) within thick specimens. Digital images of such 
stacks represent 3D image data suitable for quanti-
tative measurements. Howard et al. (1985) presented 
the first application of confocal microscopy to stereo-
logical measurements in their concept of an unbiased 
sampling brick. Confocal microscopy proved to be 
useful especially in the application of stereological 
methods based on spatial estimators evaluating small 
3D samples of structures (Howard et al., 1985; 
Howard and Sandau, 1992; Kubínová and Janáček, 
1998; Kubínová et al., 1999; Kubínová et al., 2002). 
A 3D sample of examined tissue can be analysed if a 
rectangle within the microscope’s field of view is 
focused through. Using specialized software, different 
virtual test probes with an arbitrary pre-defined (e.g., 
random) position and orientation can be generated 
within the stack of sections and can be applied directly 
to this 3D image data. Albrechtová et al. (2007) 
presented the confocal stereological methods used to 
evaluate the mesophyll structure of narrow leaves, 
such as conifer needles. Kubínová et al. (2014) showed 
the application of confocal microscopy for counting 
chloroplasts in a mesophyll cell using optical disector 
principle (see below). 

OVERVIEW OF STEREOLOGICAL 
METHODS APPLIED IN PLANT 
ANATOMY 

Many of the stereological methods developed over 
the past fifty years can be applied (directly or after 
suitable modification) in studies of plant anatomical 
structures. In this review, we present the most 
frequently measured plant anatomical characteristics 
estimated by stereological methods.  

Firstly, let us mention specific features of plant 
anatomical structures and relevant consequences: Plant 
organs and cells exhibit highly variable morphology 
with significant differences in dimension and shape. 
Anisotropy (arrangement with preferential orientation) 
is often observed in plant tissues as well as inhomo-
geneity, e.g., gradient in stomatal frequency in dif-
ferent parts of leaves, as shown by Slavík (1963) and 
Pazourek (1966; 1969). Gradients in tissue proportions 
within a leaf (Pazourek, 1977) and in mesophyll cell 
size along the leaf (Kubínová, 1989a) were also ob-
served. Therefore, design-based stereological methods, 
yielding unbiased results without placing any as-
sumptions on shape and arrangement of structures, 
are especially useful in quantitative plant anatomy.  

The correct application of design-based stereo-
logical methods is critically dependent on proper 
sampling of tissue blocks, sections, test frames, point 
grids, etc. In stereology, geometrical properties of the 
object (in this case, the leaf) are derived from the 
information collected from relatively small parts of 
the object (i.e., leaf sections). Therefore, when evalu-
ating a specific parameter of the object (e.g., the 
proportion of mesophyll in the leaf), just its specific 
parts (e.g., leaf sections) are measured to estimate the 
parameter. In order to obtain reasonable results, these 
parts should be sampled in a way ensuring the estimate 
is close enough to the true parameter value and yielding 
no systematic bias. This can be achieved by proper 
sampling, examples of which are presented below.  

SAMPLING 
Systematic uniform random sampling 
(SURS) 

SURS ensures an efficient and convenient way of 
unbiased sampling. It has been used in the application 
of many stereological methods in plant research, such 
as the Cavalieri principle, point-counting, vertical sec-
tions, or disector methods. In leaf investigations, it 
can be applied for sampling leaf segments, 2D sections 
(Fig. 3, 4) and (3D) thick slices used in confocal 
stereology (Fig. 5). 
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Fig. 3. Systematic uniform random sampling of segments and sections in a grass leaf. Firstly, the distance (T) 
(mm) between two consecutive sections is chosen. For the position (z), a random number is then selected from 
the set {0,1,...,T-1}. The transverse sections are made in the positions z, z+ T, z + 2T, ... For example, if T= 40 
mm, z = 20 mm, and the leaf length is 200 mm, then the transverse sections would be cut at distances of 20 mm, 
60 mm, 100 mm, 140 mm and 180 mm from the leaf base. (After Kubínová, 1993.) 

 

 
Fig. 4. Systematic uniform random sampling of 
segments and sections in a flat bifacial leaf. The 
distance (T) (mm) between the central points of the 
leaf segments is chosen first. For the position (x,y), 
two numbers are then (independently) selected at 
random from the set {0,1,...,T-1}. By placing the leaf 
tip in the position (x, y), the uniform random position 
of the grid of central points is ensured. The leaf 
segments are then cut as indicated in the figure and 
cross-sections are cut in the middle of the segments. 
(After Kubínová, 1993.) 

