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Chapter I.: Plant cell (Citology)
1.1. The concept of the cell: elaboration and changes of the cell theory
Today, generally accepted is the fact that all living creatures consist of
cells. However, till the middle of the 17th century, researchers were not aware
that all organisms would be composed of such units. In the 1650‘s, Jan
Swammerdam, Dutch naturalist observed oval bodies in the blood and later
he also discovered that the frog embryo consisted of small orbicles. For the
very first time, plant cells were found by an English polyhistor, Robert Hooke
in 1663 when examining the cork of woody plants. In his work Micrographia
he named the observed structures (resembling the cells of the honeycomb)
‗cellula‘

(―cubicle‖,

―compartment‖),

thus

the

denomination

of

cells

themselves also dates back to him. (Although he had thought that the
described ‗cellulae‘ were small water conducting tubes of the plant, and later
it turned out that he only had observed the mere cell walls of dead cells in
his microscope, his naming has remained ever since.)
After the first observations, 175 more years passed until the cell concept
was generalized to all the known living beings. In 1838, Mathias Jakob
Schleiden, a German botanist discussed his observations with Theodor
Schwann, a German physiologist in 1838 after that Schleiden determined
cellular organization in plants, while Schwann did the same for animals. They
published their common observations one year later (1839) in Schwann‘s
book, where they also gave the points of the classic cell theory:
1. The anatomical, organizational and physiological units of all living
creatures is the cell;
2. the cell is a dual entity: it is a distinct, living unit and also the
building block of the organism, at the same time;
3. cell assembles from inorganic material (similar to crystals).

According to the last point, Schleiden and Schwann thought that the
nucleus of the living cell precipitates and gets outside the protoplasm where
later it extends to form new living cells. Consequently, living and non-living
stages interchange and thus form a continuity. This can be considered as the
survival of the theory of spontaneous generation (‗natura non facit saltus‘,
i.e. ‗nature does not leap‘) accepted since as early as the antiquity. Later, the
3rd point of the classic cell theory was refuted by Robert Remak, Albert
Kölliker and Rudolf Virchow who carried out researches on the reproductive
processes of the cells. Virchow was the first one to state the fact that ‗all cells
come from cells‘ (i.e. ‗omnis cellula e cellula‘) that is accepted ever since.
1.2. Cell evolution: prokaryotic and eukaryotic cell, different types of the
eukaryotic cell

Only indirect evidences do we have on the emergence of the first living
cell. According to them, the appearance of the first cell is estimated to have
occurred cca. 3.8-4 billion years ago. Though evolution biologists elaborated
several theories on the main evolutionary stages of evolving of the first living
cells out of the dissolved organic compounds in the ancient oceans, we still
have mere assumptions on how the borderline between prebiotic (i.e. the
evolution of molecules) and biotic evolution was overstepped.
The structure of the first cells was rather simple. Among recent
organisms, bacterial cells have similar composition of such ancient features.
The most important peculiarity of these cells is that their genetic material is
free in the cytoplasm, and not bound in a real nucleus (i.e. it is not enclose
by a nuclear envelope). Due to this characteristic, these organisms are called
prokaryotes (‗karyon‘ = ‗nucleus‘) in contrast with the later (2-3 bya) evolved
eukaryotes having an enveloped nucleus containing the DNA. Beside the lack
of nucleus, several further distinguishing features can be observed between
the two cell types (listed in Table 1): prokaryotic cells lack extended inner
membrane system and large organelles; their size is around the magnitude

of a micrometre in contrast with the eukaryotic cells of 10-100 microns. The
organisation of the DNA in the two cell types is also differing.
Table 1. Comparison of prokaryotic and eukaryotic cell.

PROKARYOTIC CELL

EUKARYOTIC CELL

Origin

3,8 Bya

2,7 Bya

Size

~ 1 μm

10-100 μm

Nucleus

Missing

Present

single circular DNA

always several,

molecule

linear DNA molecules

DNA naked (or associated

DNA associated to

to non-histon proteins)

histones

Genetic material

6

6

1×10 ― 5×10 base pairs

7

9

1,5×10 ― 5×10 base
pairs

Initiated at one single
Replication

origo
(Θ-replication)

Initiated at several origos

Cell cycle

Not observed

Observed

Fission

Mitosis, meiosis

Chromosomes are

Chromosomes are moved

anchored

by microtubules of the

to the cell membrane

spindle apparatus

Endomembrane system

Simple

Complex (ER, Golgi etc.)

Cytoskeleton

Missing (simple)

Present

Organelles

Few

Always present

Cell division

Protein filaments
Organelles of locomotion

(bacterial cilium,

Complex organelles

bacterial flagellum)
Ribosome size

70S (30S + 50S)

80S (40S + 60S)

In the same compartment

Spatially separated

Intercellular junctions

Missing

Present

Differentiation

Limited

Complex

Cytosis

Missing

Observable

Multicellularity

Rarely (e.g. cyanobacteria)

Transcription and
translation

Usually multicellular
organisms

Apoptosis

Not observed (ambiguous)

Present

Despite their basically similar structures, the cells of the different
eukaryotic kingdoms (Regnum) may considerably differ from each other
(Table 2). The most obvious difference is that animal cells lack cell wall that
determines the shape and volume of plant and fungal cells. However, the
composition of this organelle is not the same in the later two groups, either:
the main polysaccharide of the plant cell wall is the cellulose, while in fungi it
is substituted by chitin-like compounds (a molecule basically occurring in
animals). Animal cells are usually capable of locomotion: they can move with
pseudopodia, cilia or flagella. Though less frequently, but fungal cells
sometimes possess flagella (e.g. the zoospores, some gametes or the
vegetative cells of the chytrids). Conversely, only the sperm cells of some
certain

plant

groups

are

motile.

(Nevertheless,

the

sperm

cells

of

angiosperms cannot move actively.) All eukaryotic cells contain smaller or
larger vesicles filled with different fluids that are necessary for the transport
of

previously

synthesized

or

modified

macromolecules

between

the

membrane organelles or during the cytotic processes (endo- and exocytosis).
An important derivative of this vesicular system is the lysosomal system
in animal cells, where digestive processes and the recycling of degraded
material take place within (Quite recently, the presence of lytic vacuoles with
a similar role was also proven in plant and fungal cells.) Nevertheless, the
main functions of larger vacuoles are space filling and fluid storage in both
plants and fungi.
The metabolism of the organisms of the three kingdoms is fundamentally
different. Plants are photoautotrophic, i.e. they are capable of producing
their own organic compounds from simple inorganic molecules (using light
energy). To the contrary, fungi and animals can produce their own organic
matter only from other organic compounds, i.e. they are heterotrophic 1. The

1

It is worth to note that although fungi cannot produce organic matter from inorganic carbon compounds (e.g.
from CO2), they can build inorganic nitrogen forms (e.g. NH4+, NO2-, NO3-) into nitrogen containing
macromolecules.

organelles responsible for autotrophy in the plant cells are the chloroplasts
that are missing from the other types of the eukaryotic cells.

Table 2. Comparison of plant, fungal and animal cells.

Metabolism
Cell wall

Plant cell

Fungal cell

Animal cell

autotrophic

heterotrophic

heterotrophic

present,

present,

containing

containing chitin-

cellulose

like compounds

Organelles of

cilia, flagella

locomotion

(only on gametes)

sometimes flagella

missing
cilia, flagella,
pseudopods

Characteristic
type of cell

vacuoles

vacuoles

lysosomal system

cavities
Specific
organelles

plastids

Spitzenkörper,

centriole

lomasome

1.3. Cytoplasm and cytoskeleton
The basic substance of all living cells is the cytoplasm, an aqueous
solution of different phases2. It contains dissolved ions, intermediary
metabolic

compounds

(sugars,

amino

acids,

carbonic

acids)

and

macromolecules (enzymes, nucleic acids). At certain regions (usually close to
the cell membrane) the hydration shells of the colloidal particles connect to
each other and thus the cytoplasm becomes a jelly-like substance (cytogel).
Enzymes of certain basic metabolic processes are dissolved in the
cytoplasm. This is the site of the first stage of monosaccharide degradation
(biological oxidation), i.e. glycolysis, as well as that of anaerob fermentation.
The most important process of macromolecular metabolism happening here
is translation (protein synthesis). It is catalyzed by the ribosomes that are
supramolecular complexes consisting of proteins and RNAs (rRNA). The
ribosome is composed of a small and a large subunit and its role is to
translate the information encoded in the mRNA (i.e. its nucleotide sequence)
2

Cytological literature distinguishes the term ‘cytoplasm’ from ‘cytosol’. In this interpretation, ‘cytosol’ means
the total protoplasm of the cell composing of the watery ground substance, the ‘cytosol’, together with the
organelles within. (That is: cytoplasm = cytosol + organelles.)

into the amino acid sequence of proteins (or more precisely, of the
polypeptide chain). The role of the small subunit is to bind the mRNA
molecule, while the rRNAs of the large subunit catalyze (as catalytic RNAs,
called ribozymes) the formation of peptide bond between the amino acids
transported to the ribosome by the transfer RNAs (tRNA).
In addition to enzyme proteins, structural proteins are also present
dissolved in the cytoplasm. These proteins compose the cytoskeleton (Figure
1). Cytoskeleton determines the shape of the cells if cell wall is lacking, it is
responsible for the constant position and the transport of the organelles
within the cell, as well as for the locomotion of the cell. Cytoskeletal proteins
are globular proteins polymerized into long fibers. A typical cytoskeletal
protein is tubulin that forms the relatively stiff, cylindrical microtubules. A
further skeletal protein is the actin, which is best-known from the muscle
cells, yet it is present in all eukaryotic cells. To both types of cytoskeletal
proteins motor proteins are attached that can move along the fibers
(powered by the hydrolysis of ATP).

Figure 1. The structure of the microtubules (a)
and the concept of motor protein function (b, c).
(a, c: based on internet-derived pictures; a - www.studyblue.com, c www.medicalengineer.co.uk)

In addition to the transport within the cell, cytoskeleton serves the
function of cell locomotion. Both cilia (sing.: cilium) and flagella (sing.:

flagellum) are cell projections stiffened by microtubules and totally covered
by the plasma membrane (Figure 2).

Figure 2. The structure of the eukaryotic cilium (flagellum).

(Based on internet-derived pictures: scienceblogs.com)

1.4. The membrane organelles of the cell
Almost each eukaryotic cell contain a vast endomembrane system. One
purpose of this system is to divide the inner space of the cell into
compartments of different molecular composition, so as to prevent the
interference between the metabolic processes and to separate those
metabolic compounds from each other the reaction of which would destroy
the cell. (This phenomenon is called compartmentalisation.) The other
evolutional advantage of endomembrane system is that it provides a vast

inner reaction surface for the biochemical processes catalyzed by the
enzymes bound to the membranes.
1.4.1. Cell membrane and transport through the membranes
All living cells are isolated from the environment by a lipid unit
membrane, the cell membrane (plasmalemma). It has a double function: on
one hand it separates the protoplasm of the cell from the outer environment,
but at the same time it plays a significant role in the communication between
the cell and the outside world. Special molecules of the cell membrane are
responsible for the identical labelling of the cell. Besides, different materials
move between the environment and the interior of the cell through the
plasmalemma by different transport mechanisms (Figure 3). A further
function, characteristic only of the plant cells, is cellulose synthesis carried
out by the enzyme complexes (‗rosettes‘) embedded in the membrane
bilayer.

b)

a)

c)

d)
ATP
ADP+Pi

e)

f)

Figure 3. Transport through the membranes. a) diffusion, b-d) protein mediated
transport (b: channel protein, c: carrier, d: pump), e)-f) cytosis (e: endocytosis, f:
exocytosis).

1.4.2. Secretory apparatus of the cell (ER, Golgi)
An important role of the endomembrane system in the eukaryotic cell is
to produce compounds that are released by the cell. The whole process is
called ‗secretion‘ and the unity of the membrane organelles taking part is the
‗secretion apparatus‘ (Figure 4). Secretion apparatus consists of the
endoplasmic reticulum (ER), the Golgi apparatus (Golgi bodies), the cell
membrane and the membrane bound vesicles transporting the produced
compounds between these organelles.

Figure 4. Secretion apparatus and lysosomal system of the eukaryotic cell.

(Based on Kovács)

Endoplasmic

reticulum

(ER)

is

the

vast,

continuous

system

of

interconnected cisternae within the cytoplasm. It is classified into two types:

rough endoplasmic reticulum (RER) and smooth endoplasmic reticulum (SER).
To the surface of RER ribosomes are attached, this is the reason why it seems
to be grained or warted (‗rough‘) on electronmicroscopic images. Similarly to
those dissolved freely in the cytoplasm, these ribosomes also carry out
translation, yet on the surface of RER secreted proteins are synthesized. The

proteins produced are translocated into the lumen of the ER during
translation (i.e. the proteins are separated from the cytoplasm by the RER
membrane)3. The lumen of the RER is continuous with that of the nuclear
membrane surrounding the genetic material of the cell, what is an evidence
for the origin of the nuclear membrane from the ER. SER is principally the site
of lipid synthesis (e.g. that of sterols and phospholipids) and detoxification,
but it also stores calcium ions (if it is necessary within the cell).
Compounds synthesised on the ER get into membrane vesicles bulging
out of the ER cisternae and they are transported to the next member of the
secretion apparatus, the Golgi body (Golgi apparatus, Golgi complex). Golgi
body is composed of several independent membrane sacks (cisternae,
dictiosomes) above each other and vesicles serving the transport between the
sacks. (However, these sacks are much smaller than the cisternae of ER.) In
this organelle, the proteins are modified (chiefly by adding polysaccharid
side-chains to them). Further functions of the Golgi are polysaccharide
synthesis

(but

for

the

cellulose!),

the

sorting

and

packaging

the

macromolecules for the secretion. Modified proteins and polysaccharides exit
the Golgi wrapped in secretory vesicles. The vesicles then move to the cell
membrane (via the cytoskeleton) where they are finally unloaded by
exocytosis.
1.4.3. Vacuoles and crystals

Vacuoles (cell cavities) are characteristic organelles of the plant (and
fungal) cell. They are filled with and aqueous solution and surrounded by a
unit membrane (tonoplast). The main function of these organelles is to
accumulate and isolate such – usually fluid – materials that would interfere
with the metabolic processes of the cytoplasm. Such compounds are, for
instance, carbonic acids (malic acid, citric acid – often in the form of salts).
The fluid content of the vacuole is the cell sap.
3

In addition to secreted proteins, proteins of the lysosomes and those embedded in different membranes
(integral proteins) are also synthesised here.

The majority of differentiated cells contain few (usually a single), large
vacuoles. The reason for this phenomenon is the fact that growth of plant
cell is achieved by intense water uptake, what increases the inner pressure
(turgor) of the cell that stretches the flexible primary cell wall of the
undifferentiated cell and thus enlarges the cell volume. However, this excess
water would dilute the cytoplasm to such an extent what would hinder the
metabolic processes, so the cell has to transport the water through the
tonoplast and isolate it in the vacuole. (Consequently, water also can be
regarded

as

an

accumulated

material

of

the

vacuole.)

Sometimes,

accumulated compounds are not fluid but solid ones, e.g. protein crystals –
this is one way of the development of aleurone bodies. (Beside vacuoles,
storage proteins are synthesised also in the RER.)
The cell sap of the vacuole may contain anthocyans that are pigments of
different colours from blue to purple, depending on the pH (e.g. in the
epidermal cells of the fleshy scale leaves of red onion or in the similar cells of
the red cabbage leaves). Besides, due to their enzyme content, vacuoles are
the organelles of hydrolytic processes within the plant cell. (Thus, they
perform the function of the lysosomes of the animal cells.)
Since plants – in contradistinction to animals – are incapable of excretory
processes, they sequester toxic materials, waste products and excess
metabolic products within the cells. A certain way of this sequestration is to
turn

the

harmful

compounds

(mainly

organic

acids)

into

insoluble

precipitates. This also achieved in the vacuoles by transporting Ca-ions into
the cell sap that here forms insoluble salts with the acids (e.g. CaCO3 /lime,
chalk/, Ca(COO)2 /calcium-oxalate/). These salts are present in the vacuoles
as various crystal forms (Figure 5). Nevertheless, organic acids themselves
can neutralise other toxic materials – e.g. heavy metal ions are bound by
maleic acid, citric acid or oxalic acid.
1.5. Cell wall
To the outside from the cell membrane, the majority of cells are
surrounded by a more-or-less stiff, rigid organelle, the cell wall. The cell

walls of bacteria, algae, fungi and plants have basically similar function and
structure (though the composing molecules vary, according to the different
taxonomic groups). Quite rare are those plant cells that lack cell wall. These
are either surrounded by other cells with walls or they live for only a short
time (e.g. gametes). An exceptional case is that of the artificially elaborated

protoplasts. From these plant cells of different model organisms of molecular
breeding researches the cell wall is removed by an enzymatic treatment.
The main function of cell wall is defence. It protects the cell from the
outer physical impacts and also against some chemical compounds, but it
may inhibit the penetration of parasites or impede the chewing of
herbivorous insects, as well. A further important role is to prevent the harm
caused by the intense turgor pressure in case of increased water uptake (e.g.
in intensely growing cells). Due to its relative rigidity, it determines the shape
and size (volume) of the plant cell. Nevertheless, it is worth mentioning that
cell wall is a plastic organelle, it can react to the changes of the environment
or to the impacts of the protoplasm: due to the enzymes present, the cell
wall is under continuous remodelling. This is the reason why we cannot
regard it as a non-living part of the cell.
In certain storage organs (e.g. in the endosperm of some seeds) the
polysaccharides of the thick cell wall serve as accumulated materials that can
be mobilized later by the degradation of the wall. Thus, cell wall may be a
storage organelle of the cell, too.
1.5.1. Formation of plant cell wall
In the thelophase of cell division (mitosis or meiosis, see below in details)
the protoplasm of the mother cell is divided in the process of cytokinesis to
form two daughter cells. At the same time, perpendicular to the original cell
walls a new proportion of wall is formed. (Thus, the majority of the cell wall
of the daughter cells is basically identical with that of the mother cell, and
new wall is synthesised only on the edge surface between the progenies.)
Under high magnification, cell wall has a stratified structure. The
neighbouring cells are attached to each other via the middle lamella, a

