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Trends of pollen grain size variation in C3 and C4 Poaceae species using
pollen morphology for future assessment of grassland ecosystem
dynamics

FAROOQ JAN1, LISA SCHÜLER2 & HERMANN BEHLING1

1Department of Palynology and Climate Dynamics, Albrecht-von-Haller-Institute for Plant Sciences, Georg-August-University
Göttingen, Göttingen, Germany, 2Department of Plant Systematics, Bayreuth University, Bayreuth, Germany

Abstract
This pilot study aims to find whether C3 and C4 Poaceae species can be separated by their pollen grain size. One hundred
and sixty Poaceae species were prepared for pollen grain size analyses using standard methods. The whole dataset included
70 species from northern Pakistan, 35 species from Tanzania, 25 from South America and 30 from Germany. We measured
four pollen grain parameters, i.e. pollen grain length, pollen grain width, pore diameter and annulus width. Results of the
statistical tests and multivariate analyses performed on our specific dataset confirmed that C3 polyploid and C4 polyploid
species show trends of larger grain size than the respective diploid species. Results of our fresh Poaceae grains should be
applied on fossil pollen embedded in environmental archives for reconstructing past climate, for detecting shifts between
their C3/C4 Poaceae compositions and assessing the dynamics of grassland ecosystems.

Keywords: pollen grain size, C3 and C4 Poaceae species, ploidy, Pakistan, Europe, Africa, South America

The Poaceae family has about 700 genera and 11 000
species of grasses worldwide (Chen et al. 2006).
There are 158 genera with 492 species of Poaceae in
Pakistan (Cope 1982; Perveen 2006). Poaceae species
are cosmopolitan covering 20% of the Earth’s land
surface (Shantz 1954; Kellogg 2001). Grassland eco-
systems cover different landscapes forming ecosys-
tems such as savannas, páramos, pampas and
steppes on different continents. For understanding
modern grassland ecosystems, their transformations
due to human impact and their response to global
change, the history of grassland ecosystems needs to
be studied. Since long-term dynamics of grasslands
are rather difficult to access using modern Poaceae
pollen due to their uniform monoporate pollen type,
we investigate to what extent differences in the pollen
grain size of C3 and C4 Poaceae species exist and how
we can interpret those differences. Of particular inter-
est is the composition of C3 andC4 Poaceae species in
different grasslands because they can be interpreted as

climate proxies for past temperature, atmospheric
CO2 concentration and precipitation variation
(Schüler & Behling 2011b). C4 grasses are mostly
dominant in regions with warm seasonal precipita-
tion, while C3 grasses prefer cool seasonal precipita-
tion (Epstein et al. 1997; Sage 2004). C3 Poaceae
species grow under cool moist conditions, preferring
high-elevated habitats. The percentage of C3 grasses
increases steadily above 2000m above sea level (a.s.l.)
in Ecuador replacing the C4 grass species, which are
dominant at lower elevations (Moinuddin et al.
1994). There is a competitive advantage of the C3
metabolism in wetter and cooler areas in contrast to
the one of C4 species, which shows higher water use
efficiency in more arid and warmer habitats (Boom
et al. 2001).
Despite numerous studies on the complex taxon-

omy and ecology of Poaceae, to our knowledge,
there is no published work that compares the pollen
morphology of C3 and C4 species, especially on a
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continental scale. Uniform morphology of Poaceae
grains poses problems to palaeo-ecologists in the
reconstruction of past grassland ecosystems
(Andersen 1979). Our aim is to explore whether
C3 and C4 Poaceae species from different regions
can be separated by their pollen grain size. Spatial
variations of tropical and subtropical grassland
ecosystems, as well as changes in vegetation compo-
sition, locations and boundary shifts play an impor-
tant role in past climate reconstruction (Prieto 1996;
Haberle & Maslin 1999; Behling & Hooghiemstra
2001; Behling 2002; Behling et al. 2004; Behling &
Pillar 2007; Brunschön & Behling 2009).