 
Fig. 5. Sampling design of needle specimen preparation. 
Upper: Systematic uniform random sampling of 
transverse free-hand sections: z = random position of 
the first section within (0; T]. The distance T between 
free-hand sections is chosen first. In this specific 
case, T = 2 mm. Positions of transverse sections 
along the needle longitudinal axis are denoted by a, 
b, c, d, e, f. Lower: Left: 2-mm-thick needle segment. 
Right: 80-μm-thick free-hand section from which the 
40μm thick stack of optical sections is acquired by 
confocal microscopy. (After Lhotáková et al., 2008.) 

 
Vertical uniform random sampling 
(VURS) 

VURS is applied in the vertical sections method 
(Baddeley et al., 1986). It enables the estimation of 
internal leaf surface area, which is one of the physio-
logically most important plant anatomical parameters. 
The practical application of VURS for narrow leaves 
is shown in Fig. 6.  
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Fig. 6. Construction of vertical sections of the grass 
leaf. Firstly, the systematic uniform random sampling 
of leaf segments is done as shown on the left (see also 
Fig. 3). The direction of the vertical axis is chosen to 
be parallel to the main axis of the leaf, i.e. the 
vertical sections are cut in parallel with the leaf axis. 
At the same time they are cut around the leaf axis by 
an angle generated in the horizontal plane (which is 
perpendicular to the vertical plane) as illustrated in 
the figure: In the horizontal plane of the first segment 
(i.e. the nearest one to the leaf base; the face of the 
segment is shown as the lowest one in the figure), 
angle α1 (0°< α1 < 180°) is selected uniformly at 
random (e.g., α1 is a random number from the set {0°, 
10°, 20°,..., 170°}). The vertical sections of the first 
segment are cut in this direction. With m segments in 
the leaf, the direction of the vertical section in the j-th 
segment is given by the angle αj = α1 + (j-l) * (180°/ 
m) (j=l,...,m). (For example, if m = 5 and α1 = 10°, 
then α2 = 10°+1 * (180°/5) = 46°, α3 = 82°, α4 = 
118°, and α5 = 154°.) Within the segment, the series 
of equidistant parallel sections (illustrated by lines 
intersecting the faces of sampled segments seen from 
above) are cut in a way analogous to the one 
described in Fig. 3. (After Kubínová, 1993.) 

Unbiased sampling of particles by 
disector principle   

The unbiased counting or sampling of three-dimen-
sional particles can be achieved by using the stereo-
logical method called disector principle (Sterio, 1984; 
Gundersen, 1986). The disector is a 3D probe which 
samples particles with a uniform probability in 3D 

space, irrespective of their size and shape, as shown 
in Fig 7. 

 
Fig. 7. Disector. Particles that are inside the 3D 
disector probe are counted and particles intersecting 
its planes are also counted except those intersecting 
the exclusion planes (in grey). In this example, 5 
particles are counted (ticked) and 4 particles are not 
counted (crossed). After Kubínová et al. (2014). 

PLANT ANATOMICAL 
CHARACTERISTICS ESTIMATED BY 
STEREOLOGICAL METHODS 
Plant tissue volume density 

The volume density of a specific tissue in the leaf is 
usually estimated by the ratio of the area of the tissue 
section to the area of the leaf section. The corres-
ponding areas were measured by a point-counting 
method, based on counting points of the test grid 
falling in the tissue under study (Chabot and Chabot, 
1977; Pazourek, 1977; Pazourek and Nátr, 1981; 
Parkhurst, 1982; Hajibagheri et al., 1984; Gowland et 
al., 1987; Pazourek et al., 1987; Kubínová, 1991; 
Albrechtová, 1994), by a planimeter (Turrell, 1936), 
by cutting out the enlarged drawings of the sections 
and weighing them (El-Sharkawy and Hesketh, 1965; 
Charles-Edwards et al., 1972; Dengler and MacKay, 
1975), by a semiautomatic image analyser (Parker 
and Ford, 1982) or by a stereological method based 
on length measurements (linear integration method, 
Weibel, 1979; Thain, 1983). A number of studies 
(e.g., Gundersen and Jensen, 1987) showed that, in 
general, the point-counting method using a regular 
grid of points (which is positioned uniformly at 
random on the section) is the most effective one. Its 
efficiency is low only if the structure is periodic with 
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the same periodicity as the point grid. This can be 
avoided simply by changing the distances between 
the grid points. 