pectin-rich layer between their cell walls. Right beneath the middle lamella is
the primary cell wall, which is the first synthesised form of the wall after the
cytokinesis. Primary wall is thin, plastic and still expandable; this is the only
cell wall layer of undifferentiated (e.g. meristematic) cells. Later, during the
process of differentiation – usually three – further layers are juxtaposed onto
the primary cell wall. These comprise the secondary cell wall that is much
more thick, rigid and incapable of further expansion.
The precursor of the cell wall (cell plate) produced in the telophase is not
totally continuous: scattered pores are to be observed on it, which enclose
ER-cisternae. These pores remain in the cell wall during the formation of the
cell wall layers, and they serve the cytoplasmic continuity between the
neighbouring cells. These protoplasmic bridges are called plasmodesmata
(sing. plasmodesma).
1.5.2. Composition of the cell wall
The general composition of the cell wall is rather similar in case of the
different taxonomic groups: a main skeletal polysaccharide (murein in
bacteria, chitin-like compounds in fungi and cellulose in the plant cells)
stabilized by hydrogen bonds is embedded in a matrix consisting of other
polysaccharides, proteins and further special compounds. The molecules of
the matrix are attached to the skeletal compound also via hydrogen bonds.
Beside structural molecules, cell wall contains enzyme proteins, as well, that
are responsible for the elongation and other changes of the cell wall
structure, and also for its role in defence against pathogens.
The framework of the plant cell wall is composed of the linear chains of
ß-linked-D-glucan, namely cellulose. Cellulose chains arranged parallel are
interconnected by strong hydrogen bridges, what results a strictly ordered,
crystal-like structure. (These ordered regions – called micellae – are
connected to each other by less-ordered ‗paracrystalline‘ regions, hardened
by less hydrogen bond.)
The ground substance of the cell wall is the matrix. This partially consists
of different polysaccharides. One of these is the hemicellulose that is a

general term for heterogeneous short-chained polisaccharides composed of
various monosaccharides (glucose, arabinose, xylose, mannose etc.). They
are attached to the cellulose microfibrils via hydrogen bonds, and they
enwrap them. The entire cell wall matrix is impregnated with pectins, which
are polysaccharide compounds, too. Their main purpose is to glue the other
molecules of the cell wall to each other. (This very same function accounts
for the fact that middle lamella, sticking the neighbouring cells to each other,
is almost entirely composed of pectins.) Both hemicelluloses and pectins are
produced within the Golgi apparatus and gets into the cell wall by exocytosis.
In addition to polysaccharides, proteins with sugar chains (glycoproteids)
are also present in the cell wall. Some of these are enzymes taking part in
cell wall elongation (e.g. expansin, hydrolases, peroxidases or transferases).
Others are structural proteins that support the wall matrix by binding to the
polysaccharide elements via hydrogen bonds (e.g. the extensins).
All the up-to-now mentioned components (cellulose, hemicelluloses,
pectins and proteins) are present in both the primary and the secondary cell
wall. On one hand, the considerable thickness of the secondary wall is due to
the fact that it contains a larger amount of these materials. The common
molecules are just slightly modified: the proportion of the compounds
somewhat changes, as well as the orientation of the cellulose microfibrils
(they run irregularly in the primary wall, yet they are helically oriented in the
secondary wall).
Beside the constituents of the primary wall, further characteristic
compounds are built into the secondary wall. The most important of these
are lignins. Lignins are phenolic polymers (composed of coumaril alcohol,
syringyl alcohol, guaiacyl alcohol etc.) with a composition being characteristic
of the taxonomic position. The cross-linked polymer entwines all the
secondary wall and confers mechanical strength to it (similarly to the steel
skeleton of the armoured concrete). Lignified cell walls isolate the
protoplasm of the cell from the outer environment to such an extent that
causes the death of the cell due to the limited nutrient uptake. This
phenomenon is clearly observed during the differentiation of the xylem in the
vascular bundles or in case of sclerenchymatic fibres.

1.5.3. Plasmodesmata
Water in the plant body occurs in two different spaces, in the apoplast
and the symplast. Apoplast means all the water outside the protoplasts (i.e.
the plasma membranes) of the cells, i.e. the cell wall continuum together
with intercellular spaces. To the contrary, the interconnected protoplast of
the cells is called symplast. Due to the characteristic contact of the cell walls
of the adjacent cell obvious is the fact that the apoplast is a more-or-less
continuous system within the plant. (An exception is the apoplast of the root
cortex and that of the root stele, since the suberinised cell walls in the
endodermis isolate the two system from each other. – In details see in
Chapter 3!)
Though not so obviously, but the symplasts of the neighbouring cells are
also interconnected – similarly to the apoplast – so the plant body represent
an almost complete symplastic system4. The protoplasts of adjacent cells are
connected to each other via cytoplasmic bridges called plasmodesmata.
1.5.5. Cell wall thickening
In the majority of differentiated plant cells, secondary cell wall layers are
deposited onto the inner surface of the primary wall. In these cases, the cell
itself produces the compounds of the secondary wall and the cell lumen
decreases during the progress of thickening. This is centripetal cell wall

thickening (e.g. in case of tracheary elements). Less frequently, secondary
cell wall compounds are synthesised by other cells surrounding the
differentiating one – for instance in case of spores or pollen grains.
Consequently, new layers are laid onto the outer surface of the primary wall,
and so the size of the cell lumen does not alter. This process is called

centrifugal cell wall thickening (Figure 6).
4

As a matter of fact, plant body is divided into well defined ’symplastic domains’ during the ontogeny. The
main purpose of this phenomenon is the possibility of independent regulation of the certain domains.

1.6. Mitochondrion and plastid: the organelles of energy production
All living cell needs energy to maintain its vital processes. This energy is
available for the enzymes of metabolic reactions in the form of the highenergy pyrophosphate bond of the molecule adenosine-triphosphate (ATP).
Within the eukaryotic cell, intense ATP synthesis occurs inside the
mitochondrions and the chloroplasts (and with a much less intensity in the
cytoplasm). From the mitochondria, the majority of the ATP molecules are
transported into the cytoplasm where they are utilised in other energy
consuming processes. To the contrary, ATP synthesised in the chloroplasts
remains in the organelle and as the storage molecule of light energy it is
used for producing organic compounds from inorganic molecules (i.e. for the
Calvin-cycle).
1.6.1. Evolutionary origin of the mitochondrion and the plastid
As described above, in the chapter on the evolution of the eukaryotic cell,
the origin of the mitochondrion and the plastid is interpreted by the
endosymbiotic theory of Lynn Margulis. Accordingly, mitochondrion and
plastid are supposed to have been free-living independent prokaryotic cells:
the ancestor of the previous belonged to the group of the purple nonsulphur bacteria capable of efficient aerobic catabolism (tricarbonic-acidcycle, terminal oxidation), while plastids derive from ancient photosynthetic
cyanobacetria.
As a result of their similar evolutionary origin, mitochondria and plastids
share several common structural and even functional characteristics. Both
organelles are surrounded by a double membrane: a tense, smaller outer
membrane and an expanded inner membrane. The latter folds into the
ground substance of the organelle and bears several different enzyme
molecules embedded within. Similar is the background of the ATP synthesis

in the two organelles as being based on the unequal H+-concentration on the
two sides of the inner membrane.
1.6.2. Mitochondria: structure and function
Mitochondria (sing. mitochondrion) are oval or filiform organelles up to
some micrometres, present in all eukaryotic cells capable of aerobic
catabolism (i.e. cellular respiration). The number of mitochondria varies
according to the energy demand of the cell. The inner membrane covering
the organelle forms vast infoldings called christae (Figure 7). (Beside christae
containing mitochondria, tubular ones also occur, e.g. in the cells of certain
fungal species.) The ground substance of the mitochondrion enclosed by the
inner membrane is the matrix. This region contains the circular DNA
molecules (almost always in several copies) bearing the genom of the
organelle, as well as the particles and molecules required for protein
synthesis (ribosomes, tRNAs, mRNAs).
Mitochondrion is the organelle of cellular respiration. Within its matrix
takes place the citric-acid-cycle while the process of terminal oxidation is
carried out by the electron transport chain within the inner membrane.
1.6.3. Plastids: structure and function
Plastids are organelles of various shape and size. Their number is also
variable within the plant cell, some algae contain one single plastid, yet an
average photosynthesising plant cell bears 20-60 pieces of them. General
features of plastids are their double membrane envelope and the fact that
inner membrane comprises a highly folded inner system of cisternae called

tylakoid. The ground material of these organelles is the stroma. Similarly to
the matrix of the mitochondrion, stroma contains the own ring-shaped DNA,
different RNAs and ribosomes (like those of the prokaryotes) responsible for
protein synthesis.
1.6.3.1. Chloroplast

Chloroplasts conduct the photosynthesis, the process that determines the
metabolic particularity (photo-auototrophy) of green plants. Its scientific
name (‗chloros‘ = ‗green‘, ‗plastos‘ = ‗moulded‘, ‗modelled‘) derive from its
characteristic colour that is caused by the chlorophyll pigments playing a
crucial role in photosynthesis. Chloroplasts occur in the cells of all green
tissues of the plant (in the chlorenchyma of leaves, young stems, unripe
fruits etc.). An ultrastructural feature of the chloroplast is that their tylakoid
membrane is arranged in stacks called grana (sing. granum) (Figure 8).
In the process of photosynthesis inorganic compounds (i.e. water and
CO2) are converted into organic matter (glucose) using light as a source of
energy.

At

the

same

time,

oxygen

is

released

as

a

by-product.

Photosynthesis occurs in two stages. In light dependent reaction solar energy
is converted into chemical energy (ATP), while water molecules are degraded
into O2 and H+-ions and electrons. The latter two finally get to NADP
molecules forming NADPH+H+. The aim of light independent reaction is to
reduce CO2 to glucose with the hydrogens transported by the NADPH+H+ and
the energy of the ATP. The two stages can be precisely localized within the
chloroplast: light dependent reaction is catalyzed by the enzymes dissolved
in the stroma, while the light independent reaction happens attached to the
tylakoid membrane.
Glucose released in the chloroplast is either transported out to the
cytoplasm (in the form of triose-phosphates) or it is temporarily accumulated
in the chloroplast. In the latter case it is transformed into starch, thus in
functioning chloroplasts starch grains are to be observed periodically5.
1.6.3.2. Further types of plastids
Plastids of the meristematic cells are undifferentiated; they contain
rudimentary tylakoid membrane without grana. These plastids of such simple
5

The majority of chlorplasts contain spherical lipid bodies, plastoglobules. Previously these were considered to
be mere lipid storage particles, yet recently they are proven to contain also the enzymes of certain metabolic
reactions (e.g. those of the tocopherol synthesis).

structure are the proplastids that can develop into any other plastid type.
Proplastids are also capable of division by binary fission.
Storage organelles are the different forms of leucoplasts (Figure 9). These
may accumulate proteins (proteinoplasts), oil (elaioplasts) and most often
starch (amiloplasts). In case of each type, accumulated substances are
surrounded by two membranes (similarly to the envelope of the chloroplast)
and their tylakoid system deteriorates. Proteins are stored e.g. in the plastids
of the epidermal cells of Commelinaceae (e.g. Zebrina pendula), elaioplastids
are most frequently observed in seeds and fruits.
A further type of plastids is the chromoplast. These contain so high
amount of carotenoids that these molecules precipitates as crystals within
the plastid and thus they distort the shape of the organelle according to their
crystal form. Cromoplasts are responsible for the reddish orange colour of
some plant structures (storage organs, fruits, flowers) (Figure 9).
1.8. Nucleus: structure and function
1.8.1. The structure of the nucleus
The most characteristic organelle of the eukaryotic cell that distinguishes
it from the prokaryotic ones is the nucleus. The genetic material of the
previous cell type is not present free in the cytoplasm, yet is surrounded by a
double unit membrane (nuclear envelope). Nuclear envelope mot probably
evolved from the cisternae of the RER. The close relationship between these
organelles is obvious even today: the membrane of the RER is continuous
with that of the nuclear envelope. Moreover, the structure of the organelle is
quite similar: ribosomes are attached to both, and the lipid composition of
the membranes is also alike.
1.8.2. Organisation of the genetic material
The double helix of the DNA is a rather thin complex, thus it is a very
vulnerable and fragile molecule. Since the information is coded in the DNA in

the form of the nucleotide sequence (similarly to the sequence of letters
coding the information of the written text), all structural damage of the DNA
cause some loss of information. As prevention against such damages, DNA
does not float free in the nucleus, yet it is spooled around histone proteins
(Figure 10). The structural unit composing of the DNA and the histones is
called nucleosome. In the nucleus, genetic material is always present in the
form of nucleosomes, i.e. DNA is never unwound from the histones. Even
polymerize enzymes moves around the histone discs during transcription.

Figure 10. The organization of genetic material (a)
and the structure of a chromosome (b).

(Based on: a-f: Kárpáti , g-h: Sárkány and Szalai )

The most densely packed form of DNA is the chromosome, observable
during cell division6. In the chromosomes, DNA wrapped around the histone
discs is attached to the scaffold proteins serving as a framework of the
chromosome. The most important advantage of forming chromosomes is
that during the division DNA can be transported and sorted between the
daughter cells with the minimum risk of structural damage.
Chromosomes are usually composed of two halves called chromatids
(Figure 10). (Even between the two cell divisions, the sister chromatids of a
certain chromosome are in close vicinity. However, in this life stage of the
cell chromosomes may contain one single chromatid. – See below in details!)
Chromatids are attached to each other at the centromere (primary

constriction). (Besides, secondary and tertiary constrictions may also be
presented on the chromatids.) Centromeron dissects each chromatid into two

arms. At the end region of the arms telomers are found. These regions of
highly repetitive sequences protect the coding DNA segments (i.e. the genes
and regulatory regions) from deterioration causing the loss of information.
Each chromatid contains a single DNA double helix. If two sister
chromatids comprise a chromosome, it contains two DNA molecules. The
nucleotide sequence (and hence the coded information) of these two DNAs is
completely identical. The reason is the fact that sister chromatids are born
during the replication as the two identical descendants of the previously
single DNA.
Chromosomes contain the genes. Gene is a certain sequence of the DNA
containing the information responsible for a single feature (or more precisely
for a protein or an RNA molecule). The region of the chromosome where a
certain gene is located is called locus. A particular character (e.g. shape of
the pollen or the flower colour) usually have several varieties among the
individuals of the species (some plants have elongated others round pollens,
white or red flowers). In these cases the genes responsible for the traits also

6

It should be noted that another concept of chromosome is applied in genetics. According to this, chromosome
means the entirety of genes comprising a common linkage group. From this point of view, we can also talk
about circular bacterial chromosomes, though no histones are attached to the prokaryotic DNA.

have different forms called alleles7. The entirety of all the genes of the cell
(i.e. of the organism) is the genome. It is important to emphasise that only a
part of the eukaryotic genome is present in the nucleus (nuclear genome),
because some other organelles (mitochondrion, plastid) also contain DNA
(extranuclear genome)8.
Consequently, at a certain locus both chromatids of a chromosome
inevitably bear the same allele of a given gene (because of the identity of the
DNA sequences). Genes of a chromosome compose a linkage group, what
means that (apart from the case of chromosomal damages) a certain
chromosome has the same set of genes in each member of the species i.e.
the alleles of the same set of features (though these alleles may be different).
In the vegetative cells of the plant body, each gene is present in two
copies, since in the nucleus of these cells contain two copies of each
chromosome called homologous chromosomes (homologs or homologues).
Homologous chromosomes carry the same types of genetic information (i.e.
the same genes), yet not necessarily in identical forms (i.e. not the same
alleles). The difference between the homologues is their origin: one is
inherited from the egg cell and the other from the sperm cell. Some cells
contain only one of the homologues – these are called haploid cells. In

diploid cells both members of the homologous chromosomes are present.
Gametes are haploid cells in each living organism, and the zygote produced
by fertilisation is a diploid cell. In plants, some cells contain three, four or
even more copies of a given chromosome (i.e. the genes of this linkage
group). These are called triploid, tetraploid or in general term poliploid cells.
1.8.4. Cell division

7

When discussing the examples of this chapter, we simplify the explanation by proposing that the mentioned
traits are determined by the alleles of single genes. Actually, several feature (e.g. flower colour) has polygenetic
heritance, i.e. the observed trait is determined by the interaction of the alleles of more than one gene.
8

The heredity of the nuclear genome fundamentally differs from that of the organellar genome. While
information coded in the nucleus derives equally from the two parents, the plastids and mitochondria of the
zygote derive only from either the egg or the sperm cell (so the information coded in the extranuclear genome
is determined only by the genetic material of one parent).

During the development of the plant body, as well as within the life cycle
of the plant, cells have to multiply themselves. A necessary part of this
process is the share of genetic information (i.e. the DNA) between the
daughter cells, what requires the dense package of the fragile DNA molecule
into chromosomes. Cells entering the division always contain chromosomes
of two chromatids. In the process of division, special microtubules ( spindle

fibers) composing the spindle apparatus are attached to the chinetochore
region of the chromosomes. Motor proteins moving along these microtubules
separate the sister chromatids from each other, so they halve the DNA
content of the nucleus. In animal cells, spindle fibers originate from the
region around a pair of cylindrical organelles, the centrioles (two centrioles
compose the centrosome). From the majority of plant cells this organelle is
missing.
The plane of the common wall between the future daughter cells is
determined in a rather early stage of division (see below). Should this plane
be in the equator of the cell, two identical cells are produced. This is equal

cell division. Otherwise the daughter cells are of different size – unequal cell
division. The development of several specialized cells and simple tissues (e.g.
tirchomes, stomata) is initiated with an unequal division. The first division of
the zygote is also unequal (for details see Chapter 4). A further characteristic
of cell division is the angle of the newly formed cell wall to the nearest
surface of the organ. If this wall is in right angle to the surface (i.e. it is
perpendicular to it) the division is called anticlinal, while if the cells divide
parallel to the surface, the division is periclinal.
1.8.4.1. Mitosis
In the process of mitosis, the DNA content of the mother cell is divided
between the daughter cells without the reduction of the chromosome
number, thus the ploidy of the cells does not change. (Mitosis of a haploid
cell results two haploid cells, that of a diploid cell produces two diploid ones
etc.) For this purpose, the sister chromatids of the chromosomes are
separated from each other and later they get into different daughter cells

(Figure 11). Since the nucleotide sequence of the sister chromatids is
completely identical, the genetic information within the produced cells is also
the same, and it is also identical with that of the mother cell. (Consequently,
no genetic recombination occurs during the process.)