Schüler and Behling (2011a) used Poaceae pollen
grain size as a tool to distinguish past grasslands in
South America demonstrating that a distinction
between grassland ecosystems is possible based on
measurable Poaceae pollen grain parameters.
Schüler and Behling (2011b) used characteristics of
Poaceae pollen grains as a tool to assess palaeo-eco-
logical grassland dynamics in South America con-
cluding that with the help of Poaceae grain
characteristics, it is possible to get additional infor-
mation on the specific grassland characteristics, their
development on a temporal and spatial scale and
their response to climate change as well as human
impact.

Other studies have attempted to use morphology to
distinguish different types of Poaceae pollen. Perveen
and Qaiser (2012) described the pollen grain mor-
phology of 54 species belonging to 30 genera of the
family Poaceae from Pakistan, using light and scan-
ning electron microscopy (SEM). The authors recog-
nised five distinct pollen grain types, based on the
exine ornamentation, stating that grain morphology
does not correspond with tribe and genus classifica-
tion, but is significantly helpful at the species level.
Ahmad et al. (2011) described the pollen grain mor-
phology of five Poaceae species belonging to three
genera of the tribe Chlorideae, stating that grain char-
acters are important in delimiting the Poaceae family
at species, genus and tribe levels. The pore diameter
as well as the annulus shape and size are the principle
characteristics and can be used for distinction
between Poaceae species (Beug 1961; Skvarla et al.
2003). The author suggested an intraspecific wide
range of grain sizes, but did not report the exact
annulus size of Poaceae species.

Dickson (1988) distinguished cereal pollen grains
from wild grass pollen grains and reported that Secale
pollen grains are easily identified, but there are some
problems with Hordeum, Avena and Triticum as the
pollen grains are swollen with acetoysis and glycerol
mounting. Hordeum grains can be distinguished by
their scabrate sculpturing from that of Avena and
Triticum, which have verrucate grains. Poaceae taxa

seem to display a rather variable grain size range at
species level (Salgado-Labouriau & Rinaldi 1990a;
1990b). These authors confirmed that the variation
in the grain size of cultivated grasses is higher than
the wild grass species. Köhler and Lange (1979)
used SEM to distinguish cereal pollen and wild
grass pollen. They used the fine sculpture of the
exine for this distinction. Mander et al. (2013) used
SEM images of 240 grains from 12 species within
Poaceae and classified these species by developing
algorithmic features that quantify the size and den-
sity of sculptural elements on the pollen surface.
Ploidy appears to have a significant effect on grain

size. Pollen grain size increases with ploidy level for
example in Avena (Katsiotis & Forsberg 1995) and
Rumex (Den Nijs et al. 1980). The authors found
that in Avena sativa L. the pollen grain size increases
with increasing ploidy levels. Our morphometric
approach of studying the pollen grains of C3 and
C4 species is an attempt to distinguish the uniform
monoporate pollen grains within Poaceae family.

Material and methods

Collection of Poaceae pollen

Twelve field visits were made to the central and
northern districts of the Khyber Pakhtunkhwa pro-
vince of Pakistan during March through April 2010
and August through September 2012, and fresh
Poaceae species were collected along with flowers.

Figure 1. The four parameters of a Poaceae pollen grain consid-
ered in the study. 1, Pollen grain length (PGL) is the longest axis
of the grain. 2, Pollen grain width (PGW) is the axis of the grain
perpendicular to PGL. 3, Pore diameter (PD) excluding the annu-
lus width. 4, Annulus width (AW) is the distance between the pore
and the outline of the annulus.
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We selected a 200 km long elevational transect from
Charsadda to Malam Jabba Swat in Khyber
Pakhtunkhwa, investigating grasslands for Poaceae
species in the plains of the Peshawar Valley,
Charsadda, Nowshera and Mardan (280–350 m a.s.
l.). We collected Poaceae species from mid-elevated
grasslands at the Malakand Pass, in the Dargai,
Batkhela, Thana areas (350–750 m a.s.l.) reaching
up to the high altitudes areas of Kabal, Fizagut and
Malam Jabba Hill tops (750–2600 m a.s.l.) collecting
a total of 70 Poaceae species. The plants were dried
and preserved using standard herbarium techniques
(Bridson & Forman 1992). Identification was done
using reproductive characteristics of flowers and with
the help of available literature (Köhler & Lange
1979; Cope 1982; Liu et al. 2004; Andersen &
Bertelsen 1972; Ullah et al. 2011; Perveen & Qaiser
2012), with the help of very experienced taxonomists
(D. Hojsgaard, Z. Ullah, M. Schwerdtfeger, N.
Akhtar) and online research (e.g. www.efloras.org).
In order to look for patterns of difference in the
pollen grain size within Poaceae, we used additional
species representing diverse geographical habitats
including 35 species from Tanzania (Africa), 25
from South America including three species each
from Brazil and Venezuela and 19 species from
Ecuador. We further collected 30 species from the
Botanical Garden of the University Göttingen,
Germany (European species), represented by ten
species each from the genera Poa, Hordeum and
Bromus. Hence, the whole data set comprised 160
species including 98 C4 and 62 C3 species (see
Appendix Table AI).