The application of a point counting method for 
the estimation of the proportion of intercellular 
spaces in barley leaf was presented by Kubínová 
(1989b, 1991). Using this approach, the volume 
density of individual tissues in a leaf was measured 
by Edwards et al. (1999), Klich (2000), Luković et al. 
(2001), Bray and Reid (2002), Luković (2006), Marin 
et al. (2006), Zorić et al. (2011; 2014), Moura and 
Alves (2014), Bernardo et al. (2017), and Bertel et al. 
(2017). The proportion of intercellular spaces in 
mesophyll was also investigated by Albrechtová and 
Kubínová (1991), Kukkola et al. (2005), Albrechtová 
et al. (2007), Lhotáková et al. (2008), Yiotis and 
Psaras (2011), and Zorić et al. (2011; 2014). The 
proportion of intercellular spaces in the palisade 
parenchyma was measured by Konoplyova et al. 
(2008) from micrographs of paradermal sections of 
the leaves. Furthermore, volume density of needle 
tissues (Albrechtová et al., 2007; Lhotáková et al., 
2012), trichomes in the leaf (Marin et al., 2008), and 
petiole tissues (Luković et al., 2016) were estimated.  

The Cavalieri principle, which is based on 
multiplying the sum of areas of SURS sections by the 
distance between the subsequent sections (Gundersen 
and Jensen, 1987), was used for estimating volume of 
leaf and/or leaf components by Kubínová (1989b, 
1991, 1993), Albrechtová and Kubínová (1991), 
Edwards et al. (1999), Klich (2000), Marin et al. 
(2008), and Albrechtová et al. (2007). Detailed ins-
tructions on how to apply this method are given in the 
overview of stereological methods for the measu-
rement of leaf characteristics (Kubínová, 1993).  

Surface area of mesophyll cells and 
internal leaf surface area 

An unbiased stereological method of vertical sections 
(Baddeley et al., 1986) was applied for the estimation 
of internal leaf surface area (i.e., the surface area of 
mesophyll cell walls adjoining the intercellular spaces) 
and surface area of mesophyll cells (i.e., the surface 
area of entire mesophyll cell walls) by Kubínová 
(1991). The method is based on counting the inter-
sections of a special cycloidal test system with the 
measured surface on 2D sections generated by using 
VURS (Fig. 6). For more details and practical appli-
cation in both narrow and broad leaves see Kubínová 
(1993). 

 Another approach was presented by Kubínová 
and Janáček (1998) showing application of their fakir 

method for the estimation of the internal surface area 
of a barley leaf, and later by Albrechtová et al. (2007) 
and Lhotáková et al. (2008) for measuring the inter-
nal surface area of a conifer needle using confocal 
microscopy. Unlike the vertical sections method, which 
is applied to 2D physical sections, the fakir method 
does not require randomizing section orientation; hence 
the physical thick sections can be cut in any arbitrary 
direction. Therefore, the slices were cut perpendicular 
to the main axis of the needle, which is most suitable 
from a technical point of view (Fig. 6). The fakir 
method was used also by Lhotáková et al. (2012). 

Number of mesophyll cells and 
chloroplasts 

Unbiased counting or sampling of three-dimensional 
particles can be achieved by using the stereological 
method of disector (Sterio, 1984; Gundersen, 1986); 
for its principle see Fig. 7. Application of the disector 
method for estimation of mesophyll cell density and 
total number of mesophyll cells in a leaf was intro-
duced by Kubínová (1989a,b; 1991). Detailed instruc-
tions on how to apply this method using SURS are 
given in her overview of stereological methods for 
estimating the number and sizes of stomata and meso-
phyll cells (Kubínová, 1994). The disector method for 
counting mesophyll cells was also used by Albrechtová 
and Kubínová (1991) and in combination with confocal 
microscopy by Kubínová and Janáček (2001), 
Kubínová et al. (2002; 2005) and Albrechtová et al. 
(2007). Kubínová et al. (2014) also used confocal 
stereology introducing the application of the disector 
method for estimation of chloroplast number per 
mesophyll cell in Norway spruce needles and com-
paring this approach with other methods for chlo-
roplast counting. 

Mean volume and surface area of 
mesophyll cells 

Mean volume and/or surface area of mesophyll cells 
is estimated simply by the ratio of the mesophyll cell 
volume, resp. surface area, and the mesophyll cell 
number (for the measurement of these characteristics 
see above). Unbiased stereological methods were used 
for estimation of these characteristics by Kubínová 
(1989a,b; 1991; 1994; 1998), Albrechtová and 
Kubínová (1991) and Albrechtová et al. (2007).  