Figure/Animation 11. Overview of mitosis.
Vegetative cells of plants are produced via mitosis (within both the
gametohyte and the sporophyte stages of the life cycle), just like the gametes
are.
1.8.4.2. Meiosis
During meiosis, the chromosome number of the cell is halved, thus the
homologous chromosomes get into different daughter cells, not only the
sister chromatids are separated. This type of division has two main stages
(Figure 12). In meiosis I homologous chromosomes are separated, thus a
diploid cell containing chromosomes of two chromatids produces two
haploid ones still bearing chromosomes with sister chromatids. Meiosis II
results four haploid cells with chromosomes of one chromatid, so in this
stage sister chromatids are separated from each other.

Figure 12. Overview of meiosis

Since by the end of meiosis the members of the homologues get into
different daughter cells, the genetic information of these haploid cells is
inevitably different. Homologues of different origin (i.e. from the egg or the
sperm cell) are randomly sorted between the daughter cells in meiosis I, thus
they contain a new and random combination of maternal and paternal alleles,
so they are recombinant cells. The main purpose of meiosis is to produce
such recombinant cells, and to maintain genetic diversity within the species.
Recombination happens not only concerning the alleles of different
chromosomes, yet the maternal and paternal versions of alleles can be
shuffled between the homologous chromosomes, as well. This process is the

crossing over (crossover), when the chromatids of the homologues pair up in
the first stage of meiosis I and the alleles of the same locus are exchanged
via regulated double-stranded breaks of the DNA. Consequently, after
crossing over a single chromatid of the chromosome contains both maternal
and paternal segments (i.e. alleles).
In plants, meiosis produces the first cells of the haploid stage of the life
cycle, i.e. the spores. It is worth to emphasise once more, that contrary to
animals, gametes of plants are the final cells of the gametophyte, and so they
are produced by the division of haploid cells, consequently by mitosis!

Table 3. Comparing mitosis and meiosis.

Mitosis

Meiosis

Ploidiy of the cell constant
(2n → 2n, n → n etc.)

Chromosome number halved
(e.g. 2n → n)

Genetic information of the daughter

Genetic information of daughter cells

cells is identical and also the same as

differ, and also differs from that of the

that in the mother cell (no

mother cell

recombination)

(recombination occurs)

2 daughter cells produced

4 daughter cells produced
DNA divided in two stages:
meiosis I.: separation of the

DNA halved in one stage:
separation of the sister chromatids

homologues;
meiosis II: separation of the sister
chromatids

Vegetative cells, gametes

Spores are produced via mitosis

are produced via mitosis

Table 4. Overview of the most important organelles of the eukaryotic
cell.

Organelle type

Organelle

Main functions
medium for metabolic
processes (e.g.

Ground substance of the
cell

fermentation, glycolysis,
cytoplasm

protein synthesis on
ribosomes), inner transport
processes and ordering of
organelles (cytoskeleton)
defence (against

Organelles of
bordering

cell wall
(only in plants and fungi)

mechanical, chemical
impacts, turgor and
pathogens), determining
volume and shape

cell membrane
(plasma membrane)

integrity of the cell, signal
perception, transport,
cellulose synthesis
lipid synthesis,

Membrane

endoplasmatic reticulum

detoxification (SER),

(RER, SER)

synthesis of secreted
proteins (RER)

organelles

synthesis of

(secretory apparatus)

polysaccharides (pectins,
Golgi apparatus

hemicellulose),
modification, sorting and
packaging of proteins for
secretion
transport between

vesicles

membrane organelles
within the cell
protein degradation, fluid
accumulation (water,
organic acids),

vacuole

sequestration of

(only in plants and fungi)

compounds disturbing the
metabolism of the
cytoplasm, accumulation of
crystals
photosynthesis

plastid
(only in plants)
Energy producers

(chloroplast), storage of
carotenoids (chromoplast),
accumulation of storage
compounds (leucoplasts)

mitochondrion

anabolism (citrate cycle,
terminal oxidation)
storage of genetic material

Information centre

nucleus

(DNA), site of replication,
transcription and gene
regulation
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Chapter 2. Plant tissues (Histology)
2.1. Concept and evolution of plant tissues

The term tissue refers to a specialized group of cells of the same origin
and similar structure and hence similar function. Due to the characteristic
way of plant development (i.e. the special process and levels of cell

differentiation) the cells of each plant tissue can be traced back to a certain
group of cells (even single cells). Consequently, based on their ontogeny,
differentiated plant cells can be classified into a hierarchical system. Cells of
a given function (e.g. those of the stomata) compose simple tissues, the
members of which – usually – derive from a single cell of the respective
meristem. Of the simple tissues so-called complex tissues (e.g. epidermis,
xylem) are composed. Group of tissues serving similar purposes, and so
having similar structure and similar positioning within the plant compose the

tissue systems (e.g. the epidermis, rhizodermis and periderm comprise the
dermal tissue system – in details see later!).
During the evolution of plants, invasion of terrestrial habitats demanded
for the development of the tissues. Only those
plant

forms

could

survive

in

the

new

environment, the cells of which divided the
labour and thus had differing structures. This
degree

of

labour

division

resulted

the

differentiation of the tissues. (Similarly to the
vascular plants, bryophytes and hepatophytes
also invaded terrestrial habitats, which induced
cell differentiation in case of these plants, too.
However, the level of their differentiation could
not cope with that of the ancient ferns and so no
further

plant

forms

could

evolve

from

the

mosses: they comprise a mere side branch on the
plant‘s tree of life.)
Among the recent plant groups, only ferns,
gymnosperms and angiosperms (the vascular
plants) have real tissues.

Figure 1. Differentiation of
plant tissues

2.2. Categories and differentiation of the plant tissues

Plant tissues can be divided into two main categories: meristems and
differentiated

tissues.

Owing

to

their

continuous

mitotic

divisions,

meristems‘ task is to increase the cell number of the plant organism. From
the two derivatives of a meristematic cell one keeps the level of
differentiation while the other starts to differentiate. This means either a
more differentiated meristem or the daughter cell ceases to divide and
becomes a differentiated tissue cell (i.e. it comes out of the cell cycle into the
so-called G0-state).
Sometimes a differentiated tissue cell can regain its mitotic activity (as a
normal process of the plant body‘s development), yet it is no longer a
differentiated tissue cell, but turns into a meristematic cell again – this is the
process of dedifferentiation.
The least differentiated types of meristematic cells are the initials
(promeristem) (Figure 1.). Their derivatives can still divide by mitoses; they
comprise the primary meristems. Primary meristem cells produce completely
differentiated primary tissue. If it is required by the genetic program of the
plant‘s development (e.g. in case of the secondary thickening of the root or
the stem), primary tissue cells regain their mitotic activity and turn into

secondary meristems (e.g. phellogen). The activity of secondary meristems
again results differentiated tissues; these are the secondary tissues (e.g.
periderm).
Differentiated tissues can be classified into three tissue systems. The
ground body of the plant is composed of the ground tissue system, which
may serve manifold functions (photosynthesis, storage, secretion). Dermal

tissue system isolates and protects the plant body from its environment, yet
in the same time it provides the communication between the inner parts of
the plant and the surrounding. The vascular (conductive) tissue system
conducts plant nutrients (water and minerals) and organic compounds
(sugars, amino acids, certain hormones) within the plant.
2.3. Meristems

In case of the animal body, the majority of the cells is capable of mitosis.
To the contrary, in plants new cells are produced only at certain parts of the
body, within the meristems. All the plant cells derive from these tissues, and
only later – during the process of differentiation – gain their purposed
function. These cells are usually small and isodiametric (i.e. they are
bordered by polygonal cell walls of more-or-less the similar extension in all
dimensions). Their cell nucleus is relatively large in proportion to the
cytoplasm and also to the total cell volume. Meristematic cells are typically
undifferentiated ones: their cell wall is a thin, extensible primary cell wall,
there are several small vacuoles within the cytoplams, and (if there is any
plastid within them) they have proplastids.
Meristems can be classified on several different bases.
I. According to origin and degree of differentiation:
 Promeristem:

the

least

differentiated

meristem

type,

composed of initial cells.
 Primary meristem: the slightly differentiated derivative of
the promeristem. It produces primary tissues.
 Secondary

meristem:

a

meristem

formed

by

the

dedifferentiation of primary (differentiated) tissues. It
produces secondary tissues.
II. According to position:
 Apical meristems: dividing tissues situated at the poles of
the plant body, accomplishing the longitudinal growth.
Their two types are the root tip and the shoot tip.
 Intercalary

meristems:

meristems

situated

between

differentiated tissues causing secondary lengthening of
the plant body. They typically occur in the nodes of the
grass stem, in the nodes of several rosette plants or at the
base of the grass leaves.
 Lateral meristems:

meristems causing the

secondary

thickening of the plant body, situated on the periphery of
the organs. Two instances are the vascular cambium

(producing secondary vascular and ground tissues) and the
phellogen (producing the periderm).

Primary and secondary meristems establishing the certain organs will be
discussed later, in the respective chapters on organography.
2.4. Dermal tissue system

Plants are covered by the elements of the dermal tissue system: these
tissues are responsible for the integrity of the plant body. Besides, positioned
on the surfaces of the organs, dermal tissues serve the interconnection
between the interior of the plant and the outer environment. Consequently,
the main functions of these tissues are: protection against mechanical,
chemical and biological (pathogen) impacts, nutrient absorption, gas
exchange and transpiration. Additionally, dermal tissue elements may play a
role in accumulation, as well as in secretion.
Composing differentiated tissues, the cells of the dermal tissue system
cease dividing; they have thickened secondary cell wall and a large vacuole.
Their cell nucleus is relatively small in proportion to the cell volume. Serving
the function of protection, connections between the cells are quite strong.
There are no intercellular spaces. This function is usually also enhanced by
the fact that the neighbouring cells connect to each other by a large,
undulating cell wall (the cells are similar to the tiles of a puzzle game).
Connections between the epidermal cells are stronger than those between
the epidermal cells and the underlying tissues, thus usually the dermal layer
can be easily pulled off from the organ surface (this is also a tissue
preparation technique, called peeling). Cells are large, flat and usually form
one cell layer on the surface. They contain chloroplasts only exceptionally
(e.g. in the epidermis of the thin, submerse leaves and in the guard cells of
stomata). (However, it is notable that storage leucoplast are rather frequent
in them.) Cell walls facing outside are often thickened, owing to the
apposition of cutin, suberin and/or wax layers.

2.4.1. Rhizodermis: the primary dermal tissue of the root
One of the basic functions of the root is the absorption of nutrients
(water and ions) from the soil. This role is served in angiosperms by special
structures of the primary dermal tissue of the root, called root hairs. Root
hairs occur in the zone of absorption (see later!) of the thinnest root
branches (fine roots). Root hairs are not individual cells but mere finger-like
appendages of the rhizodermal cells. Root hairs are not separated by cell wall
from the adjacent rhizodermal cell. Root hairs admirably increase the
absorptive surface of the root.
In addition to the presence of root hairs, further differences between
rhizodermis and epidermis (discussed below) are the – usual – lack of
stomata, epidermal hairs and cuticle.
2.4.2. Epidermis: the primary dermal tissue of the shoot
Most of the functions discussed in the introduction part on dermal
tissues are to be linked to the epidermis, the primary dermal tissue of the
shoot. The stomata of the shoot (on both the stem and the leaves) serve the
function of gas exchange and transpiration. Epidermis is often covered by a
thick cuticle and bear epidermal hairs, both protecting the plant body.
Epidermal glands and glandular hairs are responsible for the function of
secretion.
2.4.2.1. Stomata
Water vapour, CO2 produced by respiration and O2 released in
photosynthesis leave the plant body through controlled openings of the
epidermis, called stomata (sing. stoma). Similarly, here takes up the plant the
CO2 required for the photosynthesis and O2 for respiration, as well. Since the
functions of stomata are served by several cells of different structure, more
reasonable is to use the term ‗stomatal complex‘ for them.

Stomatal complexes always contain two guard cells surrounding the
regulable opening of the complex, the stomatal pore (stomatal aperture). The
pore leads the air into a larger intercellular chamber within the ground
tissue, called sub-stomatal cavity. The guard cells are mainly kidney-shaped,
yet in the family Poaceae (grasses) they resemble dumb-bells. A cytological
characteristic of the guard cells is the presence of chloroplasts. Their cell wall
is unevenly thickened: around the stomatal pore it is much thicker than at
other surfaces. In addition, cuticle layer is also deposited on the guard cells,
increased in thickness near the aperture. Moreover, around the outer opening
of the stomatal pore, a cuticle ridge aids the complete closure of the stoma.
(In case of some species, on the inner surface of the pore another ridge,
facing the sub-stomatal cavity, is observable.)
In most genera, guard cells of the stomata are surrounded by ordinary
epidermal cells; this is called the anomocytic stoma (e.g. Cyclamen,

Ranunculus, Cornus, Iris) (Figure 2). In other cases, stomata serve their
function with the aid of cells different from the other epidermal cells
(subsidiary cells). If the stomatal complex contains two subsidiary cells, lying
parallel with the guard cells, the complex is called paracytic (e.g. in
Rubiaceae or Magnoliaceae). If the two subsidiary cells lie perpendicular to
the guard cells, the stomatal complex is diacytic (e.g. Lamiaceae or
Caryophyllaceae). Anisocytic stomatal complex contains 3-5 subsidiary cells,
often of different size (e.g. in the genera Begonia and Sedum or in the family
Brassicaceae). Should several, radially arranged subsidiary cells encircle the
guard cells, the stoma is called actinocytic (e.g. Anacardiaceae). Subsidiary
cells surround the stoma in a ring-like manner in case of the cyclocytic
stoma (e.g. some species of the genera Austrobaileya and Baccharis). In
addition to the listed basic types, there are several other possible
arrangements of the subsidiary cells (e.g. hexacytic stomatal complex with
six subsidiary cells or the heliocytic complex with several encircling
subsidiary cells of different size).
2.4.2.2. Cuticle

A typical feature of the dermal tissue covering the shoot is the cuticle
layer of the epidermal cells. It is composed of two main groups of
compounds: the hydrophobic matrix of the cuticle called cutin, and different
waxes. Waxes may form a distinct layer on the surface of the cuticle
(epicuticular waxes), but a significant proportion is embedded into the cutin
matrix (intracuticular or cuticular waxes).
Cuticle has an obvious stratified structure. The outermost layer is
composed of the epicuticular waxes (wax layer), which cause a glaucous
surface with a velvet-like shine. Its principal purpose is to reduce the waterloss through the cuticle (cuticular transpiration). Compounds of the wax layer
reach the surface through the minuscule cracks of the cuticle. They either
form a continuous, amorphous layer, or precipitate in a more-or-less
crystalline form, in the shapes of fibres, small rods or scales.
The principal role of the cuticle is protection. Shoots with thick cuticle are
thick and rigid. They are more resistant to mechanical effects, even the
chewing of the herbivorous insects. Being water repellent, cuticle prevents
soaking, yet it also impedes the water-loss. The cuticle may also protect
against certain chemical impacts.
Cuticle may serve as a barrier against some biological threats. In case of
pathogen (fungal, bacterial) attacks, when the parasite is to penetrate into
the shoot through the epidermis, at first its degrading enzymes begin to
break down the compounds of the cuticle. From the decaying cuticle,
substances hindering the further incursion (even growth) of the pathogen
may be released. Other compounds of the degrading cuticle serve as signals
(hormone-like substances) and activate the defensive system of the plant.
2.4.2.3. Epidermal appendages
In contrast with the primary dermal tissue of the root, epidermis may
possess real plant hairs (trichomes) that are isolated from the ordinary
epidermal cells by cell wall (Figure 3). The structure and function of the
trichomes are manifold.

In the most general case, the epidermal cells bear simple protrusions.
These papillae cannot be regarded as trichomes. These structures refract the
light beams and thus gives the organs a velvety shine – they are frequently
found on the perianth (e.g. on the corolla of Viola or Saintpaulia species).
The epidermis chiefly possesses uni- or multicellular trichomes. The
latter ones have a foot or basal cell in the plane of the epidermis. Stellate and

squamiform hairs (or scales) have several radial upper cells derive from the
multicellular base (e.g. on the shoot of Elaeagnus angustifolia). (Stellate hairs
have far less radiating upper cells and these cells are free at least to the half
of their length, while the upper cells of the squamiform hairs are fused
almost to their end.) Quite often the axis of the multicellular trichomes is
branching. These are the so-called candelabriform hairs (e.g. Lavandula

angustifolia, Verbascum phlomoides). Cells of the trichomes frequently die
early as a result of apoptosis, then the cell lumen is filled with air. In these
cases the hair becomes white, giving a silvery shine to the covered organ.
The function of trichomes is manifold. By forming a mechanical barrier
they can protect against the chewing of herbivorous insects. Due to the air
trapped among the hairs, they may form a heat isolator layer on the plant
surface – for example in case of alpine plants (e.g. Leontopodium alpinum).
At the same time, a coat of dead, light trichomes reflects an admirable
proportion of the light reaching the organ surface (i.e. increases the albedo),
what may be adventitious in hot, sunny habitats, since it protects the plant
against

overheating

(e.g.

Cerastium

tomentosum,

native

in

the

Mediterranean). Similar is the background of the protective effect of plant
hairs against light (and also UV) stress in the intensely illuminated areas (e.g.
in the highlands), where the proportion of the direct light within the solar
radiation is high.
The air trapped among the epidermal hairs is quickly saturated with
released water vapour, significantly decreasing the rate of transpiration. Thus
trichomes are beneficial also for plants living in arid environments.
Nevertheless, some bromeliads (Bromeliaceae) have water absorptive scale

hairs on the adaxial epidermis of their leaves that form a rosette. By their
special trichomes these plants can take up the water from the cistern formed

by the leaves (or directly from the falling precipitation or even from the
surrounding air of high water vapour content).
By the alteration of the structure and function, other hair types have also
evolved. Thick walled, rigid trichomes are the bristle hairs (they are general
features of the families Boraginaceae and Cucurbitaceae), which increase
protection

against

the

herbivorous

arthropods.