Sample preparation for measurement

For analyses of pollen grain size, ten species were
processed per day with identical treatment according
to the standard method described by Fægri and
Iversen (1989). To avoid any swelling of the pollen
grains on prepared slides, they were measured on the
same day when pollen grains were mounted in glycer-
ine (Cushing 1961; Hamilton 1972; Moore & Webb
1978; Mäkelä 1996; Schüler & Behling 2011a).
Pollen residues were safely kept in distilled water
after processing for future use. Identical chemical
treatment avoids alteration of pollen grain size allow-
ing the comparison of pollen grain size variation. All
measurements were made using a Leica Photo
Microscope and the accompanying image analyses
software Leica QWin. We measured to the nearest
0.01 μm under a magnification of 400× considering
the following four parameters (Figure 1):

1. Pollen grain length (PGL) is the longest axis of
the grain.

2. Pollen grain width (PGW) is the axis of the grain
perpendicular to PGL.

3. Pore diameter (PD) excluding the annulus.
4. Annulus width (AW) is the distance between

pore and outline of the annulus.

Measurement setting

Prior to performing the measurements, leading to a
differentiation between grass grain size distributions,
we determined how many grains had to be measured
to get a representative result for the average grain
length per species. Hence, we observed the stability
of the average grain length within one species with an
increasing number of measured pollen grains. This
was done for all datasets, which were later pooled for
further analyses. Forty-five pollen grains were mea-
sured per species. As not all grain size distributions
showed a Gaussian distribution, the average grain
length is given by the median. The following equa-
tions were used to calculate the development of the
median grain length with increasing numbers of
measured pollen grains:

Xmed ¼
Xn

1
Xn=2þ1=n for all odd n

Xmed ¼
Xn

1
1=2 Xn=2 þXn=2þ1

� �
=n for all evenwith

n ¼ number of measured grains

Statistical analysis

The R software package (The R Foundation for
Statistical Computing 2013) was used for the statis-
tical analyses. We obtained median values for all four
pollen parameters and applied the Shapiro test to
both C3 (diploid, polyploid) and C4 (diploid, poly-
ploid) datasets to estimate if the average measures of
the four pollen grain parameters were normally dis-
tributed. In case our data set was normally distribu-
ted, we applied an F-test to test the variances and
subsequently applied a Student t-test to compare the
mean of pollen grain measurements. If the data set
did not show a normal distribution, we applied the
WILCOXON U-test for differences in mean pollen
grain measurements.

Pearson correlation analyses

Pearson correlation coefficient values were calcu-
lated as a measure of linear correlation for determin-
ing the strength of relationship among the four
pollen grain parameters.

Pollen grain size in C3 and C4 grasses 131
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Linear discriminant analysis (LDA)

Linear discriminant analysis (LDA) was performed to
discriminate a priori defined C3/C4 groups and
diploid/polyploid groups as dependent variables, and
the four pollen grain parameters as independent vari-
ables. Assuming that the groups are linearly separable,
the aim was to look for a linear combination of vari-
ables that best explains the difference between the
respective groups. The prior probability percentages
of C3/C4 or diploid/polyploid, out of the total dataset
of 160 species, were simply determined based on the
number of samples in each group. The mean values
and coefficients of linear discriminants for the pollen
grain parameters were determined. The percentage of
overlaps in C3/C4 and diploid/polyploid scores was
estimated by class prediction.