PLANT CELL ULTRASTRUCTURE 
MEASUREMENTS 

Plant cell ultrastructure is often studied by transmis-
sion electron microscopy (TEM). Qualitative asses-
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sment of changes in chloroplasts (Fig. 8) or other cell 
components is common. Most studies focused on the 
accumulation of starch and/or plastoglobuli, formation 
of lipid bodies, fragmentation of vacuoles, condensation 
of cytoplasm, thylakoid swelling or electron density 
of stroma. In some studies, a system of classes is used 
to describe the severity of cellular injury (Wulff et 
al., 1996; Kivimäenpää et al., 2003). 

 
Fig. 8. Chloroplast ultrastructure. Transmission 
electron micrograph of chloroplast cross-section from 
leaf of European beech; Gt – granal thylakoids, Igt – 
intergranal thylakoids, St – starch, Pg – plastoglo-
bulus, CW – cell wall. Bar = 1 µm.  

It should be stated that although leaf ultra-
structure was sometimes evaluated by stereological 
methods, the application of these methods was 
usually done without SURS at the leaf blade level. 
Due to the costs and time-consuming work associated 
with sample preparation for transmission electron 
microscopy, samples for analysis were taken from the 
middle part or the middle third of the leaf blade or 
needle (in the case of conifers). Random sampling 
within the leaf was sometimes applied but in many 
studies the description of sampling design was not 
given in detail. In conifers, samples were taken from 
the middle part of the needle cross-section or from 
the first layer of mesophyll. Furthermore, differences 
in ultrastructure between the outer and inner parts of 
mesophyll were evaluated, mainly in studies describing 
the effect of stress treatment (Kivimäenpää et al., 
2003; Kivimäenpää et al., 2014). In bifacial leaves, 
the ultrastructure of palisade parenchyma cells is of 
greater interest than spongy parenchyma cells. 

For stereological analysis, the volume density of 
a specific part of the cell (e.g., chloroplast, mito-
chondria, peroxisome) was estimated by the ratio of 
the area of the cell part to the area of the whole cell. 
Volume densities of thylakoids, starch, plastoglobuli 
and stroma inside chloroplasts were estimated by 
measuring the corresponding areas using the point-
counting method (Kutík et al., 1995; Miroslavov et 
al., 1996; Fagerberg and Bornman, 1997; Razem and 
Davis, 1999; Vassilyev, 2000; Wheeler and Fagerberg, 
2000; Griffin et al., 2001; Gabarayeva and Grigorjeva, 
2002; Pechová et al., 2003; Vičánková and Kutík, 
2005; Gregoriou et al., 2007; Kubínová and Kutík, 
2007; Holá et al., 2008, Mašková et al. 2017).  

Volume densities were usually measured on ran-
domly sampled images of cells or organelles. Their 
volumes were determined only in some of the studies: 
Fagerberg and Bornman (1997) and Wheeler and 
Fagerberg (2000) used the standard leaf volume for 
calculation of organelle volume; Vassilyev (2000) 
assumed ellipsoid form of different organelles (plastids, 
mitochondria, peroxisomes, and dictyosomes) and 
calculated their volumes from their lengths and widths. 

For measurements of surface densities or surface 
area of chloroplasts, a Merz curvilinear grid with 
semi-circles in a square grid was used by Fagerberg 
and Bornman (1997). The method of „local vertical 
windows“ suggested by Baddeley et al. (1986) was 
applied by Kubínová and Kutík (2007) for estimation 
of surface densities of thylakoid membranes. Albertsson 
and Andreasson (2004) estimated surface area of 
thylakoid membranes by drawing parallel lines across 
the chloroplast micrograph (perpendicular to the long 
axis of the chloroplast) and counting the number of 
membrane transections using the fact that the mem-
brane length in randomly cut chloroplast sections is 
statistically proportional to the surface area of the 
membrane. A similar approach was also chosen by 
Gao et al. (2006). 

DISCUSSION 

OTHER MORPHOMETRIC METHODS 
IN PLANT ANATOMY IN COMPARISON 
WITH STEREOLOGICAL METHODS 

In order to obtain a complex, full overview of the 
quantification of plant structures, it should be pointed 
out that many approaches other than stereological 
methods have been used in the past and are still being 
used today. However, compared to stereological 
methods, most methods as listed below provide 
biased results, most often due to improper sampling 
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and model-based design application. Those methods 
regarding their relevance, precision, unbiasedness and 
efficiency will be discussed below. 