Hooked

trichomes,

strengthened by an inner crystal, are to be found on the shoot of the hop
(Humulus lupulus): these clinging hairs help to fasten the stem of the creeper
on its support. (Owing to their inner crystals, these hairs are also known as

cystolith hairs.) Hairs may also occur on the outer surface of the seeds (tuft
hairs), what may enable the wind dispersal (anemochory) (e.g. on the seeds
of the genera Salix, Populus, Gossypium).
A special, multilayered epidermis covers the aerial root of epiphytes living
in the rainforests. This so-called velamen radicum is composed of dead cells.
Due to the peculiar, channelled secondary thickenings of these cells
composing a labyrinth-like system of capillaries, velamen is capable of
absorbing the water from the vapour-saturated air of the tropical forests, or
also from the draining precipitation.
2.4.2.4. Secretion in the epidermis: the outer secretory structures
The term ‗secretion‘ refers to a complex process of the cell, when it
expels certain substances from its living parts (the protoplast), or it separates
them in an isolated compartment. Actually, all plant cells have the possibility
to produce compounds that may be applied later either within the cell, in the
extracellular spaces or even outside the plant body. However, in plant
anatomy the function of secretion is basically assigned to special secretory
tissue elements. Such elements are found in the epidermis and also within
the ground tissues. Based on origin, endogenous and exogenous secretory
structures are distinguished. The previous ones are also called ‗plant glands‘.
Cells of the glands either produce the secreted substances themselves
(glandular hairs, osmophores) or the secreted compounds simply leave the
plant body via these structures (e.g. hydathodes, nectaries, salt glands). The

secreted material can be either hydrophilic (e.g. mucilage, nectar, salts) or
hydrophobic (e.g. volatile oils). All secretory cells have dense cytoplasms due
to the increased number of certain organelles. (E.g. mucilage cells have
several Golgi bodies, while those producing lipids have an increased surface
of SER.)
Species of several eudicot (Rosopsida) families have epidermal secretory
appendages, glandular hairs (Figure 4). The common characteristic of these
various anatomical structures is that their secreted material accumulates
under the outer cuticle of the cells and gets outside when the cuticle
ruptures. In the anticlinal cell walls of the secretory cells suberin or cutin is
deposited so that to block the apoplastic transport (see later!) within the cell
wall. Secretory cells always differ from the ordinary epidermal cells. The
anatomy of the glands is manifold: they may be uni- or multicellular, stalked
or sessile (for example in the genus Pelargonium all these types can be
observed). In the labiate family (Lamiaceae) multicellular glands (peltate

trichomes) stands in the plane of the epidermis. These glands are composed
of a larger basal (stalk) cell and eight secretory cells above, producing
volatile oils. In addition to oils, glandular trichomes may secrete other
terpenoids (e.g. resin) or flavonoids. The aims of the process of secretion are
various: repelling herbivors, attracting pollinators or due to their possible
sticky nature, they may help fruit dispersal.
Outer secretory structures releasing a fluid with high sugar content are
the various nectaries. Two main types are the intrafloral (floral) nectaries
being within the flowers and the extrafloral nectaries that are located outside
the flower (e.g. on the pedicel or the flower stalk). The former ones produce
food for the pollinators, whilst the extrafloral ones attract chiefly insects
(usu. ants) that may protect the plant against the herbivors9. The position of
intrafloral nectaries may be manifold. They may establish on the inner wall of
the receptacle, in a cushion-like form around the ovary or it can cover the
upper surface of the ovary. Besides, certain floral leaves (e.g. sepals or
9

Extrafloral nectaries may also aid the pollination, like those of the euphorbias

(Euphorbiaceae).

stamens) may also reduce and turn into nectarines. The secretory tissue of
the nectary may develop as a simple, modified epidermis (sometimes bearing
uni- or multicellular glandular trichomes, as in the genus Tilia). More
frequently, a glandular ground tissue of one or several cell layers
(‗nectariferous tissue‘) produces the sugary fluid, which gets to the surface
through the modified stomata or the outer cracks or minuscule openings of
the outer surface of the epidermis. In addition to sugars (sucrose, glucose
and fructose), nectar may contain a low amount of amino acids, other organic
acids, proteins (chiefly enzymes), lipids, minerals, phosphates, alkaloids,
phenoloids and antioxidants. Its components mainly derive from the phloem
elements ending near the nectary; however, the composition of the nectar
slightly changes within the nectariferous tissue.
Special external secretory structures can be found on the leaves of
carnivorous

(insect

trapping)

plants.

In

different

plant

genera,

the

morphology of the trap leaves may be rather different and thus the glandular
structures may also be various. They have three main types: nectar producing
glands with the purpose of attracting the insects, mucilage glands to cover
the trap surface with a slimy discharge (thus preventing the rescue of the
prey) and glands producing the digestive enzymes. In case of some species,
mucilage and enzymes are produced by the same secretory elements (e.g.
that in the head of the tentacles of the sun-dews (Drosera)). A typical feature
of the glands of the carnivorous plants is their ability to absorb the digested
compounds in addition to their secretory function.
2.4.2.5. Further cell types and additional functions of the epidermis
Beside the above mentioned cell types, the dermal tissue covering the
shoot may contain other cells that serve the adaptation to certain
environmental conditions.
For instance, the epidermis on the leaves of grasses (Poaceae) has various
different cells. Here the epidermal cells are traditionally called ‗long cells‘
and ‗short cells‘ on the basis of their length. Short cells may contain special
compounds: silica cells are of silicified (SiO2) walls or cork cells with water

proof, suberinized cell walls. Bulliform cells are specialized epidermal cells of
grasses living in dry, hot habitats (e.g. Festuca, Stipa, Zea). These cells occur
in small groups on the leaves. The outer periclinal wall is considerably
thinner than that of the other surfaces. In case of permanent drought the
plant body looses water and thus the water content of the bulliform cells also
declines. Due to the decreasing turgor pressure the cells become flaccid, yet
owing to the uneven cell wall the outer surface becomes more constricted
than the others. Since several groups of bulliform cells occur on the leaf
surface, the leave consequently folds. The advantage of this process is the
formation of a leaf cylinder, within which the air becomes quickly saturated
with water vapour reducing the transpiration activity of the plant and thus
enhancing its adaptation to the dry environment.
Some plants have water accumulating epidermis. Similarly to those of the
water storage parenchyma (see later) these cells have a large, mucilage-filled
vacuole. The polysaccharide (or glycopolisaccharide) content of the vacuole
has a large water binding capacity. Such an epidermis can be observed in
several species of Commelinaceae (e.g. Zebrina pendula).
Anatomical features of the epidermal cells may serve the adaptation to
the light conditions, as well. The lower (abaxial) leaf epidermis of shadetolerant plants is often purple due to anthocyans accumulated in vacuoles
(e.g. Zebrina pendula, Cyclamen purpurascens). The purple pigment reflects
the light rays that pass through the mesophyll without being utilised by the
chloroplasts. The reflected radiation has a ‗second chance‘ to take part in the
photosynthesis.
2.4.3. Secondary dermal tissues: the periderm and the rhytidome
If the growth of a plant organ arises following the establishment of the
primary tissues, we speak about secondary growth. Since usually no cell
division occur in the primary dermal tissues (epidermis, rhizodermis), they
cannot expand and thus they come off the surface. Of course, secondarily
thickened organs also need protection, so within their outer tissue layers a

secondary meristem is formed that produces a secondary dermal tissue, the

periderm.
When the epidermis of a thickening organ tears off, the underlying
ground tissue comes out to the surface. Some of its cells regain their dividing
ability (dedifferentiate) and turn into a secondary meristem, the cork

cambium (phellogen). (In the root, not the outermost cell layers but the outer
cell layer of the stele, the pericycle, constitutes the phellogen, together with
the neighbouring parenchyma cells.) Cork cambial cells produce new cells
either toward the organ surface (monopleuric phellogen) or toward both the
outside and the interior of the organ (bipleuric phellogen). The tissue layers
facing the outer world constitute the cork (phellem), while those lying on the
inner side of the phellogen (which are sometimes absent) comprise the

phelloderm. Therefore, the periderm is a complex tissue, built up by the
phellem, the phellogen and the phelloderm.
The cells of both the phellem (‗cork‘) and the phelloderm have suberised
secondary walls. Due to the deposition of suberin, water cannot penetrate
these cell layers and the cells themselves die. However, the periderm not only
inhibits entering water into the plant organs , but also the isolates inner
tissues regions from the air. So that to solve this problem and enable gas
exchange, at certain spots (basically at the place of the former stomata),
crater-like openings, the lenticels establish (Figure 5). In the area of lenticels,
the cork ruptures and elevates from the lower cell layers. The space between
the phellogen and the elevated phellem is filled with a special ground tissue
produced also by the phellogen, which has numerous intercellular spaces.
Through this so-called filling tissue, the air can penetrate freely into the
organ. (Thus lenticels are mere periderm pullulations, established by the
locally active phellogen, where intercellular spaces open between the
parenchyma cells due to the accelerated cell divisions.)
The stem of the woody plants thickens year by year, so their periderm
continuously expands and cracks. Meanwhile, the phellogen continuously
penetrates into the ground tissue of the cortex (i.e. every year the outermost
ground tissue cells turn into a meristem). However, this results the unceasing
slimming of the parenchyma around the vascular tissues (i.e. the primary

cortex). When there is no ground tissue left outside the phloem, the
outermost

phloem

parenchyma

cells

dedifferentiate

to

establish

the

phellogen. The periderm produced by this special cork cambium thus
contains cribral elements (the remnants of sieve cells, sieve tubes or cribral
fibers). This phloem-derived protective tissue is the rhytidome (bark). The
macroscopic features and morphology of the bark are characteristic of the
species. Its colour, texture and separation properties are of taxonomical
importance when identifying a woody plant.
2.5. The vascular (conducting) tissue system
2.5.1. Transport routes within the plant body
Transported compounds moves via two different pathways within the
plant body (Figure 6). The first possibility is the apoplastic transport, when
the materials are displaced within the aqueous solution outside the
protoplasm (i.e. the cell membrane). The apoplast consists of the cell wall
cavities and the intercellular spaces. The other route of transport is the
symplast, i.e. the cells‘ protoplasm interconnected by the plasmodesmata.
Actually the term ‗symplast‘ refers to all the spaces bordered by the
plasmalemmae. Owing to the presence of plasmodesmata between the cells
(see in Chapter 1), the whole plant body is composed of some large
symplastic units.
Transported compound can move from the apoplast to the symplast
through the cell membrane, either by diffusion (in case of hydrophobic
substances) or protein mediated transport mechanism (for details see
Chapter 1). The main difference between the displacement through the two
pathways is the fact that symplastic transport can be regulated by the living
cells themselves. Thus, it is of great importance if the route of a transported
compound is restricted to the symplast (like in the layer of endodermis within
the root).

Figure 6. Possible pathways of transport within the plant body

Two main types of substances are transported within the plant body.
Nutrients (i.e. water and minerals) flow from the root system toward other
organs (foliage, green stem, ripening fruit etc.). Organic compounds are
always transported from the place of their production (‗source tissues‘)
toward

the

tissues

that

utilise

them

(‗sink

tissues‘).

Photosynthetic

assimilates are transported as sucrose from the mature leaves to the growing
parts and the storage organs. The same is the direction of displacement of
amino acids. Plant hormones move from their sources toward their target
tissues.
The main pathway of the polarized transport within the plant body is via
the conductive tissue elements comprising the vascular bundles. However,
short-distance

transport

between

nearby

cells

also

occurs,

this

is

accomplished by specialised parenchymatic cells (e.g. in rays or via transfer
cells – see later in details). Short-distance transport does not require
specially elaborated anatomical adaptations, it is provided either by the
appropriate arrangement of the cells (e.g. in the rays) or by the extended cell
surface resulting stronger cell-to-cell connections (in case of the transfer
cells) between the cells. To the contrary, for the purpose of efficient
transport, conductive elements are elongated, they have an increased

diameter (i.e. become tube-like), their protoplast chiefly degenerate so as
not to hinder the transport. The elongated cells are typically strengthened by
the spirally or annularly thickened secondary cell walls. Cells of the vascular
tissues do not contain any chloroplasts, and low is the proportion of
intercellular spaces between them.
Cells of the conductive tissue are often in intimate contact with those of
the ground tissue system: vascular bundles always contain parenchymatic
cells (xylem and phloem parenchyma cells) as well as supportive fibres
(xylary and extraxylary fibers).
2.5.2. Composition of the vascular tissues system
The elements of the vascular tissue system can be divided into two main
categories, which also spatially separate from each other. The xylem is
responsible for the transport of the plant nutrients (water and minerals) from
the root toward the foliage, while organic compounds (sugars, amino acids
and some hormones) move from their source organs toward the utilising
ones within the phloem.
Based on their ontogenetic stages we distinguish two categories among
both the xylem and the phloem elements. Primary meristems (the
procambium in the stem and the plerome of the root) produce the earliest
developed vascular structures, the primary xylem and the primary phloem
elements.
In organs thickening by secondary growth, differentiated tissues turn into
secondary meristems. Among these, vascular cambium produces secondary
vascular elements, the secondary xylem and the secondary phloem.
2.5.3. Xylem: structure and function
Xylem consists of tracheary elements (conducting water and minerals),
parenchyma cells and supportive fibers (libriform or xylary fibers) (Table 1).
The unity of tracheary and parenchymatic elements is called ‗hadrom‘.

Transport within the xylem is always unidirectional (from the root toward
the leaves) and driven by physico-chemical forces. The continuous osmotic
water uptake by the root hairs exerts a power on the xylem solution (root

pressure). The movement of this solution is also supported by the capillary
force within the tracheary elements of the xylem. The third component of
water conduction is the negative pressure of transpiration stream, which is
caused by the fact that the concentration of water molecules within the air
spaces of the transpiring organs is much higher than outside the plant body,
thus water vapour continuously leaves the tissues by diffusion10. Since the
mentioned forces do not need any living cells, the protoplasm of the
tracheary elements degrades during the process of differentiation (i.e. the
cells die by apoptosis) on account of the efficient conduction. Consequently,
xylary elements (except parenchyma cells) are nonliving cells.
The xylem of all vascular plants contains tracheids (Figure 7). These
elongated cells with lignified secondary walls form long rows above each
other with their tapering ends overlapping. The cell wall of these overlapping
regions have porous secondary wall with several pits (or bordered pits in case
of gymnosperms), while the elongated side walls are strengthened by spiral
or angular secondary thickening. Conduction occurs through the pit pairs of
the oblique walls, thus along a helical pathway that inclines parallel with the
longitudinal axis of the tissue.
In angiosperms, in addition to the tracheids also tracheas develop. These
rather long structures (reaching a length of even several metre) consist of
quite short cells of large diameter (vessel elements) interconnected due to
the disappearance of their common cell walls. Owing to their admirable
diameter, water conduction within the tracheas is much faster and more
efficient as in the tracheids. Nevertheless, tracheas are more vulnerable to
blocking by air bubbles (embolism). Embolism can be caused by the
increased transpiration in arid environments or during the melting of the soil
following the frost. Air bubbles easily gather and fuse, thus impede a larger
10

If the air around the plant is saturated by water vapour, transpiration ceases. That is why the intensity of
transpiration can be reduced by epidermal hairs, trapping water molecules and thus the diffusion rate
decrease.

area of the xylem than in case of the tracheids. To the contrary, air bubble in
a tracheid is trapped at the tip corner of the cell which does not interfere
with water conduction. This is the reason why more evergreen species exist
among gymnosperm than angiosperm trees. In evergreens, water is
conducted even also in winter (i.e. the frosty periods of the year), while
deciduous angiosperms protect themselves against the embolism by losing
their foliage and falling into dormancy. (Despite the dormancy in winter, the
tracheas of the angiosperm xylem function for a far shorter time then the
tracheids of the gymnosperms.)
Beside the tracheary elements, the xylem always contains parenchymatic
cells. Their function is nutrient storage and short-distance transport. Two
different systems of parenchyma cells can be observed in the xylem: one
arranged in parallel with the rows of tracheids and tracheas (axial

parenchyma) and the other being perpendicular to the vascular elements,
comprising the rays (ray parenchyma). The function of ray parenchyma is
radial conduction (often between the xylem and the phloem), as well as
providing flexibility for the xylem.
The supportive components of the angiosperm xylem are the long,
narrow, thick walled xylary fibers. These cells of the supportive ground tissue
increase the mechanical stability of the xylem owing to their highly lignified
secondary cell wall. The xylem of the gymnosperms contains no fibers but,
thick walled, fiber-tracheids that serve the function of support instead of
water conduction. (Gymnosperm wood contains several intermediate forms
between tracheids and fiber-tracheids, from the xylem sap conducting
tracheids with thickened cell walls to those with vestigial pits unable to
transport the xylem sap.)
2.5.4. Phloem: structure and function
The main function of the phloem is to transport the photoassimilates (in
the form of sucrose). Besides, amino acids and certain hormones are also
conducted here. The conductive structures of the phloem (sieve elements)
serve their function with the support of the phloem parenchyma cells (their

union is called ‗leptom‘). The stability of the phloem is provided by phloem

fibers (extraxylary fibers) (Table 1).
Table 1. Components of the conductive tissue.
extraxylary fibers
phloem parenchyma cells
phloem

leptom

sieve cells

sieve
elements

sieve tubes
companion cells

xylary fibers
xylem parenchyma cells

xylem

hadrom

tracheary

tracheids

elements

tracheas

Organic compounds are transported from the cells of their production
(‗source organs‘) toward the tissues of their utilization (‗sink organs‘).
Consequently, in some phloem elements (e.g. in the petioles) the direction of
transport may change according to the needs. Thus, transport in the phloem
is a regulated process, which requires living cells with – more-or-less –
complete protoplasm, so the phloem elements are living cells (except the
fibers). However, the composition of the cytoplasm changes in the sieve
elements: during the differentiation the tonoplast of the vacuole breaks
down, the cell sap gets mixed with the cytoplasm (‗myxoplasm‘) and some
organelles (e.g. the nucleus) also degrade.
The smallest conducting elements of the phloem are the sieve cells
(Figure 8). These elongated, tapering cells of spiral or annular cell wall
thickenings

pass

the

organic

compounds

to

each

other

via

the

plasmodesmata extending through their common cell walls. The densely
arranged plasmodesmata give a cribble-like appearance to the overlapping
cell wall areas – these are the so-called sieve areas.
Beside sieve cells, the phloem of the angiosperms also contains sieve

tubes. Similarly to the tracheas, the sieve tubes are also composed of short

cells of considerable diameter, the sieve tube elements. The transverse
common

cell

wall

between

the

neighbouring

sieve

tube

elements

differentiates into a porous sieve plate. Around the pores (actually: widened
plasmodesmata) callose is deposited covering later the whole common cell
wall surface and finally blocking the pores of the sieve plate, what ceases the
function of the sieve tube.
Metabolism and conductive function of sieve tubes and sieve cells are
supported by the neighbouring cells. During the formation of the sieve tube,
the sieve mother cell divides by unequal division producing the sieve tube
element and another, narrower cell, the companion cell, which keeps its close
connection to the tube element through several plasmodesmata. Companion
cells are metabolically active cells with dense cytoplasm, exchanging
different compounds with the sieve tube element. An evidence for their close
interrelationship is the fact that the dying of each causes the decay of the
other.11
The source organ for the sucrose transported in the phloem is chiefly the
mature, photosynthesizing leaf (or else a green stem), while the sinks might
be the storage organs (rhizome, tuber etc.), growing parts (young leaves, the
root or the shoot tip) or the developing flowers, fruits or seeds. Accordingly,
sugars move within the phloem of the petiole of young leaves from the stem
toward the expanding lamina, yet following the maturation of the leaf the
transport turns back and is directed toward the leaf base.
2.5.5. Vascular bundles
The elements of the conductive tissue never occur individually within the
plant body, but they comprise vascular bundles. Beside the tracheary and
sieve elements, bundles also contain (parenchymatic and supportive) cells of
the ground tissue system.
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Albuminous cells (Strasburger cells) have a similar interrelationship with the sieve cells in the phloem of the
gymnosperms. However, the exact functioning of these cells is still to be understood.