Non-metric multidimensional scaling (NMDS)

Based on the scores of the four pollen grain para-
meters, we performed separate non-metric multidi-
mensional scalings (NMDSs) both for the C3/C4
group and diploid/polyploid groups [using the
meta-multidimensional scaling (MDS) function
available in the vegan package of R; Oksanen et al.
2013].The NMDS scores of the four pollen grain
parameters were plotted for C3/C4 species and
diploid/polyploid species separately.

Ploidy levels of Poaceae species

For determining the ploidy levels of the species
under study, we relied on already published data

(e.g. Cope 1982; Morrone et al. 2006; Hojsgaard
et al. 2009; Peichoto et al. 2011; www.efloras.org).
The whole dataset of 160 species was divided into
small datasets of C3 diploid, C3 polyploid species
and C4 diploid, C4 polyploid species.

Results

Measurement setting

The average grain length (given as median) still var-
ies a lot within the first 30–35 measured pollen
grains (Figure 2). However, it stabilises after about
40 pollen grains. Above this number, the median
remains stable with a variation between 0.1 and
0.8 μm.

Measurement of the four pollen grain parameters

Frequency distribution histograms of the measure-
ments for the four pollen grain parameters along
with their measurement range, maximum fre-
quency, average values and their differences (in
micrometres) are given in Table I. Values of aver-
age pollen grain measurements are larger in C4
than in C3 species and larger in polyploid than in
diploid species. The pollen grain length of C3
diploid species (maximum frequency) are in the
range 26–28 µm, while those of C3 polyploid spe-
cies are 32–34 µm, showing that, on average, C3
polyploids species have larger pollen grain length
than C3 diploids (Figure 3A, B). The pollen grain
length of C4 diploid species (maximum frequency)
are in the range 30–38 µm, while those of C4

Figure 2. Stability graph show-
ing pollen grain length (PGL) as
the representative pollen grain
parameter for determining the
number of pollen grains,
required to be counted to reach
stable averages. Stability in PGL
is achieved, once the number of
counted pollen grains reaches to
30. The X-axis is showing the
number of measured pollen
grains and the Y-axis is showing
the mean value for PGL in
micrometres. The same proce-
dure was followed for all the
four pollen grain parameters.
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polyploid species are 38–40 µm, showing that, on
average, C4 polyploids have a larger pollen grain
length than C4 diploid species (Figure 3C, D).

Statistical analysis

Boxplots for both C3 and C4 datasets (diploid, poly-
ploid), based on the four pollen grain parameters,

show that the median values are higher in polyploid
species than in diploid species (Figure 4A–H) except
for the pore diameter and annulus width of C3 data-
set (Figure 4C, D). The significance of difference in
all the four pollen grain parameters between C3, C4
(diploid, polyploid) datasets is evident from the p-
values as revealed by the Shapiro–Wilk normality
test, F-test, t-test and Wilcoxon U- tests (Table II).

Figure 3. Frequency distribution histograms of the average measures of 62 C3 and 98 C4 Poaceae species. In all the cases, the X-axis is
showing the measures of the pollen grain length (µm) while the Y-axis is showing the number of C3 or C4 species, whose respective pollen
grain length fall in a certain measurement range. A, B. Pollen grain length of C3 diploid and polyploids, respectively. C, D. Pollen grain
length of C4 diploids and polyploids, respectively.

Table I. Measurements of the four pollen grain parameters of C3 and C4 Poaceae species (in micrometres).