Plant tissue volume density  
Many authors did not measure the volume density of 
plant tissues in the entire leaf, but rather their tissue 
proportions in individual 2D sections located in non-
randomized specific positions of the leaf, e.g., only in 
the middle of the leaf (Soper and Mitchell, 1956; 
Sant, 1969; Charles-Edwards et al., 1972; 1974; Parker 
and Ford, 1982). Some used specialised image ana-
lysis software for this measurement (Niinemets, 2007; 
Lukjanova et al., 2013). However, this approach does 
not involve proper representative sampling, and thus 
it does not yield unbiased information about the 
proportion of tissues in the entire 3D organ. 

The volume of intercellular spaces is often mea-
sured by the infiltration method (Unger, 1854; Nius, 
1931; Czerski, 1968; Morrod, 1974; Byott, 1976; 
Smith and Heurer, 1981; Eleftheriou, 1987). Its draw-
backs were discussed by Smith and Heurer (1981) 
and by Morris and Thain (1983). In short, the volume 
of intercellular spaces can be overestimated if the 
substance used for the infiltration enters the cells in 
addition to filling the intercellular spaces (Smith and 
Heurer, 1981), or it can be underestimated if tissue 
infiltration is incomplete (Morris and Thain, 1983). 
On the other hand, the estimation of the volume of 
intercellular spaces in the leaf by methods based on 
the evaluation of leaf section preparations can be 
affected by the microtechnical processing or by the 
section thickness effect. 

Surface area of mesophyll cells and 
internal leaf surface area 

Many different methods have been developed for the 
measurement of the internal leaf surface area (some-
times also called „exposed surface area of mesophyll“). 
A particularly laborious procedure based on the eva-
luation of several transverse and paradermal sections 
of the leaf was proposed by Turrell (1936). The pali-
sade and spongy mesophyll were treated separately 
and a kind of model shape of cells was assumed in 
both cases. The formula for the palisade mesophyll 
holds, for example, if the surface of all palisade cells 
exposed to the intercellular spaces are represented by 
the surface of cylinders (without their bases) having 
the same height and axes exactly perpendicular to the 
leaf surface. Any inclination, swelling or wrinkling of 
cell walls causes underestimation of the surface area 
of palisade cells. Similarly, the procedure described 
for the spongy parenchyma can lead to the underesti-

mation or in some cases even to the overestimation of 
its surface area.  

A less laborious, but similarly biased method was 
used by Dornhoff and Shibles (1976) for different 
tissue layers of a soybean leaf (Glycine max L.). The 
exposed surface area of different mesophyll layers 
was estimated by the product of the thickness of the 
tissue layer and the total length of the trace of 
exposed cell walls, obtained from paradermal sections. 
This procedure resulted in the underestimation of the 
exposed surface area, because it again assumes that 
the orientation of cell walls is exactly perpendicular 
to the leaf surface and that the walls are not curved.  

This method for the measurement of the surface 
area of mesophyll cells, also used by Dengler and 
MacKay (1975) and later by other authors (Parker 
and Ford, 1982; Barbour and Farquhar, 2004), was 
criticized and modified by Thain (1983), who pro-
posed several curvature correction factors eliminating 
the error caused by the curvature of cell surfaces, 
assuming different model shapes of mesophyll cells. 
Some of these mesophyll cell model shapes were 
more realistic than cylinders with hemispheres on 
each end (assumed by Nobel et al., 1975) or spheres 
(Bunce et al., 1977).  

Thain’s method (1983) was used also by Longstreth 
et al. (1985), Miyazawa and Terashima (2001) and 
Oguchi et al. (2003). Sasahara considered the palisade 
mesophyll cells of Brassiceae leaves as special solids 
of 'intermediate shapes between spheroids and columns' 
(Sasahara, 1971) and the mesophyll cells of Triticum 
as systems of interconnected cylinders with hemi-
spheres on each end (Sasahara, 1982). A similar 
model of the Triticum mesophyll cell was used by 
Chonan (1965). It should be stressed here that it is 
always necessary to verify the appropriateness of the 
model for each type of structure under study, which 
may be difficult and laborious. 

The stereological method, based on counting 
intersection points between the studied surface and 
line probes, has also been used for the estimation of 
the internal leaf surface area per unit leaf volume or 
the surface area of mesophyll cells per unit leaf 
volume. However, certain model assumptions were 
always considered. Morris and Thain (1983) claim 
that they achieved isotropic orientation of cell walls 
(i.e., with no preferred orientation) by preparing a 
suspension of the isolated mesophyll cells, which 
were then embedded and cut. The isotropic structure 
of the spongy mesophyll of tobacco (Nicotiana 
tabacum L.) leaf was assumed (and verified) by 
Gowland et al. (1987) who considered the palisade 
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mesophyll as a partially orientated linear system of 
surfaces.  