Vascular bundles can be assorted into different categories based on their
composition and the position of their components (Figure 9). Simple (radial)

bundles are composed either merely of xylem or phloem elements. This type
of bundle is characteristic of the primary structure of the root. To the
contrary, bundles of the shoot (i.e. those of the stem, leaves and generative
organs) are compound bundles comprising of both xylem and phloem. In
these bundles the spatial position of the two types of vascular tissue might
be various. In collateral bundles xylem and phloem run adjoining each other
on an edge surface, meanwhile in concentric bundles one of them totally
surrounds the other. In lamellar bundles the flat bunches of phloem alternate
with those of the xylem (e.g. in the prostrate stem of Lycopodium clavatum).
If the collateral bundle of an organ is capable of secondary thickening,
cambium layer can be found between the xylem and phloem. This is the

collateral open bundle (e.g. in the stem of the majority of the dicots or in
evergreen leaves). No cambium occurs between the xylem and the phloem of
the collateral closed bundle (in the stem of the monocots or in deciduous
leaves). The bundles of certain families (e.g. Apocynaceae, Cucurbitaceae)
have phloem on both sides of the xylem (bicollateral bundles)12.
Concentric bundles differ concerning the type of the central conductive
tissue. In amphicribral (hadrocentric) bundles the phloem surrounds the
xylem elements. This type is frequently present in the rhizomes of ferns (e.g.
in Pteridium aquilinum). Phloem is in central position encompassed by the
xylem in case of amphivasal (leptocentric) bundles (e.g. in the rhizome and
stolons of Convallaria majalis).
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On one side of the xylem neighbouring the phloem, cambium can also be observed in the bicollateral bundle.

Figure 9. Different types of vascular bundles. a) the system of vascular bundles
(green: phloem, blue: xylem, red: cambium); b) collateral open bundle; c) collateral
closed bundle; d) simple (radial) bundles; e) lamellar bundle; f) amphivasal
(leptocentric) bundle; g) amphicribral (hadrocentric) bundle; h) bicollateral bundle.

2.6. Ground tissue system
The most universal differentiated tissue system of the plant body is the
ground tissue system that comprises the ground substance of the organism.
Cells of the ground tissues may serve various functions, thus they have no
general histological characteristics. Their features vary according to the role
they play in the plant body. However, this is the only tissue type that has
extended intercellular spaces within. This differentiated tissue is most often
predisposed to regain its dividing activity, i.e. to turn into a secondary
meristem.
2.6.1. Types of the ground tissues
The most ordinary type of ground tissues is the parenchyma (Figure 10).
Parenchyma cells are isodiametric, highly vacuolated and have thin secondary
cell walls. They chiefly lack plastids (occasionally contain proplastids), the
area of intercellular spaces is usually restricted. It is present as the pith

tissue in the stem and the root or in the mesophyll of non-photosynthesizing
leaves13.
Thin-walled cells rich in chloroplasts comprise the chlorenchyma
(assimilating ground tissue). It can be found in green organs, e.g. in the
mesophyll of leaves, cortex of young stems or in the pericarp of unripe fruits.
Its cells are of varied shapes: palisade chlorenchyma consists of densely
packed, columnar cells. Among the cells of the spongy chlorenchyma
extended schizogenous intercellular spaces open.

Storage parenchyma consists of cells with numerous leucoplasts
accumulating different compounds. It is found in different storage organs (in
the cortex of the storage tap root, rhizomes or tubers). One of its sub-types
is water storage parenchyma characteristic of succulent plants. Its cells have
a large vacuole filled with hygroscopic polysaccharide (mucilage) that
absorbs high amount of water. Aerenchyma has large, air-filled intercellular
cavities, which allow ventillation of the organs submersed in water or
growing in a soil with high water content.
The function of supportive ground tissues is to provide rigidity and
stiffness for the plant organs, as well as the protection of the more delicate
inner structures. All of their cells possess quite thick secondary wall, yet the
composition of the cell wall may be different. In case of collenchyma, layers
of cellulose, hemicellulose and pectin are deposited onto the primary wall.
This type of supportive tissue usually forms hypodermal layers (i.e. it is right
under the epidermis). It supports the cortex of young stems, the leaves in the
vicinity of the leaf veins, the pedicel of flowers and fruits, but it also occurs
in the pericarp.
The other type of supportive ground tissue is sclerenchyma. Its elements
have intensely lignified cell wall, which isolates the cells so much from their
environment that makes them die. There are two forms of sclerenchyma in
plants: sclereids and fibers. Sclereids are thick-walled cells of various shapes
usually scattered within other tissues. Star shaped asterosclereids stiffen the
13

Some authors distinguish three main types of ground tissues: parenchyma, supportive ground tissues and
endogenous secretory tissues. In this concept chlorenchyma, storage parenchyma and aerenchyma are all
modifications of the parenchyma.

aerenchyma of water-plants. Small groups of isodiametric brachisclereids
(stone cells) can be found dispersed in the flesh of the Pyrus fruits, yet the
same cell type comprise the hard endocarp (‗stone‘) of drupes, and they are
also present in the cortex of certain stems (e.g. that of the Hoya species).
The seed coat of some species contain columnar macrosclereids or bone
shaped osteosclereids (e.g. in Phaseolus species).
Narrow, considerably thick-walled elongated supportive elements (often
reaching a length of several centimetres) are the fibers. Two main types are
the xylary fibers associated with the xylem, and extraxylary (phloem) fibers
attached to the phloem. Formers have more intensely lignified, thicker walls
and derive from common meristematic mother cells of other xylem elements.
They might be either long, elongated, libriform fibers or fiber tracheids of
quite thick cell walls. These elements represent a transitional stage between
tracheids and libriform fibers. Fiber tracheids are the sole supportive cells of
the xylem of gymnosperms. Extraxylary fibers have characteristically thinner
cell walls than the xylary ones, but their length usually exceeds considerably
the length of the latter (e.g. phloem fibers of Boehmeria nivea may reach 55
cm). Almost all fibers are attached to vascular bundles, either as an
integrated element or surrounding the bundles forming an open or closed
bundle sheath. Bunches of extraxylary fibers often run adjacent to the
phloem forming a ―bundle cap‖ or ―phloem cap‖.
It is worth mentioning that the term ‗fiber‘ used by the industry is not
necessarily the same as used by plant anatomy. Mostly, ‗industrial fibers‘ are
complete vascular bundles together with their surrounding bundle sheath
tissues. Phloem fibers of the hemp (Cannabis sativa) are used for producing
rope, string, thread or coarse canvas subsequent to removing the xylem by
soaking and scutching. Flax fibers (Linum usitatissimum) consist almost
completely from cellulose, used for producing fine linen. Likewise, the seed
coat hairs of cotton (Gossypium) are almost entirely clear cellulose. These
epidermal hairs are industrial fibers, too.
2.6.2. Secretory ground tissue and inner secretory structures of plants

In addition to the modified epidermal layers and outer secretory
structures, cells capable of secretion occur also within the plant organs.
These cells of ground tissue origin are either scattered in other tissues
(secretory idioblasts) or form sac- or vesicle-like cavities or tubular secretory
canals. Unlike idioblasts, in secretory cavities (sacs) and secretory canals
(tubes), the metabolic product accumulates in the intercellular space.
Complex inner secretory structures are the resin ducts, generally present
throughout the wood and ground tissues of most gymnosperms, as well as in
some angiosperm families (e.g. Anacardiaceae). The pericarp of hesperidia of
the family Rutaceae contains oil cavities (Figure 11). The products of these
secretory structures protect the plant against insect chewing due to its bitter
or hot taste.
Tubular internal secretory structures are the laticifers (milk ducts)
comprising an inner labyrinth-like system permeating various organs of the
plant. Concerning their origin, they are either simple laticifers consisting of a
sole elongated cell or compound laticifers deriving as union of several cells.
The mixture of secreted materials accumulated in the laticifer is called

latex14, which is either an aqueous solution or a colloidal emulsion of
different compounds (among others lipids). It might be a clear, watery fluid
(Morus, Humulus, Nerium), white and milky (Asclepias, Euphorbia, Ficus,

Lactuca) or colourful (Cannabis, Papaveraceae). Most common components of
latex are saccharides (sugars, starch grains), organic acids, salts, sterols,
fats, terpenoids (e.g. rubber), alkaloids and proteins (even enzymes – e.g.
digestive enzymes in the latex of Carica papaya). The latex of several species
is a basic material for industry (e.g. the rubber that is the latex of Hevea

brasiliensis) or the source of active agents for pharmacy (e.g. opiates are
derived basically from the latex of Papaver somniferum called opium, while
the latex from the species of the family Apocynaceae is the major source of
vinca-alkaloids). Besides, due to the high concentration of alkaloids in their
latex, several of our ornamental plants are toxic for humans (e.g. Nerium

oleander, Vinca minor).
14

Latex might be produced also in single secretory cells scattered in any part of the plant (e.g. in Solidago
species).

2.7. Emergences: organ appendages formed by different tissues

Emergences (appendages) represent an intermediary level of organization
between that of tissues and organs. In addition to the epidermis, they are
composed of other sub-epidermal tissues (ground tissue, rarely vascular
elements), thus they cannot be assigned unambiguously to any tissue
system, yet they are no independent organs either.
Emergences are for instance the prickles of Rubus and Rosa species or
the cushion-like protuberances on the shoot surface of the genus Urtica,
composing of ground and epidermal tissues and bearing the stinging hairs.
Similarly, insect trapping, glutinous tentacles of the sundew (Drosera) belong
to this category, too. The head of this stalked structure is covered by
secretory epidermis producing sticky mucilage and digestive enzymes, and in
the parenchyma of its interior conductive elements (tracheids, sieve cells) are
embedded. Conductive structures of the tentacles are responsible for the
transport of the precursor for the secreted products, as well as the
displacement of absorbed end products of the digestion.
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Chapter 3.: Plant organs (Organography)
3.1. ROOT
3.1.1. Evolutionary origin, ontogeny and architecture of the root
The main functions of the root are absorption of nutrients (water and
minerals), anchorage of the plant and in case of perennial species, the
storage of organic compounds during the dormancy so that to provide
nutrients for sprouting at the beginning of the next vegetation period when
chlorophyll-less plant is not capable of photosynthesis.
In the evolutionary sense, root is the youngest organ of the plant;
however, it is the first to develop during the ontogeny. Its evolution was
forced by the fact that in terrestrial environments nutrients can only be
uptaken from the soil (not through the whole plant surface as in water), thus
a specialised absorptive organ capable of acquiring the limited amount of
minerals and water was necessary for the survival. The first plants with real
tissues, the pteridiophytes had only adventitious roots deriving from the
shoot, because their embryo had one meristematic pole, the plumule
(unipolar embryo) that developed into the shoot. Bipolar embryo with radicle
first appeared amongst the earliest gymnosperms, so they were the first
plants bearing a real taproot.

Taproot is the root developing directly from the radicle of the bipolar
embryo. It should be distinguished from the adventitious roots deriving from
any part of the shoot (i.e. above the cotyledons). In case of taproot system,
the radicle of the embryo develops into a dominant primary root (taproot)
and it gives rise to secondary root branches (lateral roots). In contrast, the
radicle of some species cease to grow early during the ontogeny (or even it
may die) and its function is taken up by adventitious roots (fibrous roots)
originating from the stem at height of the cotyledons (mesocotyl) or close to
this region (fibrous root system). Adventitious roots also derive from the
upper regions of the stem, often on the mature plant. Such roots are to be
observed on rhizomes, stolons or cuttings. In both types of root systems, the

thinnest root branches serving the function of nutrient absorption are called

hairy roots.
3.1.2 The functional zones and primary tissues of the fine root
On the longitudinal axis of the fine roots, different zones can be
distinguished according to their structure and function. Zone of cell division
(root tip) contains the meristems, where the majority of the cells are born by
the mitotic activity of the cells. In the centre of this zone, promeristematic
cells (initials) are located. Among the initials, a group of cells with low mitotic
activity are to be found; this is the quiescence center (central mother cells).
According to the histogen theory, derivatives of initials differentiate into
primary meristems. In eudicots (Rosopsida) the outermost layer of the
meristematic zone is the dermato-calyptrogen that produces the rhizodermis
and the root cap15. Above the central initials, toward the root collar, in the
axial region of the root is the plerome that forms the cells of the stele. In a
cylindrical manner, plerome is surrounded by the periblem, which produces
the tissues of the primary cortex.
The tip of the root is covered by a mass of parenchymatic cells, the root

cap (calyptra). In its innermost, central region mitotic cells are present
(columella). The main function of the root cap is to protect the root tip from
mechanical damages (that would cease root growth). Cells of the calyptra
secrete different compounds into the environment, and the cells adjacent to
the soil particles become slimy and finally tear off, what aids the growing of
the root within the soil. By special amyloplasts within its cells, root cap is
responsible for sensing the direction of gravitational force and thus the
gravitropic movements of the root.
The next region of the fine root above the zone of cell divisions is the

zone of elongation. In this area, the cells of the root elongate by an intense
15

The structure of the root tip meristems may be different in other taxonomic groups. For

instance, in the family Poaceae root cap and rhizodermis is produced by two separate
meristems, the calyptrogen and the dermatogen, respectively.

water uptake. (Consequently, this is the zone of the most pronounced
longitudinal growth.) Together with cell growth, differentiation also starts
here: at the end of the zone primary tissues are found.
In the next zone, differentiated tissues begin to function. This region is
called zone of absorption (in angiosperms: zone of root hairs). This is the
area of nutrient uptake: minerals and water here enter into the root cortex
and then into the bundles of the stele. Tracheary elements finally transport
them into all other parts of the body. Root hairs continuously decay at the
upper region of this zone of some millimetres, i.e. the rhizodermis tears off.
This is the beginning of the zone of transportation. Here, secondary tissues
and lateral roots are produced and thus this area is also called the zone of

secondary growth or the zone of root branching.
Primary tissue structure of the root is most clearly observed on cross
sections made of the zone of adsorption. The inner substance of the organ
surrounded by the rhizodermis can be divided into two main regions
(similarly to the stem): the central part containing the vascular bundles is the

stele that is surrounded by the primary cortex. Through the root hairs, ions
are taken up by active transport, while water is by osmosis. From the
rhizodermis, uptaken materials get into the outermost cell layer of the
cortex. Should these cells differ anatomically form the other cortical cells, we
talk about exodermis. Such layer is present chiefly in roots living in moist or
drowned soil. In the secondary wall of exodermal cells suberin is deposited,
and thus these cells comprise a waterproof barrier for apoplastic transport.
Most frequently the cortex is composed of storage parenchyma. The
innermost layer of the cortex, adjacent to the stele is the endodermis.
Similarly to the exodermis, cell walls of this row of cells are suberinised, so it
serves as an inner barrier impermeable for water on the borderline of the
stele and the cortex.
The outmost layer of the stele is composed of cells retaining their
meristematic activity – this is the pericycle, the region of lateral root
initiation. Besides, these dividing cells take part in the formation of the
vascular cambium and the phellogen, both producing secondary tissues of
the thickening root.

The ground substance of the stele is parenchyma, in which simple
bundles are embedded. Considering the number of xylem bundles, diarch,
triarch, tetrarch, pentarch etc. roots are distinguished. In general, the root of
monocots (Liliopsida) is polyarch, i.e. it contains more than 8-10 xylem
bundles, and these bundles do not attach to each other in the root axis (so
the root centre is filled with pith parenchyma). To the contrary, in the root of
eudicots (Rosopsida) less xylem bundles occur (oligarch root), and these
bundles are usually connected to each other comprising a star-like structure
in the centre of the cross sections.
A characteristic feature of the xylem bundles of the root is that the
primarily initiated elements (protoxylem) face outside, while the youngest
tracheary elements (metaxylem) are on the inner side of the bundles (exarch

xylem). Phloem bundles are positioned between the xylem ones, slightly
outwards from them. In these bundles protoelements also face toward the
rhizodermis and the metaphloem lies on the inner side (exarch phloem).
Supportive tissue elements (principally sclerenchyma fibers) are attached to
the xylem bundles, so the supportion of the organ is concentrated at the
longitudinal axis. This cable-like structure is the most advantageous one for
resisting against pulling forces in the anchoring root, without depositing too
much excess material.
3.1.4. Secondary thickening of the root
The root of almost all eudicots (Rosopsida) thickens secondarily. (This is
the reason why the root collar is the thickest region of the root.) However,
roots of monocots (Liliopsida) do not go through such process. In these
roots, the protective function of the decaying rhizodermis is taken up by the
exodermis, while the innermost cell layer(s) of the cortex develop into a close
inner barrier.
At the upper region of the zone of adsorption, the root hairs disappear
and the parenchyma cells between the xylem and phloem bundles of the
stele dedifferentiate and regain their mitotioc activity. The stripes of
meristematic cells formed between the ribs of primary xylem bundles and

inside of the phloem strands attach to each other and later they are
completed into a continuous cambium layer with the bands of pericycle
adjacent to the xylem bundles. Due to its origin, the cross section of the
vascular cambium16 is characteristically sinuous in the root (Figure 2).
Cambial cells of the root divide periclinally (similarly to those of the stem)
and the daughter cells cut off to the exterior differentiate into secondary
phloem, while those produced inwards turn into secondary xylem elements.
As a result of the deposition of secondary tissue layers, the vascular
cambium gradually attains a circular shape in cross section.
The innermost region of the thickened root contains the primary xylem
bundles (forming a star-like structure in oligarch roots). Outward from these
are the layers of the secondary xylem (the youngest layers being in the
outermost region, adjacent to the cambium). The structure of the secondary
xylem of the root is quite similar to that of the stem: it may have annual
(growth) rings within and radially oriented rays connecting the xylem
elements to the phloem. The youngest members of the secondary phloem are
in the vicinity of the vascular cambium, while the oldest ones are shifted
below the decaying cortex. Primary phloem bundles cannot be observed in
the thickened root, because these thin-walled elements are compressed and
thus disappear.