S. No Anatomy Ploidy Parameter Measurement range Maximum frequency Average Difference

1 C3 diploids PGL 19.3–38.7 µm 26–28 µm 26.9
2 C3 diploids PGW 18.8–36.1 µm 22–26 µm 25.2
3 C3 diploids PD 1.4–4.1 µm 1.8–2.8 µm 2.3
4 C3 diploids AW 1.6–3.2 µm 2.0–2.2 µm 2.1
5 C3 polyploids PGL 30.7–48.1 µm 32–34 µm 34.7 C3 poly 7.8 µm > C3 dip
6 C3 polyploids PGW 28.5–38.5 µm 31–32 µm 31.0 C3 poly 5.8 µm > C3 dip
7 C3 polyploids PD 1.7–3.8 µm 1.9–2.1 µm 2.3 No difference
8 C3 polyploids AW 1.9–3.8 µm 2.0–2.2 µm 2.4 C3 poly 0.3 µm > C3 dip
9 C4 diploids PGL 24.6–40.2 µm 30–38 µm 33.4
10 C4 diploids PGW 23.4–39.3 µm 26–34 µm 30.8
11 C4 diploids PD 1.5–3.5 µm 1.9–2.2 µm 2.5
12 C4 diploids AW 1.3–3.1 µm 2.0 -2.8 µm 2.2
13 C4 polyploids PGL 29.8–50.9 µm 38–40 µm 38.9 C4 poly 5.5 µm > C3 dip
14 C4 polyploids PGW 26.7–44.1 µm 33–37 µm 35.4 C4 poly 4.6 µm > C3 dip
15 C4 polyploids PD 2.1–4.2 µm 2.8–3.2 µm 2.9 C4 poly 0.4 µm > C3 dip
16 C4 polyploids AW 1.7–3.3 µm 2.7–2.9 µm 2.6 C4 poly 0.1 µm > C3 dip

Note: Maximum range of measurement results given by the frequency of values most often given by the pollen grain parameters. PGL,
pollen grain length; PGW, pollen grain width; PD, pore diameter; AW, annulus width.

Pollen grain size in C3 and C4 grasses 133
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Pearson correlation analyses

The Pearson correlation coefficient values reveal the
strongest relationship of pollen grain length with
pollen grain width (r= 0.85), followed by pollen
grain width with pore diameter (r= 0.60) and pore
diameter with annulus width (r = 0.39; Figure 5).

Results of the LDA

LDA results for dependent variables, i.e. C3/C4
groups (Figure 6A) and diploid/polyploid groups
(Figure 6B) are shown as frequency distribution his-
tograms on the Y-axis; the independent variables,
i.e. the four pollen grain parameters describing
these groups, are shown on the X-axis. In the case
of C3/C4 groups, the LDA range on the X-axis
varies from −2 to 4 with a threshold value of 0 in
between. All scores < 0 on the X-axis represent C3
species, while all scores > 0 represent C4 species
(Figure 6A). For the C3 group, the frequency dis-
tribution is concentrated in the negative range of the
threshold value 0 (41/62 = 66%) having an overlap
with C4 (21/62 = 33%). The prior probabilities of
the groups revealed C3 = 38.75% and C4 = 61.25%
with an area under the curve = 77 %. For the C4
group, the frequency distribution is concentrated on
the right of the threshold value 0 (86/98 = 88%)
having an overlap with C3 (12/98 = 12%).

The same is the case for the diploid/polyploid group
(Figure 6B). The prior probabilities of the groups
revealed diploid = 63.75% and polyploid = 36.25%
with an area under the curve = 68.55%.The coeffi-
cient of linear discriminants, values of the mean pol-
len grain parameters and the percentage overlap
estimated by class prediction for both C3/C4 and
diploid/polyploid groups are given in Table III.

Results of the NMDS

Results of the NMDS of the four pollen grain para-
meters based on Euclidean distance, with the dataset
square root transformed, centred scaling, PC rotation
and standardisation, revealed a stress equal to 0.041,
procrustes equal to 8.601e-05 and maximum residuals
value equal to 0.0005 for the C3/C4 group. The
observed dissimilarity is shown on a scale of −0.15 to
+0.15 along NMDS axis 1 and the ordination distance
on the scale of−0.04 to +0.04 alongNMDS axis 2. The

NMDS based on the four pollen grain parameters does
not show strong differences in the scores of C3 and C4
species along NMDS axis 1, as revealed from the t-test
(p=0.3; Figure 7A). Similarly NMDS for the diploid/
polyploid group revealed a stress = 0.042, procrustes =
4.134e-05 andmaximum residuals value = 0.0003. The
NMDS based on the four pollen grain parameters does
not show strong differences in the scores of diploid/
polyploid species along NMDS axis 1, as revealed
from the t-test (p= 0.5; Figure 7B).