The stereological method based on counting 
intersections was also used by Parkhurst (1982) for 
the estimation of internal leaf surface area. Special 
models of mesophyll cells (cylindrical type, isotropic 
type, and a rather controversial intermediate type of 
structure) were assumed. Some of the pitfalls of 
Parkhurst's approach (disregarding the end surface of 
cylinder-like cells, subjective estimation of the degree 
of 'cylindricity' of the tissue) were discussed by Thain 
(1983). James et al. (1999) also used a model-based 
approach to the measurement of the mesophyll 
surface area per leaf area from oblique-paradermal 
sections – the latter exploited Image-Pro Plus soft-
ware. Slaton and Smith (2002), Khramtsova et al. 
(2003), and Rhizoupoulou and Psaras (2003) also 
measured this parameter by model-based methods. 

In summary, all the above mentioned methods for 
the estimation of surface area of mesophyll cells and 
internal leaf surface area were based on the choice of 
a specific, more or less realistic model of mesophyll 
cells. This model-based approach, when applied to 
real biological objects, such as mesophyll cells, brings 
about a bias which is challenging to quantify. More-
over, this approach cannot be reasonably used for the 
measurement of structures which cannot be approxi-
mated by simple geometrical models. This is the case 
for the mesophyll of grass leaves and coniferous 
needles where the cells have an irregularly lobed 
shape and possess a certain degree of anisotropy. 
Recently, Theroux-Rancourt et al. (2017) have tested 
several model-based methods for mesophyll surface 
area estimation. They found that the model-based 
methods often led to underestimation of this para-
meter (up to 30%) in comparison with 3D method 
based on the evaluation of 3D image data acquired by 
microCT using specialized ImageJ plugins. However, 
they have not tested stereological methods, since “these 
methods have been less adopted in recent years”.  

Unbiased stereological methods can indeed avoid 
the above mentioned problems. They are using the 
design-based approach, where uniform random position 
and random orientation of line probes must be ensured, 
as is the case for the methods of vertical sections 
(Kubínová, 1993) and fakir method (Kubínová and 
Janáček, 1998) described above. This approach is 
precise and more efficient (especially the fakir 
method in combination with confocal microscopy as 
shown by Albrechtová et al., 2007) than model-based 
methods. Its advantages have been acknowledged by 
other authors (El-Sharkawy, 2009). 

Number of mesophyll cells and 
chloroplasts 

The number of mesophyll cells was usually determined 
by counting isolated cells after their maceration 
(Maksymowych, 1959; 1963; Smith, 1970; Morrod, 
1974; Jellings and Leech, 1984; Sasahara, 1982; 
Lieckfeldt, 1989). This method may lead to the loss 
of cells during manipulation of the cell suspension or 
by damage to certain cells and, accordingly, to the 
underestimation of the cell number. Wilson and 
Cooper (1967) and Adachi et al. (2013) applied a 2D 
approach where they counted cell profiles while making 
assumptions about cell shapes, potentially leading to 
biased results. Using the stereological method of 
optical disector gives a theoretically unbiased result. 
However, in practice it is necessary to fulfil the so 
called General Requirement, i.e., each cell has to be 
unambiguously identifiable from its profiles in studied 
stacks of optical sections (i.e., 3D image data containing 
a disector probe, typically acquired by widefield or 
confocal microscope).  

One of the most frequently used methods for the 
estimation of chloroplast number per mesophyll cell 
in herbaceous plants in 2D is counting chloroplasts in 
separated mesophyll cells obtained by maceration 
procedures as it was described by Possingham and 
Saurer (1969). This technique was used by many 
authors (Possingham and Smith, 1972; Boffey et al., 
1979; Lamppa et al., 1980; Molin et al., 1982; 
Tymms et al., 1983; Sung and Chen, 1989; Pyke and 
Leech, 1991; Yamasaki et al., 1996; Marrison et al., 
1999; Ivanova and P’yankov, 2002; Meyer et al., 
2006; Stettler et al., 2009). This estimation is unbia-
sed since counting is done in the whole cell, provided 
the chloroplasts in the specimen are not overlapping 
and the cells used for chloroplast counting are 
selected in an unbiased way. However, in some plant 
species it is impossible to macerate separate cells, 
especially in coniferous needles and leaves with 
mesophyll cells with lignified cell walls. In this case 
the disector method (Fig. 7) can be efficiently used 
for unbiased estimation of chloroplast number per 
mesophyll cell using confocal microscopy (Kubínová 
et al., 2014).  