16

The vascular cambium of the root is a complex meristem,,concerning its origin. Since the

cells of the pericycle retain their meristematic activity, these regions of the cambium
(neighbouring the xylem bundles) are regarded as primary meristem. However, the cambial
region lying between the xylem and phloem bundles are composed of dedifferentiated
parenchymatic cells, i.e. these are considered as secondary meristem.
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Figure 2. Secondary thickening of the root.

To the outside from the secondary conductive tissues, the remains of the
primary cortex are observable for some time. However, this tissue layer is
incapable to extend while diameter is increasing, thus it tears off quite early.
Later, in the same position a secondary protective tissue, the periderm
develops. The meristem producing the periderm (phellogen) is composed of
the pericycle cells not taking part in cambium formation and the inner
cortical parenchyma cells that are adjacent to the xylem bundles (since these
regions of the pericycle took part in production of the vascular cambium).
The strands of these dual origin attach to each other and form a continuous
meristematic cylinder, the cork cambium (phellogen)17. Phellogen may be
either monopleuric or bipleuric. Periclinal cell divisions of the monopleuric
phellogen produce the phellem to the outside. In addition to phellem,
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Consequently, the cork cambium of the root is also a ‘complex‘ meristem (similarly to the

vascular cambium) consisting of meristematic strands of primary and secondary origin.

bipleuric phellogen forms also a thick phelloderm to the interior. Phellem
usually consists of parenchymatic cells and functions as a secondary storage
cortex.
3.1.5. Ecological adaptation of the root
In addition to its basic functions, root may serve other adaptive purposes,
as well. Taking up a new function naturally requires specialised anatomical
structure. Storage roots (taproot, tuberous root) have a well-developed
secondary cortex of storage parenchyma in the zone of secondary growth.
The cortical cells accumulate nutrients in the form of starch stored in
leucoplasts. Storage compounds are utilised at the beginning of the next
vegetation period for the development of the germinating stem (e.g. Daucus

carota subsp. sativus, Dahlia × variabilis). A special type of storage root is
the succulent root (e.g. Chlorophytum comosum) that bears water storage
parenchyma in the secondary cortex.

Aerial roots being exposed to light have the possibility to produce
organic matter via photosynthesis (green photosynthetic roots). In case of
these organs, the outer cell layers of the root cortex turn into a
chlorenchyma. Some aerial roots are also capable of adsorbing water from
the vapour of the air (e.g. epiphytic orchids or Monstera deliciosa). Their root
is covered by a special multi-layered rhizodermis called velamen radicum.
(For details see Chapter 2.) Supportive roots (e.g. knee roots, brace roots) are
to resist bending forces, thus their anatomical characteristics are the thick
clusters of fibers in the cortex, close to the epidermis. These roots have a
large stele with extended pith parenchyma and a quite thin cortex with the
vascular bundles and sclerenchymatic fibers. The adaptive histological
feature of pneumatophores is the vast aerenchyma, chiefly in the cortex, yet
sometimes also in the pith.
Roots, serving ecological interactions between a plant and another
organism, have anatomical features adapted for nutrient transport. Structure
of haustorial roots does not differ considerably from that of the ordinary root
with the function of nutrient uptake, yet the hairy roots do not take up the

compounds through root hairs, but they penetrate the conductive tissues of
the host as suction threads (haustoria). Holoparasites root in the phloem,
while the roots of hemiparasites absorb water and ions from the xylem of the
host.
In symbiotic roots, the mutualistic partner may live either in the
intercellular cavities or even within the plant cells. Several plant species live
in mutualistic interaction with microbes capable of nitrogen fixation. Only
prokaryotes can convert the nitrogen gas (N2) into other nitrogen forms
(organic nitrogen, ammonia) that is utilisable for the plant. Cyanobacteria live
within the coralloid roots of species of the phylum Cycadophyta, where they
comprise a continuous bluish layer in the cortex. A similar layer is formed by

Frankia species, belonging to the phylum Eubacteria, in the cortical region of
the actinorhizae of different alders (Alnus). The best-known type of
mutualism between nitrogen fixing organisms and plants are the root

nodules of the legume family (Fabaceae), inhabited by Rhizobium bacteria.
The bacteria get into the cortex of the fine root via an infection thread
formed within the root hair. In the cortex, bacterial cells produce hormonelike compounds that induce cell proliferation resulting the development of
the nodule. In the nodule, bacteria do not live intercellularly but within the
plant cells, like a certain type of organelle (symbiosome)18.
The absorptive organ of symbiotic origin between plant roots and fungal
hyphae is called mycorrhiza. More than 90% of plant species live in such a
mutualistic interaction with fungi. Two main types of mycorrhiza are
distinguished based on their anatomy. In case of ectomycorrhizae, fungal
hyphae form a continuous cover (fungal mantle) on the surface of fine roots,
where the root hairs are consequently missing. From the mantle, hyphae
grow among the epidermal and cortical plant cells surrounding them and
serve as the surface of nutrient exchange between the symbiotic partners

18

The process of nitrogen fixation cease in the presence of oxygen (due to the enzyme

destruction caused by this gas), thus within the nodules oxygen is bound by a special
molecule called leg-haemoglobine. This compound is quite similar to the haemochrome of
the vertebrates, haemoglobin. Both metalloproteids contain ferric ion and both of them is
red. Owing to the presence of leg-haemoglobin, the functioning nodules are pink in colour.

(interface). This inner system of hyphae is the Hartig net. Outwards from the
fungal mantle emanating hyphae run among the soil particles and so
increase the absorptive surface of the root (which is much larger than the
total surface of the missing root hairs). Consequently, the fungal partner
supports water and mineral uptake of the plant, while the fungus gets
organic compounds from the plant in exchange. (Knowing the role of
ectomycorrhizae, obvious is the fact that the presence of the fungal partner
is crucial for the survival of gymnosperms lacking root hairs.)
The other anatomical type of mycorrhizae is endomycorrhiza. In this case,
hyphae do not form a continuous mantle on the root surface. Instead, they
penetrate into the (cortical) plant cells where they form characteristic fungal
structures. (It is worth to mention, that hyhae break through only the cell
wall, the cell membrane is only invaginated. Thus, the plant cell remains
alive.) The most widespread type of endomycorrhizae is the vesicular-

arbuscular mycorrhiza. In this mutualism, hyphae develop highly branching,
tree-like haustoria (arbuscules) and vesicles within the plant cells. Arbuscules
serve as the interface between the mutualistic partners, while vesicles are
storage structures. Similarly to ectomycorrhizae, emanating hyphae grow into
the soil also from the endomycorrhizal roots, with the same function as
described above.

3.2. SHOOT
The shoot is the unity of the vegetative organs (stem and leaves)
developing from the embryonic shoot apex (plumule). In the history of
vascular plants, this was the first organ to evolve.
3.2.1. The ontogeny of the shoot
The organs of the shoot originate from the shoot pole of the embryo
(plumule). In case of perennial plants, if vegetation periods are separated by
intervals of dormancy caused by the periodically unfavourable climatic
conditions, growing of the shoot apex cease from time to time. The
meristems survive the harsh period in a dormant form. This incipient,
embryonic shoot of short internodes, being in the stage of dormancy is

called bud. Buds may be at different positions on the plant – according to the
ecological environment and the survival strategy of the plant. Based on bud
position, Chriten C. Raunkiaer distinguished different life forms (in details
see in Chapter 6!).
The bud is composed of the following structural elements: the meristems
of the dormant shoot, the primordial shoot axis (bud axis), primordial leaves
covering the axis and (usu.) specialised leaf scales surrounding the previous
structures (bud scales). Besides, reproductive (flower buds) and mixed buds
contain incipient flowers, as well.
At the beginning of the vegetation period, the meristems of the shoot
apex activate and so the shoot begins to grow. Similarly to the fine roots, the
shoot also can be divided into zones of different stages of development
along the longitudinal axis (Figure 3). On the uppermost portion is the
embryonic zone of the shoot that is the entirety of the initials and the
primary meristems of the shoot tip.
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Figure 3. Zonation of the shoot.

Below the meristematic region of the shoot apex, the cells produced by
the dividing tissues become elongated and begin to differentiate ( zone of

differentiation). In the next zone, the primary tissues of the stem are present
(zone of primary tissues). In most types of the stem (both in herbs and
woody plants), primary growth is followed by the process of secondary

growth that has two different types. Secondary lateral meristems (vascular
cambium, phellogen) are responsible for the increase of the diameter
(secondary thickening). Besides, in the nodes of some non-woody stems (e.g.
in grasses or sedges) meristematic cells capable of further division remain.
Their function results subsequent elongation of the shoot axis (intercalary

growth).
3.2.2. Anatomy of the shoot axis
3.2.2.1. Primary tissues of the shoot axis
The principal role of the stem is to hold the other organs of the plant as
an axis of the body, but it also takes part in nutrient translocation between
them and – in most cases – it is also capable of photosynthesis, when young.
On the outer surface it is covered by an – usu. single-layered – epidermis
bearing trichomes, stomata and cuticle. Similarly to the root, the stem can be
divided into two distinct tissue regions, the primary cortex and the stele. In
stems being above the soil surface has an insignificant cortex of few cell
layers.
The stele being in the centre of the stem contains the vascular bundles. In
contrast to the root, this region is not so clearly separated from the cortex,
since no conspicuous bordering cell layer (like endodermis) occur in the
majority of the stems, it is merely defined by the outermost conductive
elements of the bundles. If no vascular bundle is present in the axis of the
stem, this region is either filled with pit parenchyma or it is hollow due to a
large intercellular space opening within. Among the conductive elements,
radially arranged rows of ground tissue cells are present; these are the rays.

The stele of the stem always contains complex bundles. If these bundles
are collateral, the xylem faces to the centre of the stem, while to phloem part
toward the epidermis. In the xylem, the protoxylem elements are situated on
the inner side (endarch xylem). The phloem is exarch, i.e. the metaphloem
elements are adjacent to the xylem, while protophloem is on the outer side
of the bundle.
3.2.3.2. The secondary thickening of the stem
Below the zone of primary tissues, in the majority of dicot stems
secondary (lateral) meristems establish, that begin to thicken the stem via
producing secondary tissues. The secondary conductive tissue elements are
formed by the vascular cambium (‗cambial ring‘), while the phellogen (cork
cambium) produces the periderm that substitutes the decaying epidermis
that is unable to follow the surface expansion of the thickening stem.
If the stem has vascular bundles in the stele, the procambium, producing
their conductive elements, also forms bundles in the shoot tip. The
meristematic derivatives of the procambium are also present within the
vascular bundles, i.e. these are open collateral bundles. Prior to the
secondary thickening, the cambial strands of the bundles (fascicular

cambium) are connected to each other by dedifferentiated strands of the ray
parenchyma (secondary meristematic cells, interfascicular cambium) to
establish a continuous meristematic cylinder, the vascular cambium19.
The meristematic cells of the fascicular cambium always produce
secondary vascular tissues (but for some rather thin parenchymatic rays), yet
the products of the interfascicular cambial regions are various. Based on the
activity of the interfascicular cambium, different types of secondary
thickenings are distinguished that are overviewed on Figure 4. The
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Similarly to the vascular cambium and the phellogen of the root, vascular cambium of the

stems bearing vascular bundles is also of complex origin. The strands of fascicular cambium
is considered as primary meristems, while the interconnecting cells of interfascicular
cambium should be regarded as secondary meristems.

apparently continuous secondary conductive tissue is divided by the radial
rays, and in the secondary xylem annul growth rings are present (in the
thickened stem of woody plants living among appropriate climatic conditions
– see below).
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Figure 4. Different types of secondary thickening of the stem.

The woody stem of most gymnosperms and woody angiosperms develops
by Tilia-type thickening. In the meristematic zone (shoot tip) of these stems,
a continuous ring of procambium is present, thus the primary xylem and
primary phloem elements establish as continuous cylinders (i.e. no vascular
bundles are observed). In the zone of secondary thickening, the procambium
situated between the two types of primary conductive tissues starts to
function as a vascular cambium20, and its divisions forms the cells of the
secondary xylem and the secondary phloem. This ontogeny results a
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So actually, a primary meristem serves the function of secondary thickening.

characteristically concentric arrangement of different tissues: below the
primary cortex, the ring of the primary phloem can be observed in cross
section, to the inner side of which the layers of the secondary phloem attach;
the next tissue layer (‗ring‘) is the vascular cambium followed by the ring of
the secondary xylem inside. The innermost tissue band is that of the primary
xylem that surrounds the pith parenchyma.
3.2.2.3. The structure of the woody stem
The majority of the thickened woody stem is composed of secondary
conductive tissue elements (Figure 5). This type of stem is covered by a
specialized secondary protective tissue of characteristic anatomy and origin,
the bark (rhitidome). The secondary phloem adjoining the bark has the oldest
elements in its outermost region, while the youngest cells are adjacent to the
vascular cambium. To the interior from the cambial ring the youngest,
actually conducting xylem elements are found. Approaching the centre of the
stem, subsequently older xylem layers are observed. (Here we stress that one
single ring (actually a cylinder) of vascular cambium is present in the wood!)
Xylem and phloem layers are connected to each other via radially arranged
rows of parenchymatic cells, the rays. These living cells serve the function of
accumulation besides their role in radial transport.

Figure 5. The arrangement of conductive elements within the woody stem.

(Based on Dános)

3.2.2.3.1. The anatomy of the secondary xylem (‗wood‘)
Year after year, the secondary xylem of the woody stem grows outwards
(centrifugally); the vascular cambium produces the new xylem layers onto the
outer surface of the older ones. Consequently, the youngest xylem elements
that actually takes part in water and mineral conduction are situated in the
outer region of the secondary xylem; the unity of these functioning xylem
elements is the sapwood. The older xylem constituents lying to the interior
of the secondary xylem do not take part in the transport, these tracheas and
tracheids are blocked by the ingrowth of the neighbouring parenchyma cells
(tyloses). In the secondary wall of these xylem cells special secondary
metabolites (e.g. phenolic compounds) are deposited so that to prevent the
invasion of wood-decaying microbes (chiefly fungi). This inner region of the
secondary xylem is called heartwood. In the wood of certain trees (e.g.

Fagus, Quercus, Pinus) the deposition of secondary compounds is so intense

that the borderline between the sapwood and the heartwood is clearly
observable with the naked eye on the cut surface (butt-edge) of the timber21.
Secondary xylem is principally composed of different vascular (tracheary)
elements, parenchyma cells and libriform fibers. The wood of gymnosperms
contain only tracheids, parenchymatic cells and fiber-tracheids (libriform
fibers and tracheas are absent), thus the microscopic view of these woods is
rather homogenous (homoxyl wood)22. In contrast, the wood of angiosperms
is composed of much variable tissue elements (tracheids, tracheas, libriform
fibers, xylem parenchyma cells and sometimes even fiber-tracheids), thus its
anatomical view is much more complex (heteroxyl wood).
Parenchyma cells of the secondary xylem are arranged in two,
perpendicular systems: in radial rows comprising the rays (ray parenchyma)
and in a longitudinal arrangement attached to the tracheary elements ( axial

parenchyma).
On the grounds of the lignin content of the secondary wall of xylem
elements softwoods and hardwoods are distinguished from each other. The
lignin content of softwoods is rather low (below 40%). These species (e.g.

Salix, Populus, Pinus, Acer negundo) are of rapid growth and thus more
brittle (e.g. more vulnerable to windfall). They are chiefly applied in paper
industry. In contrast, hardwoods of high lignin content (e.g. Fagus, Quercus,

Taxus, Prunus avium) are quite durable and their timber is utilised as
valuable raw material for furniture or building industry. These species can be
planted more safely as ornamentals in parks or along roadways23.
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Quite frequently, the similar phenolic compounds are deposited in the wood around a

wound or an infection point of pathogenic microbes, what results a conspicuous patch on
the butt-edge that looks similar to the heartwood. This coloration is called false heartwood
or false kernel.
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The homogenous wood of the gymnosperm families Pinaceae and Cupressaceae contain resin ducts
supported by sclerenchymatic fibers and lined with secretory epithel cells.
23

In plant anatomical literature other interpretation of the terms ‘hardwood’ and ‘softwood’ can also be read.
In these works ‘softwood’ refers to the wood of gymnosperm lacking fibers, while angiosperm trees containing
also fibers have ‘hardwood’. Consequently, this usage is independent from the physical properties of the wood.