Diploid and polyploid species in the dataset

Out of the total 98 C4 species, 52 species (53%) are
diploid and 46 species (47%) are polyploid. Out of
the total 62 C3 species, 49 species (79%) are diploid,
while 13 species (21%) are polyploid. Hence, in our
specific data set of 160 species, polyploidy is more
prevalent in C4 species, while diploidy is more pre-
valent in C3 species.

Discussion

This pilot study dealing with a small dataset of 160
species is certainly limited and the results are specific
to our dataset. Hence, the number of Poaceae species
needs to be substantially increased for replicating the
study in future. Pollen grain studies of paired C3/C4
taxa would allow a more robust comparison. The main
results revealed by different analyses are discussed here.
Identical chemical treatment allows us to compare

the minute variations of Poaceae grains representing
grasslands of diverse habitats. Due to the swelling
effect of glycerine on the grain size, we recommend
to prepare only a limited number of samples that can
be measured on the same day or shortly after sample
preparation. As chemical treatment has a clear effect
on the size of pollen grains, we recommend standar-
dising the sample preparation to avoid minute altera-
tions in the size of grains due to different chemical
treatments (Schüler & Behling 2011a).
The evaluation of changes in median with an

increasing number of measured pollen grains
revealed that the median grain length per species
remains stable after about 40 measured pollen
grains. This becomes very important when trying to
compare data sets from different habitats and differ-
ent periods. The median is certainly a rough

←
Figure 4. Boxplots showing the four pollen grain parameters of Poaceae species on the Y-axis and their photosynthetic pathway (A–D) and
ploidy levels (E–H) on the X-axis. A. Pollen grain length (PGL) in relation to anatomy. B. Pollen grain width (PGW) in relation to
anatomy. C. Pore diameter (PD) in relation to anatomy. D. Annulus width (AW) in relation to anatomy. E. PGL in relation to ploidy levels.
F. PGW in relation to ploidy. G. PD in relation to ploidy. H. AW in relation to ploidy.
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measure for an analysis of differences in pollen grain
length and their composition. However, it serves well
as a first approach to get an impression on the data-
set of our species. Despite the stabilisation of the
median value above 40 measured pollen grains, we
recommend measuring at least 60 pollen grains per
species to be completely sure about the representa-
tion of the median for the data set.

Schüler and Behling (2011a) described a strong
correlation between pollen grain length, pollen grain
width and pore diameter, while distinguishing South
American past grasslands. Their assertion is based
on the studies by Katsiotis and Forsberg (1995), who
described a correlation between pollen grain length
and pollen grain width in Avena sativa. Results of
this study are in agreement with the previously
obtained results. The correlation analysis revealed a
strong relationship between the four pollen grain
parameters.

Our results demonstrate that the average measures
of pollen grain length, pollen grain width and annu-
lus width are clearly larger in C3 polyploids as com-
pared to C3 diploid species. However, no
considerable difference was found in their pore dia-
meter. All measured pollen grain parameters are
larger in C4 polyploids than C4 diploid species.
Although we used four pollen grain parameters for

distinguishing C3 and C4 Poaceae species, it appears
sufficient to use the two most prominent parameters
‘pollen grain length’ and ‘pollen grain width’ for
determining the grain size. Differences in the mea-
sures of pore diameter and annulus width can be
neglected due to minor differences.
Due to overlaps, the results of our LDA and