Practical and theoretical tests presented by 
Kubínová et al. (2014) demonstrated that the frequ-
ently used method for chloroplast number estimation 
by counting profiles of particles from 2D sections 
yielded biased estimates (e. g. Boffey et al., 1979; 
Miyazawa and Terashima, 2001; Sam et al., 2003; 
Zechmann et al., 2003; Wang et al., 2004; Hayashida 
et al., 2005; Oguchi et al., 2005; Teng et al., 2006; 
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Gopi et al., 2008; Maslova et al., 2009; Jin et al., 
2011; Simon et al., 2013) and that the results may be 
one order of magnitude different from the real 
chloroplast numbers. Another possible method is to 
count the chloroplasts in cells directly during 
focusing through the specimen using conventional 
light microscopy (Ellis and Leech, 1985; Bockers et 
al., 1997) which can be applied if entire cells can be 
focused through and the chloroplasts are sparsely 
distributed in cells. However, chloroplasts usually 
tend to be densely packed along the cytoplasmic 
membrane. The chloroplast number per cell was also 
determined in 3D reconstructions made from a series 
of confocal microscope images (Mozafari et al., 
1997; Dinkins et al., 2001; Coate et al., 2012; Xu et 
al., 2012). Such a method can yield an unbiased 
estimate if SUR sampling is applied and a sufficient 
number of cells is analysed. However, this is a much 
more time-consuming approach than direct application 
of the disector method in combination with confocal 
microscopy. In conclusion, the disector method can 
be applied universally and provide unbiased estimation 
of the number of particles. 

Mean volume and surface area of 
mesophyll cells 

The volume of a mesophyll cell is usually estimated 
by the volume of a simple geometrical body by which 
the cell is approximated. Palisade cells were modelled 
by ellipsoids (Wild and Wolf, 1980) and cylinders 
(Maksymowych, 1963; Morrod, 1974; Gowland et 
al., 1987) or by cylinders with hemispherical ends 
(Sasahara, 1971; Barbour and Farquhar 2004; 
Burundukova et al., 2003; Khramtsova et al., 2003). 
Spongy cells were approximated by spheres (Morrod, 
1974; Charles-Edwards et al., 1974) or ellipsoids 
(Wild and Wolf, 1980). Chonan (1965) and Sasahara 
(1982) modelled lobed mesophyll cells of wheat 
(Triticum sp.) by systems of parallel cylinders with 
hemispherical ends (standing side-by-side).  

In most cases a model-based approach was chosen. 
Taking into account that it is often difficult to judge 
the appropriateness of the model used, this approach 
brings about a bias which is difficult to quantify. 
Moreover, this approach cannot reasonably be used 
for the measurement of cells which cannot be appro-
ximated by simple geometrical bodies. 

As in the cell volume measurements, the model-
based approach to the measurement of the surface 
area of mesophyll cells prevailed (Chonan, 1965; 
Morrod, 1974; Sasahara, 1971; 1982; Bunce et al., 
1977; Tichá and Čatský, 1977; Ivanova and P´yankov, 
2002). It should be emphasized that, in comparison 

with the cell volume measurement, the estimation of 
the cell surface area by the surface area of a simple 
geometrical body can lead to even more pronounced 
bias since neither the inclinations, swellings nor 
wrinklings of the cell wall are taken into account. 
This can cause severe underestimation of the cell 
surface area. 

In summary, unbiased stereological methods avoid 
the problems of model-based approach discussed above 
and can be recommended for mesophyll cell volume 
and surface area measurement. For this purpose, 
combination with confocal microscopy is especially 
useful (Albrechtová et al., 2007). 

OTHER METHODS FOR THE 
MEASUREMENT OF PLANT CELL 
ULTRASTRUCTURE 

Plant cell ultrastructure is recently most often quanti-
fied by image analysis on digitized images of plant 
cells or chloroplasts acquired by transmission electron 
microscopy (TEM). Typical parameters measured are 
thickness of the cell wall, size of organelles (length, 
width, profile area) – mostly of chloroplasts and 
mitochondria, proportions (in %) and numbers of the 
organelles (Liu and Dengler, 1994; Lepeduš et al., 
2001; Oksanen et al., 2001; Yu et al., 2017). Inside 
the chloroplasts, the size, number and profile area of 
starch grains, plastoglobuli and granal thylakoids are 
measured (Wulff et al., 1996; Pritchard et al., 1997; 
Schmitt et al., 1999; Bondada and Syvertsen, 2003; 
Riikonen et al., 2003). Thylakoids are also quite fre-
quently counted and presented as numbers of thyla-
koids per granum (Demmig-Adams et al., 2015; Ren 
et al., 2017). It is a well-known fact that the number 
of thylakoids per granum is different for plants grown 
in sun or shade conditions (Boardman, 1977). Unfor-
tunately, most studies do not describe sampling design 
in detail and counting of particles on 2D sections of 
chloroplasts or cells is probably biased in a similar 
way as in the case of chloroplast number estimation. 