Several plants living among certain climates do not grow continuously:
the vegetation periods are interrupted by intervals of dormancy. For instance,
in the temperate zone cambial activity correlates with the weather condition
(chiefly the temperature) of the seasons. This periodic activity results the
establishment of growth rings within the wood24. In spring, following the
melting of the soil a high amount of water should be transported through the
body of the budding plant from the root toward the growing foliage. In this
period thin walled tracheary elements (tracheas, tracheids) of large diameter
are formed and the proportion of supportive elements (fibers, fibertracheids) is low. This stripe of xylem is quite light in colour and is called

springwood (or earlywood) (Figure 8). During late summer and in autumn,
the rate of transport slows down, and thus narrower vasal elements of thicker
cell wall are produced and their proportion is low to the fibers and fibertracheids. This stripe is the summerwood (latewood). In winter the cambial
activity ceases (or slows down), so the edge surface between the late wood of
the previous year and the springwood of the next year is quite distinct: this
makes an obvious borderline between the two annual rings. Consequently,
the age of the wood can be determined by counting EITHER the dark
(summer wood) OR the light rings (spring wood) observed on the butt-edge.
The thickness of the annual ring depends on the weather or other
environmental conditions of the respective year. For example, in wet years
the growth rings are thicker than among harsh conditions (drought, serious
pest invasion)25. Actually, the pattern of the annual rings preserves the
ecological history of the tree.
Tracheas can be found in several different arrangements within the
angiosperm wood (Figure 6). In diffuse-porous woods, large tracheas are
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In contrast to the cold and temperate climatic zones, where the dormancy is caused by the low temperature
and the frosts of the winter, in the zone of steppes and on the savannah, the division of the cambial cells is
ceased by the arid season.
25

Since the trees of a certain area grow among rather similar ecological conditions, the pattern of their annual
rings is also alike. Moreover, by comparing this pattern of a cut down (or fallen) tree with that observed on a
tree of known age, we can determine the date of cutting (or fall) of the previous one. This principle is the
background of the scientific dating method called dendrochronology (tree-ring dating).

present in both the earlywood and the latewood (e.g. Acer, Aesculus, Fagus,

Magnolia, Tilia). On the meantime, in ring-porous wood the large tracheas
are found (almost) exclusively in the springwood (e.g. Fraxinus, Catalpa,

Morus, Quercus, Robinia, Ulmus).
3.2.2.2.2. The anatomy of the secondary phloem
Similarly to the secondary xylem, the youngest secondary phloem
elements are also adjacent to the vascular cambium. However, here this
means that the innermost layers are the youngest ones, while the oldest
elements face toward the bark of the tree. Thus the differentiation of the
secondary phloem is centripetal.
The structure of the secondary phloem is usually storied, like that of the
wood. Layers of thick-walled fibers alternate with rows of sieve elements of
thinner cell walls. Nevertheless, the periodicity of the ontogeny of these
layers does not necessarily follow an annual cycle. Naturally, rays beginning
in the xylem are also present in the secondary phloem, yet they broaden
towards the perimeter of the stem, forming funnel-shaped structures in
cross section (pith rays).
3.2.2.2.3. The rhytidome
The epidermis of young stems – similarly to that of the roots – is unable
to expand during the process of secondary thickening. The role of the
decaying epidermis is taken over by the periderm. The phellogen producing
this protective tissue elaborates via the dedifferentiation of either the
epidermis or the parenchymatic cells of the outer cortex26. Even the
thickened stem regions of the present year are covered by a periderm, the
morphology and structure of which is characteristic of the species.
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Interestingly, in grapevine (Vitis vinifera) deeper cell layers of the cortex, neighbouring the

phloem develop into phellogen.

During the further thickening of the stem, even the periderm ruptures or
cracks,

sometimes

wears

off.

Then

inner

cortical

parenchyma

cells

dedifferentiate to form the cork cambium that produces new layers of the
periderm. In some species (e.g. apricot (Armeniaca) or apple (Malus)) the
elder parts of the woody stem are covered by such a periderm. However,
after some time all the cortical cells are transformed into phellogen and the
periderm becomes adjacent to the phloem. From this time up, the outermost
parenchymatic cells of the phloem form the cork cambium, and the periderm
produced by the phellogen of such origin contains the remnants of dead
phloem elements (sieve cells, sieve tubes or phloem fibers). This rather thick,
modified protective tissue containing phloem elements is the rhytidome
(bark). Owing to the subsequent expansion of the stem, the rhytidome also
splits up or furrows to form a pattern being characteristic of the tree species.
On the meantime, further layers of the secondary phloem turn into
phellogen. (This is one reason why the number of the strata of a layered
secondary phloem does not correlate with the age of the tree.)
Depending on the taxonomical position of the tree, the bark may contain
crystals or other secondary metabolites or colouring compounds. The
deposition of such materials results the typical appearance and texture of the
rhytidome. For instance, the secondary walls of the cells in the bark of

Quercus suber (cork oak) contain a high amount of suberin. The scaled bark
of this species is the ‗cork‘.
3.2.3. Leaf
3.2.3.1. The evolutionary origin of the leaf: microphyll and megaphyll
Leaf has evolved in several lineages of plants, as a result of parallel
evolution. For the first time, it appeared among the ferns. However, the
anatomy of the photosynthesising leaves of different taxa might be quite
different. Two basic types are distinguished: the microphyll and the
megaphyll (Fig. 7). Microphylls are characteristic of the species of the phylum
Lycopodiophyta and those of the class Equisetopsida (horsetails) within the

phylum Monilophyta. Microphylls are mere superficial projections of the stem
(enations or emergences) with vascular bundles, which originate as simple
side-branches of the bundles of the stem. The vasculation of the megaphyll
appearing first among the ferns (in the phylum Monilophyta), connects rather
differently to the vascular system of the stem. From the vascular cylinder of
the shoot axis one or more bundles depart toward the leaf (leaf traces) and
thus a gap remains within the vascular tissues of the stele (leaf gap). As a
consequence of the elaboration of several leaf traces, the conductive tissue
system forming a complete cylinder in the ancient vascular plants appeared
to be split into a set of vascular bundles. This type of stele is called eustele.
Thus, during the course of evolution, the appearance of the megaphyll led to
the development of the stele composing of vascular bundles. Naturally,
elaboration of leaf traces (and leaf gaps) does not cease the longitudinal
transport of the stem. Conductive tissue elements running beside the leaf
traces join to each other above the leaf gap, i.e. the vascular system of the
stele is not composed of linear tubes but actually it is a system of
anastomosing vascular bundles. Beside the ferns, gymnosperms and
angiosperms have megaphylls, as well.

Figure 7. Microphyll and megaphyll. a) connection between the microphyll and
the stem;
b) connection between the megaphyll and the stem; c) vascular system of the stem
in plants with megaphylls; d) the evolutionary origin of the megaphyll (according to
the telome theory).

4.2.3.2. The ontogeny of the leaf
As it was mentioned previously, in the shoot the primordia of lateral
organs (including those of the leaves) appear already in the zone of primary

meristems of the shoot tip. Though leaf primordia are radial in symmetry at
the beginning, later they become flattened and their growth becomes
determined.
The general process of leaf growth and leaf differentiation may
considerably differ among the taxonomic groups. For instance, the growth of
the fern leaves is indeterminate for a remarkably long time: while the
bottommost region of the leaf has a well-developed lamina, at the tip,
undifferentiated

meristematic

cells

continuously

produce

new

tissue

elements. Should this tip region get damaged, no complete leaf could
develop, thus the meristematic cells should be protected. For this purpose,
the differentiated part of the leaf curls up around the tip, and forms a
structure resembling the bishop‘s crook, called fiddlehead.
Similarly, indeterminate is the growth of the grass leaves (Poaceae).
However, in these leaves dividing cells are not on the tip but at the bottom of
the leaf. This meristematic zone situated right between the lamina and the
top of the leaf sheath continuously produces new tissues. This way of
differentiation explains why the grazed or mown leaves of the grasses are
still capable of growing27.
Several leaves of woody plants develop in autumn, right before leaf
abscission, and remain in an embryonic stage closed in the buds during the
dormant period in the winter. However, notable is the fact that almost all
cells are born during bud differentiation, thus no further cell division is
required following the budding. Consequently, leaf expansion during the
process is the result of mere water uptake, which is an admirably faster
process than leaf growth based on cell divisions.
3.2.4.3. Leaf anatomy

27

Interestingly, the differentiation of the tissues is also unique in the grass leaves. In case of

the majority of the megaphylls, the direction of differentiation is acropetal, i.e. from the leaf
base toward the tip, while in the leaves of Poaceae the first differentiated tissues occur at the
tip of the leaf while the youngest (and least differentiated) elements are around the leaf base
(basipetal differentiation).

The leaf is attached to the stem via the leaf base. This is the region where
leaf traces enter the petiole from the stem (in case of sessile leaves, directly
into the lamina)28. The petiole of monocots (Liliopsida) contains several leaf
traces, while that of eudicots (Rosopsida) has a single or few bundles
embedded in ground tissues. The anatomy of the petiole resembles that of
the stem, except that all bundles are oriented in the same position, with their
xylem facing upwards (i.e. towards the stem, called adaxial) and the phloem
facing downwards (i.e. to the lower side or abaxial)29. Petiole is always
stiffened by supportive tissues (sclerenchymatic fibers attached to the
bundles or layers of collenchyma beneath the epidermis). If the petiole is
green in colour, it naturally contains chlorenchyma, as well.
Vascular bundles entering the lamina (leaf veins) produce side-branches
in a system determining the type of venation. With the aim of the finest
veins, vascular bundles entwine all the lamina. Of course, not all leaf cell has
an own end-vein, rather the blind ends of the finest bundles provide
nutrients

to

a

small

group

of

the

mesophyll

(and

takes

up

the

photoassimilates from these cells). These smallest functional units of the leaf
are called areoles.
In cross section, the main tissue region of the leaf, observable between
the adaxial and the abaxial epidermis, is the mesophyll (Figure 8). In leaves
of plants living among balanced environmental conditions (mesomorphic

leaf) the majority of the stomata are situated on the abaxial side
(hypostomatous leaf). The main part of the mesophyll is composed of
chlorenchyma that has two different types of cells. In the upper region,
photosynthetic cells are elongated perpendicularly to the surface and are
28

In several monocots, leaf traces form a separate cylinder within the cortex (i.e. outside the

stele!).
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This orientation is obvious seeing that of the bundles of the stem. If we bend the leaf onto

the stem, the adaxial side of the leaf faces towards the centre of the stem, thus the bundles
of the leaf run parallel to those of the stem. Consequently, since xylem of the stem faces
toward the centre, no change in bundle orientation occurs in the leaf.

packed densely – this is the palisade chlorenchyma. To the contrary, the
abaxial

side

of

the

mesophyll

is

composed

of

irregularly

shaped

chlorenchyma cells and the system of wide intercellular cavities serving the
gas exchange of the cells (spongy chlorenchyma). The intercellular system
has a large cavity below the stomatal pore called substomatal chamber that
opens directly to the outer world. In the zone of transition between the
palisade and the spongy mesophyll, lobed but elongated cells are present.
These cells are attached to several palisade cells on the adaxial side and one
cell of the spongy chlorenchyma toward the abaxial side. On the cross
section, leaf veins are observed as vascular bundles. These bundles are
compound, collateral (sometimes bicollateral) bundles with their xylem part
facing the adaxial epidermis. Since the growth of most leaves is determinate,
their bundles are closed. However, in evergreen leaves – due to their
prolonged development – the cambium of open bundles increases the
amount of vascular tissue during the ontogeny. Supportive elements of the
leaves are principally the sclerenchymatic fibers and the layers of hypodermal
collenchyma adjoining the framework of leaf veins.
Like other parts of the shoot, leaves may possess several further tissue
types. Secretory elements may be present both in the epidermis (as glands)
and in the mesophyll. In the leaves of species containing latex (those of the
families

Euphorbiaceae,

Apocynaceae,

Campanulaceae,

Papaveraceae)

laticifers occur, while resin ducts are frequent in the needles and scale leaves
of gymnosperms. Within the chlorenchyma of some species (Laurus nobilis,

Hypericum perforatum) oil cavities can be found. Idioblasts filled with
different crystal forms are also frequent either in the epidermis (e.g. Ficus) or
in the mesophyll (e.g. Malus). In extremely stiff leaves (like the natant leaves
floating on water surface – in details see below!) scattered sclereids might be
present within the mesophyll.
3.2.4.4. Histological types of the leaf
Foliage leaves can be sorted into different histological categories based
on either epidermis anatomy or mesophyll structure (Figure 9.). In both

cases, the background of this classification is the relationship between the
respective tissue of the adaxial and the abaxial side of the leaf. Identification
of the leaf sides is supported by the orientation of the bundles: the xylem
determines the adaxial, while the phloem the abaxial surface.
If the epidermis of the adaxial differs from that of the abaxial surface
(chiefly due to the different density of the stomata), the leaf is bifacial. This is
the most frequent type, because this structure minimises the water loss via
transpiration and maximises light exploitation at the same time. Equifacial

leaves have identical adaxial and abaxial epidermises. Such an anatomy
develops if equal light intensity reaches the two sides of the leaf. Among
such conditions, unequal sorting of epidermal structures could not reduce
the warming up of the leaf neither the rate of transpiration. For instance,
equifacial are the leaves of the genera Viscum, Loranthus or Pinus. Similar is
the appearance, yet different is the ontogeny of unifacial leaves. These leaves
also have identical epidermis on their total surface, yet have only one side
from the developmental viewpoint, because the adaxial surface disappears
during the ontogeny. Unifacial leaves might be the results of two different
developmental processes (Figure 9). Cylindrical unifacial leaves develop, if
the – originally bifacial – leaf curls up toward the adaxial side, then it closes
into a hollow cylinder. During the process, the adaxial epidermis is closed
within the tube, and later it vanishes. The histological structure of these
leaves is rather similar to that of the stem, since the bundles are arranged in
circles. Cylindric unifacial leaf is characteristic of the onions (e.g. Allium

cepa). The unifacial leaf of irises (Iridaceae) is called ensiform. The lowermost
part of these leaves is V-shaped in cross section with a regular bifacial
epidermis structure (like an opened book). However, at some distance from
the leaf base the leaf closes (like a closing book) and the two halves of the
abaxial epidermis are pressed to each other. Later this epidermis reduces,
disappears and the mesophyll becomes continuous. In ensiform unifacial
leaves, the vascular bundles are arranged in two rows in the lower parts, yet
toward the tip they form a single row. However, since the neighbouring
bundles derive from different halves of the leaf, they are oriented differently:
the xylems of certain bundles face toward one of the leaf surfaces, yet those

of the others face to the other side. (That is why we cannot identify the
adaxial and abaxial sides on the grounds of the cross section.) Sometimes
the bundles of the leaf halves attach to each other and so they form
bicollateral bundles in the upper part of the ensiform leaf.
The chlorenchyma in the mesophyll of most leaves is similar to that
described in the previous part on leaf anatomy (i.e. palisade chlorenchyma is
at the adaxial, spongy chlorenchyma at the abaxial side). Light intensity
reaching the surface of these dorsiventral leaves is higher at the adaxial side.
This is the reason why densely packed palisade cells of better light utilisation
occur at this side. In species with leaves clinging closely onto the stem, the
light enters into the leaf from the abaxial side, so the structure of the
mesophyll changes: the palisade chlorenchyma is at the abaxial and the
spongy chlorenchyma is at the adaxial side of the mesophyll (inverse

dorsiventral leaf). The common feature of the previous two types is that
different types of chlorenchyma are found beneath the two epidermises
(heterolateral leaves). In isolateral leaves, chlorenhcmyas of similar type are
present under the adaxial and abaxial epidermis. The two sides of these
leaves are usually exposed to similar light intensity. Nevertheless, isolateral
leaves may have different types of chlorenchyma in the mesophyll. Below the
epidermises of heterogeneous isolateral leaves palisade chlorenchyma is
observed, and the interior part of the mesophyll is composed of spongy
chlorenchyma

(or

of

isodiametric

but

more-or-less

densely

packed

chlorenchyma cells). On the other hand, the mesophyll of homogeneous

isolateral leaves is unifromly composed of round chlorenchyma cells with few
intercellular spaces (e.g. Iris, Viscum).
Of course, the two classification system is not independent from each
other. Most dorsiventral leaves are bifacial from the aspect of their epidermis
anatomy (e.g. Nicotiana, Fagus, Nerium, Nymphaea), while the majority of
equifacial leaves is isolateral (e.g. Galanthus, Viscum, Sedum) just like all
unifacial leaves. Nevertheless, some bifacial leaves have homogeneous
(isolateral) mesophyll (e.g. Tradescantia, Stipa, Festuca).

a)

palisade
chl.

dorsiventral l.

spongy
chl.

inverse

heterogeneou

homogeneous

dorsiventral l.

s isolateral l.

isolateral l.

b)

equifacial leaves

bifacial leaves

c)
cylindrical
unifacial leaf

ensiform unifacial
leaf (a)
Figure 9. Leaf types concerning the anatomy of the mesophyll
and the epidermis (b,c).

3.2.5. Ecological adaptation of the shoot
The anatomical structure of the shoot may change due to the differing
ecological conditions. These ecological adaptations (being the results of
evolutionary processes) may serve two different goals: to make the utilisation
of environmental sources as effective as possible, or to avoid or decrease the
impacts of environmental stresses.
For plant metabolism (photosynthesis) the most important environmental
factor is light. The majority of plants use light as efficiently as possible. A
certain method to reach this aim is turning their leaves always perpendicular
to the direction of the light rays (euphotometric leaves). To the contrary, in
habitats with excess irradiation light may be a stress factor for the plants.
Surplus light heats up the leaves what increases the rate of transpiration and

thus the risk of desiccation. At the same time, light stress has physiological
components, as well: in photosynthesising cells high amount of oxygen
radicals (reactive oxygen species) are produced that oxidise and destroy the
organelles, or may even cause the death of the cell (oxidative stress).
Consequently, plants of such sunny areas (e.g. rocky grasslands, sand
steppes) try to avoid light stress by developing small leaves or pan-

photometric leaves that turn their edge to the direction of the solar rays (i.e.
parallel to the sunlight) so as to minimise the amount of the captured
radiation30.
If a plant has a remarkably large (and dense) canopy, leaves situated at
different parts of the canopy have to cope with unequal light conditions: on
the well-lit surface of the foliage sun leaves are present, while in the dark
depth of the canopy so-called shade leaves are found. The extension of sun
leaves exceeds that of the shade leaves, their mesophyll is thicker and the
proportion of palisade parenchyma (that is more active in photosynthesis)
admirably higher in these leaves (Figure 10). To the contrary, in the small,
thin

(often

long-petioled)

shade

leaves

the

proportion

of

spongy

chlorenchyma surpasses that of the palisade layers.
An extremely serious stress for the plant is the intense UV radiation –
occurring chiefly in the highlands. Plants protect themselves against the
harmful effects of this kind of stress by dwarfing (i.e. forming very short
internodes). Thus, among such condition vegetation is composed mainly of
cushion-like plants called chamaephytes. UV-stress is avoided by shading of
the overlapping leaves. The shoot is often densely covered by epidermal hairs
composed of dead cells filled with air. These trichomes are light in colour,
and the white surface of the plant reflects a considerable proportion of the
radiation, and so prevents the damage of inner tissues.
The most important environmental factor that requires specialised
morphological and anatomical adaptations from the plant is water. Although
water uptake is principally influenced by the root, water content of the body
30

The leaves of some plants cannot respond to the direction of incoming rays by turning

their blades. These are called aphotometric leaves.

is also controlled by the regulated water delivery of the leaves (and
sometimes also the stem). As a reference, we will compare the shoot
characteristics of plants living among extreme humid conditions to the
features of species inhabiting sites of balanced water content (mesophytes,

mesomorphic organs) (Figure 11). Plants of moist habitats (e.g. the herb layer
of closed woodlands, marshes, swamps) are called hygrophytes (their leaves
are hygromorphic). The leaves of these species of humid areas are rather
thin, with a poorly structured mesophyll. Palisade chlorenchyma is hard to
distinguish from the spongy layers, since the whole mesophyll contains vast
intercellular spaces. Since water can always be taken up from the soil, the
turgidity of the cells is more-or-less constant, what is enough to support the
organs. Owing to this fact, few supportive elements (fibers, sclereids) are
present in the shoot; nevertheless, these plants easily wither (e.g. Impatiens,

Corydalis). Their leaves are amphistomatous, i.e. stomata occur on both sides
of the leaves in a similar density. The guard cells are coplanar with other
epidermal cells. If the humidity of the air around the leaves is close to the
saturation point (e.g. in the undergrowth of rainforests), transpiration may
become inhibited. However, due to the osmotic suction force of the root
water is continuously taken up from the soil and root pressure drives the
xylem solution through the whole body, what results the exudation of small
droplets through the epidermis of the shoot. This process, called guttation,
is mediated by modified stomata called hydatodes. These anatomical
structures are also present characteristically on hygromorphic leaves (e.g.