NMDS suggest that neither the scores of C3/C4
Poaceae species nor those of diploid/polyploid spe-
cies are clearly separable using these four pollen
grain measurements. However there are clear trends
showing that the pollen grain sizes are larger in C4 as
compared to C3 species and are larger in polyploids
as compared to diploid species. Despite these over-
laps, the average difference in the pollen grain sizes
counted from a set of samples along a core may
indicate shifts between C3 and C4 Poaceae compo-
sition of grasslands during the past. Unlike the clear
and distinctly identified Poaceae species used in our
dataset, in which the stabilisation of the median
value for a single species is achieved after about 40
measured pollen grains, a fossil assemblage will
always be a mix of unidentified taxa having more
variability. To cope with this problem when working
with palaeo-samples, the count number of grains
needed to reach a stable median value would need
to be assessed heuristically each time from sample to

Figure 5. Pearson correlation
coefficient values showing the
strength of relationship among
the four pollen grain para-
meters in descending order
from top to bottom.
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sample. Regarding the relative abundance of C3 and
C4 Poaceae species, our developed method provides
a useful tool allowing new insights into the dynamics
of past grassland ecosystems. Changes may also be
tested by the carbon isotopic analysis of Poaceae
grains or deposited phytoliths.

Beside the photosynthetic pathway, several factors
might contribute to the variation in grain size such as
ploidy levels, specific taxa compositions, phylogenetic
relatedness and environmental stress. In plants,
increases in pollen grain and guard cell sizes are used
as surrogate evidence for polyploidy (Tate & Simpson
2004). The percentage of polyploidy in our 98 C4
species (47%) is greater than in 62 C3 species (21%).
Similarly, we observed that out of the 70 Pakistani
species, polyploidy is higher in C4 species (65.4%)

than in C3 species (34.6%). The larger pollen grain
size coupled with higher percentage of polyploidy in
C4 species, in comparison to the smaller grain size
coupled with higher percentage of diploidy in C3 spe-
cies, indicate a link between ploidy and grain size. It is
difficult to assign a specific range size to a particular
Poaceae taxon as the pollen grains of Poaceae show
variation in size (Joly et al. 2007; Schüler &
Behling 2011a). In our dataset, the general pattern of
larger grain size of C4 vs C3 species is contradicted by
some specific taxa compositions worth mentioning, of
which are the four Ecuadorian C3 Chusquea species
(Bambusoideae), i.e. C. dombeyana Kunth., C. falcata
L.G.Clark, C. leonardiorum L.G.Clark and
C. neurophylla L.G.Clark, which had much larger
grains than many of the C4 species. Some studies

Figure 6. Results of the linear discriminant analysis (LDA). A. Comparison of the C3/C4 group. B. Comparison of the diploid/polyploid
group.

Table II. Results of the statistical tests.

Dataset PGL PGW PD AW

Shapiro-Wilk normality results for C3 and C4 datasets
C3 diploids P = 0.01 P = 0.0002 P = 0.0001 P = 0.005
C3 polyploids P = 0.001 P = 0.004 P = 0.01 P = 0.001
C4 diploids P = 0.11 P = 0.21 P = 0.08 P = 0.007
C4 polyploids P = 0.39 P = 0.43 P = 0.27 P = 0.09
F-test for variances between diploids and polyploids
In C3 dataset P = 0.31 P = 0.01 P = 0.37 P = 0.03
In C4 dataset P = 0.09 P = 0.39 P = 0.08 P = 0.04
U-test for differences in means of C3 diploids and C3 polyploids
In C3 dataset P = 1.259e-05 P = 0.0001 P = 0. 94 P = 0.21
Student t-test to compare the means of C4 diploids and C4 polyploids
In C4 dataset p = 5.92e-09 p = 1.66e-07 p = 6.32e-06 p = 0.0002
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have found that in arid climates under higher desicca-
tion stress, pollen grains become larger andmore sphe-
rical (Ejsmond et al. 2011). Consequently, phenotypic
plasticity with in Poaceae may pose a problem when
applied to fossil samples, e.g. some C3 species of
Pooideae are found in very dry habitats indicating the
correlation of grain size variation more to their

characteristic ecological envelope than to the photo-
synthetic pathway of species in the community. In such
cases, the composition and dynamics of existing grass-
lands based on the grain size analysis of fresh Poaceae
species can be studied but interpretation of the palaeo-
samples for detecting the composition of past grass-
lands becomes complicated. Hence, the interpretation

Figure 7. A. Non-metric multidimensional scaling (NMDS) results of the first two axes based on the separation of C3 and C4
species scores despite overlaps. C4 scores (red) and C3 scores (black). B. NMDS scores of polyploid species (red) and diploid
species (black).