Some authors realize that counting particles in 2D 
may not be reliable. For example, Kivimäenpää et al. 
(2014) did not count the number of mitochondria on 
2D sections, because they realized that the individual 
mitochondrial cross-sections can be from the same, 
long, branched and folded organelle.  

3D methods for the determination of plant cell 
ultrastructure are used rather sparsely. In some studies 
(Perktold et al., 1998; Zellnig et al., 2004) the method 
of ultrathin serial sections was used as a way to build 
up a 3D image of the organelles, where the volumes 
of the organelles and their parts could be estimated 
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(using Cavalieris principle). Crumpton-Taylor et al. 
(2012) used a FIB-SEM method for measurements of 
chloroplast and starch granule volume as well as 
granule numbers in Arabidopsis. In comparison with 
the serial sectioning and TEM, this method has advan-
tages of speed and accuracy as there is no distortion 
of the image surface and alignment of the images is 
rather simple. Unfortunately, this method requires very 
expensive equipment. Using 3D methods, all starch 
granules inside the chloroplasts can be counted; any 
possible bias is thus limited to the possibility of incor-
rect sampling of small tissue samples or differential 
shrinkage of cell compartments during the sample 
preparations. 

SPARSE USE OF STEREOLOGY IN 
PLANT ANATOMY  

Although stereology provides a number of valuable 
tools for unbiased and precise measurement of plant 
structural characteristics, it has been used in this field 
sparsely until now. This is illustrated by the graph in 
Fig. 9 showing that the gap between the number of 
publications on stereology in plant science and their 
number in animal/human biosciences has been increa-
sing since the 1990s. (The graph is just indicative as 
it is clear that it does not show all publications using 
stereological methods.)  

What can be the reason for the sparse use of 
stereology in plant anatomy? It may be that many 
plant biologists are not acquainted with stereological 
methods and/or find them to be too complicated and 
laborious. In the community of plant biologists, 
broader publicity should be made through educational 
materials such as courses, tutorials, reviews, Wiki, 
etc. We envisage that this can be made possible on a 
broader scale by collaborative efforts such as the 
International Society for Stereology and Image 
Analysis (http://www.issia.net/). It should be made 
clear to the plant biological community that stereo-
logical methods are not so difficult to apply and yield 
unbiased results unlike many other methods, which 
can lead to erroneous results and, moreover, are often 
also quite tedious and time consuming. More studies 
bringing supporting arguments and comparisons of 
stereological and other methods should be made. This 
has been done, for example, for the estimation of 
volume and surface area of tobacco cell chains 
(Kubínová et al., 1999) where different stereological 
and image analysis methods were compared. In this 
case, it was concluded that the fakir method and the 
Cavalieri principle enable interactive, unbiased and 
efficient estimation of the cell surface area and 
volume.  

It should also be noted that the application of 
automatic image analysis methods for measurements 
of plant structures is often limited by difficulties with 
proper automatic detection (segmentation) of these 
structures in microscopic images. 

The popularity of stereological methods could also 
be increased by decreasing their laboriousness. This 
is possible by using specially dedicated software, either 
directly connected with image acquisition equipment, 
or stand-alone software modules. A combination with 
semi-automatic image analysis, while keeping proper 
sampling schemes, can also make measurements 
more efficient in some cases. Special attention should 
be paid also to the selection of suitable methods for 
each specific type of measurement and to the most 
efficient sampling design, as well as to all practical 
aspects of the measurement procedure.  

Based on the above facts, we believe that stereo-
logy will find its way to the community of plant 
biologists and become one of the most powerful tools 
for investigation of plant anatomical and cytological 
structures. 

 
Fig. 9. Number of publications on stereology in plant 
and animal/human biosciences in the past 48 years, 
i.e., since the first publication including the key world 
stereolog* has appeared. Based on the result of 
search in Web of Science with key words (stereolog* 
AND (leaf OR plant)) or (stereolog* AND (animal 
OR human)), respectively. 
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