Table III. Results of the Linear discriminant analysis (LDA).

Group PGL PGW PD AW

C3 28.6 26.43 2.30 2.23
C4 35.9 32.91 2.75 2.37
Diploid 30.3 28.14 2.42 2.20
Polyploid 38.0 34.38 2.84 2.52
Coefficient of LD for C3/C4 0.10 0.098 –2.327 2.270
Coefficient of LD for diploid/polyploid 0.21 0.008 2.492 –2.788
Class prediction C3 C4 Overlap %
C3 41 21 33
C4 12 86 12

Class prediction diploid polyploid Overlap %
diploid 85 17 16
polyploid 18 40 31

Note: LD, linear discriminants.
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of signals from fossil samples for detecting the compo-
sition of past grasslands shall bemanaged with caution.
It also cannot be ruled out that pollen size is simply
a product of phylogenetic relatedness (Little et al.
2010). Members of the monophyletic PACMAD
clade (Panicoideae, Arundinoideae, Chloridoideae,
Micrairoideae, Aristidoideae and Danthonioideae;
Duvall et al. 2007; Strömberg & McInerney 2011),
where C4 photosynthesis evolved 22–24 times from
their C3 ancestors, might have larger pollen grains
than pooids, can potentially provide taxonomic infor-
mation about past grasslands, i.e. which clades were
present, but not about the photosynthetic pathway as
all PACMADs are not C4. However, phytolith assem-
blages can indicate the proportion of C3 and C4
grasses in the flora, if supported by evidence of isotopic
studies (Wang et al. 1994).

C4 grasses are mostly dominant in regions with
warm season precipitation, while C3 grasses prefer
cool season precipitation (Epstein et al. 1997; Sage
2004; Urban et al. 2010). C4 Poaceae species with
their specialised Kranz anatomy perform faster
photosynthesis under high temperature, sufficient
light preferring low elevated arid plain habitats. In
this regard, our findings fit well with C4 grasses
having larger grain size as some C4 species are asso-
ciated with the drier climates of the low elevated
Peshawar, Charsadda, Mardan areas at 275–300 m
a.s.l. in northern Pakistan, while some C3 species
having smaller grains are associated to the moist
climate of the highly elevated Swat region (2200–
2600 m a.s.l.) in northern Pakistan.

Conclusions

We demonstrate that in our specific dataset of 160
Poaceae species, C3 and C4 (diploid and polyploid
species) are not clearly separable based on the mea-
surement results of their pollen grain length, pollen
grain width, pore diameter and annulus width.
However, the measurement results and statistical ana-
lysis performed on these specific Poaceae species reveal
trends showing that C3 polyploids have larger grain
sizes than C3 diploid species, and C4 polyploids have
larger grain size than C4 diploid species. Our study,
even though it is based on a limited dataset (1.45% of
all Poaceae species), shows a pattern in the trend of
pollen grain size variation between modern C3 and C4
Poaceae species. C4 species have larger grain size
than C3 species in our specific dataset. Grasslands
dominated by C3 and C4 Poaceae species from differ-
ent regions and habitats can be separated by studying
the pattern of trends in their pollen grain sizes. In our
dataset, polyploidy is more common in C4 than in C3
species. This method can be applied on Poaceae pollen
grains deposited in environmental archives to

reconstruct past climate and assess the dynamics of
past grassland ecosystems. This approach will not
only help the ongoing palaeo-ecological studies in
unravelling aspects such as changes in vegetation com-
position and shifts in biomes of past grasslands ecosys-
tems but also provide useful insights for future
predictions. The average difference in the pollen grain
sizes counted from samples along a core in future
studies may well indicate shifts between C3 and C4
Poaceae composition of grasslands during the past.
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