Zantedeschia). A further feature of these leaves, often covered by a watery
film, is that their tip is long and pointed (‗drip tip‘) so that to drain off the
water from the surface. This can reduce the risk of leaf rot and the
colonisation of pathogens.
Plants of humid habitats are the hydrophytes (waterplants). Their

hydromorphic leaves are of two main types: submersed leaves floating within
the water (e.g. Potamogeton, Myriophyllum) or natant leaves floating on the

water surface (e.g. Nymphaea, Nuphar, Hydrocharis)31. Both leaves are
capable of adsorbing water and minerals right from the water surrounding
them, thus their vascular bundles are quite small. Especially the xylem part of
the bundles is reduced. In addition to nutrients, submerse leaf takes up
oxygen and carbon-dioxide also by diffusion through the epidermis, thus no
stomata are present on the leaf surface. Consequently, these leaves have an
extended surface, i.e. they are deeply lobed, yet considerably thin with
reduced (or often missing) mesophyll. The role of the absent chlorenchyma is
taken over by the epidermis, so – as an exceptional case – the epidermal cells
of these hydrophytes contain chloroplasts. Naturally, no cuticle covers the
leaves. Since these buoyant leaves are supported by the upward pressure of
the water, almost no supportive tissue is present. In contrast, natant leaves
are spread out by the sclerenchymatic fibers and hypodermal collenchyma
strands running along the leaf veins. The mesophyll of these leaves is quite
thick composing of a multi-layered palisade chlorenchyma and an extended
spongy chlorenchyma with vast intercellular cavities (aerenchyma). The
aerenchyma filled with air floats the natant leaf on the water surface. This
spongy tissue is supported by scattered sclereids. Stomata are present –
obviously – only in the upper (abaxial) epidermis (epistomatous leaf). This
surface is also covered by a thick, water-repellent cuticle that prevents the
leaf from soaking.
If the amount of available water is limited in the soil, the plant
(xerophyte) has two possible strategies: it may either minimise the rate of
transpiration or it accumulates as much water as possible. The first goal
might be achieved by reduction of the total area of transpiring organs.
Leaves may be reduced into scales (Calluna, Tamarix) or leaf spines, what
chiefly coincides with the elaboration of phylloclades, cladodes or cladophylls
(e.g. Asparagus, Ruscus). In some genera (e.g. Euphorbia), the leaves of the
plants wither in the dry season and the function of photosynthesis is fulfilled
by the stem right till the beginning of the next rainy season. Leaves bearing
31

In case of some hydrophytes both leaf types occur on the same plant (e.g. Trapa natans,

Ranunculus aquatilis). This phenomenon is a special (ecological) type of heterophylly.

anatomical characteristics serving the reduction of transpiration are called

xeromorphic leaves. The surface of these leaves is generally minimal, and
they contain a high amount of supportive elements so that to prevent the
collapse of the leaf during water loss. Epidermal transpiration (i.e. water-loss
through the epidermal cells other than stomata) is reduced by a thick cuticle.
Several anatomical modifications serve the elaboration of a water saturated
environment around the stomata. One of these is the presence of dense
trichomes on the surface. In this case, vapour is trapped among the hairs,
what reduces the water delivery via diffusion. Trichomes of the epidermis are
often composed of dead cells filled with air, which results a rather light,
whitish surface decreasing the amount of light entering into the leaf. The less
energy is absorbed by the leaf, the lower is its temperature and thus lower is
the rate of transpiration. Stomata are usually sunk beneath the level of other
epidermal cells. The epidermis of certain species (e.g. Nerium oleander)
invaginates into the mesophyll forming stomatal crypts. Stomata opens into
this chamber filled with hairs, where the air becomes quickly saturated with
water vapour. The epidermis of the leaves of several grass species (Poaceae)
contains bulliform cells. These cells of unequal cell wall thickening are
capable of changing their shape in response to water loss of the tissue,
resulting the curling up of the leaf into a hollow cylinder (for details see
chapter 2!). In this case, the air space within the ‗leaf tube‘ is saturated with
vapour, which reduces the rate of transpiration via the stomata opening into
this cavity.
For the purpose of water accumulation, xerophytes develop succulent
organs. Water storage tissues may be in the roots (Chlorophytum), the stem
(in the families Euphorbiaceae and Cactaceae or the genus Adenium), in the
leaf blade (Sedum, Sempervivum) or the petiole (Zamioculcas, Rheum). The
most important characteristic of succulent leaves is the water storage tissue
composed of cells with a large vacuole filled with hygrophilous mucilage.
Naturally, succulent leaves also have anatomical features that reduce the
intensity of transpiration, e.g. waxy epidermis or sunken stomata. As a result
of water loss minimisation and water accumulation maximisation, succulent
leaves have a low surface to volume ratio, thus they are round or cylindrical.

Drought is not the only abiotic factor that results the development of
xeromorphic features. Each environmental effect that hinders water uptake
(or increases water-loss) leads to the establishment of the above mentioned
characteristics (due to physiological drought). Intense solar radiation and
heath stress accelerate transpiration, while the frost hampers the uptake of
the frozen groundwater. In case of salt stress (e.g. in halophytes) the
increased concentration of the soil solution hinders the water absorption of
the root. Consequently, plants of the boreal forests or the tundra, as well as
those living in coastal habitats are all characterised by xeromorphic
morphology and/or anatomy32.
An adaptive physiological characteristic of the species living in sunny and
hot habitats is that during the day they close their stomata so that to
minimise

the

water

loss.

However,

this

results

low

carbon-dioxide

concentration within the leaf tissues right at the time when light reaction can
proceed. This problem was solved by developing alternative ways of
photosynthesis during the course of evolution. The general way of carbondioxide fixation is the so-called C3-photosynthesis. During this process, CO2
is fixed in the form of a compound of three carbon atoms (glycerate-3phosphate) that is transformed into glucose in the dark reaction (Calvincycle) with the application of ATP and NADPH produced by the light reaction.
In the photosynthetic cells of C3-plants light and dark reactions happen at
the same time, within the chloroplasts of the same cell. In several plants of
hot and dry habitats an alternative route, C4-photosynthesis takes place
instead. In these species CO2-fixation and -transformation into glucose
occurs in two different cell types spatially separated. The first step happens
in the mesophyll cells, where CO2 is incorporated into an intermediary
compound of four carbon atoms (malate, oxal-acetate or serine). This fourcarbon

32

molecule

is

then

transported

into

the

bundle-sheath

cells

Of course, the mentioned stress factors require unique adaptations from the plants, as

well. For example, the epidermis of salt tolerant species has salt glands capable of excreting
the excess salt. Plants of frosty habitats have to cope with the damaging effect of the ice
crystals formed within their body.

surrounding the vascular bundles of the leaf. Here CO2 is released, and
utilised to generate glucose via the C3-pathway (i.e. in the Calvin-cycle). The
advantage of C4-photosynthesis is that the concentration of CO2 can be
increased within the bundle sheath cells to such rate, which enables effective
glucose production even when the stomata are closed.
The physiological adaptation of C4-photosynthesis requires anatomical
alterations, as well. Bundle sheath cells are arranged in concentric, radial
rows around the vascular bundles, and outside from these occur the rings of
the mesophyll cells (Kranz anatomy) (Figure 12). Besides, in the majority of
the C4-species, ultrastructural changes also occur. The chloroplasts of the
mesophyll cells have grana but lack starch grains, because no glucose
production happens here. (The presence of grana indicates that light reaction
occurs here, which produces ATP and NADPH required for the primary
fixation of the CO2 into the C4-compound). To the contrary, from the
chloroplasts of the bundle sheath cells grana are missing (since no light
reaction takes place here), yet starch grains are present storing the produced
glucose. The phenomenon described is called the plastid dimorphism of the
C4 plants.
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Chapter 4. Plant reproduction
4.1. SEXUAL AND ASEXUAL REPRODUCTION IN PLANTS
Similarly to other organisms, the process of plant reproduction may serve
two different goals: to increase the number of individuals or to facilitate
genetic recombination. Forms of reproduction that primarily aim at the
increase of the offspring number are called asexual reproduction, while the
processes enhancing genetic diversity of the population are the ways of

sexual reproduction (Table 1).
During asexual reproduction the genetic material

characteristically do

not change (i.e. no genetic recombination occurs), thus the offspring (here

clones) are exact genetic copies of the parent, i.e. they are identical from the
genetic point of view. No gametes are produced in the process and meiosis
(cell division serving recombination) does not happen, either. Several types of
asexual

reproduction

are

known:

via

spores

generated

by

mitosis

(mitospores), by the fragmentation of the vegetative body (e.g. pieces of a
moss) or by modified vegetative organs (e.g. stolons, bulbs). Since this type
of reproduction does not enhance genetic variability, it does not serve the
adaptation

of

the

plant

population

to

the

changing

environment.

Consequently, asexual reproduction is advantageous among more-or-less
constant environmental conditions.
The aim of sexual reproduction is changing the genetic information by
recombination, i.e. providing genetic variability for the population. Among
multricellular organisms, this form of reproduction includes the events of
meiosis,

gamete

production

(gametogenesis)

and

gamete

fusion

(fertilisation). Organs of sexual reproduction are called generative organs
(e.g. gametangia, flower, seed, and fruit – depending on the taxonomical

position of the plant). The number of offspring is far less than the amount of
those produced by asexual reproduction, yet their genetic material differs
both from each other and also from the parents. In natural populations, the
principal goal of this type of reproduction is the adaptation to the changing
environment.
Table 1. Overview of asexual and sexual reproduction.

Principal aim
Recombination
Genetic information of
the offspring
Most important events
Reproductive organs
Environmental
conditions

Asexual reproduction

Sexual reproduction

increasing the number

enhancing genetic

of individuals

diversity

absent

occurs

identical, also with
that of the parents
(clones)
sequence of mitoses

differing, also from that
of the parents
meiosis, gametogenesis,
fertilisation

(modified) vegetative

generative organs

organs

(flower, seed, fruit etc.)

more-or-less constant

rapidly changing

4.2. GENERAL FEATURES OF PLANT REPRODUCTION
4.2.1. Reproductive cells of the plants
Two types of reproductive cells have significant roles in the life cycle of
plants: gametes and spores. Gametes are haploid cells fusing each other in
the process of fertilisation resulting the first diploid cell of the life cycle, the

zygote. Gametes may be motile zoogametes (planogametes) or immobile
aplanogametes. In case of terrestrial vascular plants, male and female
gametes are conspicuously different. Spermatocytes are the smaller ones
produced in much higher amount, while oocytes are large cells, always
incapable of moving and parents produce them in a lesser number. In certain

plants

gametes

are

born

in

gametangia

called

antheridium

(male

gametangium) and archegonium (female gametangium).

Spores are thick-walled reproductive cells adapted for the survival of
unfavourable periods and serving also the dispersal of the species. In early
evolved groups of plants (among algae) spores might be mobile, flagellate

zoospores, but motionless aplanospores are more frequent. Although most
plant spores are born via meiosis (meiospores), some algae produce spores
by mitosis as well (mitospores). The latter ones are the reproductive cells of
asexual reproduction. (Here we would like to stress that meiospores should
not be confused with the gametes! Gametes are haploid cells produced by
mitosis and are fused in the process of fertilisation to form the zygote. To
the contrary, meiospores divide by mitoses to establish the body of the
gametophyte – see below in details!)
Concerning the appearance and the sex of their spores, two different type
of plants are distinguished. Homosporous plants produce morphologically
identical spores (homospores) that germinate to form either bisexual or
unisexual

gametophyte.

Homospores

and

bisexual

gametophyte

is

characteristic of the hepatophytes and the majority of terrestrial ferns, while
the homospores of several bryophytes and the horsetails (Equisetopsidea)
develop into a bisexual (‗dioecious‘) gametophyte. Heterosporous plants
produce two, morphologically different types of spores, in two different types
of sporangia. The smaller microspores are the male spores, produced in
higher number. They germinate into a gametophyte bearing antheridia with
spermatocytes. The other spore is larger (megaspore) and born in far lesser
amount. Later it establishes the female gametophyte with archegonia and
egg cells. Some aquatic ferns and all seed plants have heterosporous life
cycle.
4.2.2. General features of the plant life cycle
The life cycle of all plants is the alternation of haploid and diploid phases.
At a certain stage of all the cycles, haploid gametes are produced that fuse to
form the diploid zygote (fertilisation). Among algal species, several different

types of life cycles can be distinguished on the bases of the composition and
proportion of diploid and haploid stages. Nevertheless, embryophytes
(mosses and vascular plants) have an identical, general type of life cycle
called haplodiplontic, heteromorphic cycle.
The general cycle has two main stages, both composed of more than one
cells (Figure 1). The diploid (2n) stage is the sporophyte that lasts from the
zygote right till the spore mother cells. The haploid (1n) gametophyte starts
with the production of spores and the last cells are the gametes. Spores are
born via meiosis and develop into the simple prothallium (or protonema in
mosses). Later the haploid body give rise to the gametes. Fertilisation (i.e.
the production of the diploid zygote) is the event that leads into the phase of
the sporophyte. The zygote always divides to form an embryo that
differentiates into the diploid body (sporophyte) of the plant. On the
sporophyte, diploid spore mother cells are produced that divide by meiosis
to start the new gametophyte phase with the spores.

Figure 1. General plant life cycle.

4.3. ASEXUAL REPRODUCTION AND ASEXUAL PROPAGATION

The common aim of asexual reproduction and asexual propagation is to
produce as many offspring as possible of the same genetic material, which is
the result of natural or artificial selection. In horticulture, the natural organs
of asexual reproduction are often utilised, i.e. bulbs (Allium sativum, Lilium

bulbiferum), plantlets produced on viviparous leaves (Kalanchoe tubiflora, K.
daigremontiana), runners (Fragaria × ananassa, Sempervivum tectorum),
stolons (Convallaria majalis) or the rooted nodules of creeping stems (Vinca

major), bottom or root sprouts (Salix, Populus), tubers (Solanum tuberosum)
or chopped rhizomes (Iris). Additionally, further artificial methods of asexual
propagation have also been invented (Figure 2).

Figure 2. Possible methods of asexual propagation.
a) layering; b) approach grafting; c) bud grafting; d) bridging; e) grafting; f)
division;
g) cutting; h) micropropagation.

(Based on: a-e: Kárpáti, f-h: internet-derived figures; f - answers.com, g pubs.ext.vt.edu, h - bbc.co.uk)
Perennial plants and bushes of dense architecture or those forming
polychormones can be broken into individual plantlets with own roots and
shoots. This method of propagation is called division. This category includes
the separation of sprouts, as well as the cutting up of subterranean modified
stems (e.g. stolones or rhizomes). In the method of layering, an aerial shoot
of the plant is bent and buried into the soil. On the nodules within the moist
rooting medium adventitious roots establish then the buds give rise to new

shoots. Following their development, these plantlets can be separated from
the mother plant. (Layering is typically the propagation method applied for
woody plants.33)
In the method of cutting (striking) a vegetative organ is separated from
the source plant and then it is placed into water or any moist rooting medium
(peat, sand or vermiculite) where it produces new roots and shoots. On the
cut surface usually wound callus develops, from which adventitious roots
originate subsequently. Regeneration of the shoot starts from actually
present or adventitious buds. On the bases of the cut organ several types of
striking are distinguished:

stem cuttings (woody cuttings, semi-woody

cuttings or green cuttings), leaf cuttings (applied e.g. for Begonia, Peperomia,

Sansevieria), petiole cuttings (for Saintpaulia) or root cuttings (used for
Armoracia lapathifolia or Papaver orientale).
Transplantation means the separation of an organ from a source plant
(scion) that is inserted into the wound made on the target plant (rootstock).
Thus, a selected cultivar of desirable properties (fruit size, taste, flower
colour etc.), which is usually quite vulnerable, can be cultivated among
unfavourable conditions owing to a resistant rootstock. Consequently, we can
propagate the scion in an admirably short time and in high abundance.
Subsequent to the insertion of the scion into the wound, on the cut
surface of both plants wound callus develops (following the necrosis of the
superficial cells), that produces an intermediary tissue of parenchymatic cells.
This partially breaks through the wound surfaces, yet at certain regions it
presses these surfaces to each other. This results the elaboration of a distinct
borderline between the plants. Later the intermediary tissue penetrates also
this borderline, meanwhile its cells dedifferentiates and starts to divide. At
the same time, the wound is covered by wound cork toward the outer world
so that to defend the healing junction. The next event is the elaboration of
parenchymatic strands through the intermediary zone that attach the living
33

A special way of layering is applied for herbaceous plants. In this case the bottom of the

densely grown plant is graded with the rooting medium, what facilitates the development of
adventitious roots in the bottommost nodules of the stems.

tissues of the scion to those of the rootstock. On the meantime, the cambium
of the partners starts to penetrate into the intermediary tissue. Finally, the
cambium of the scion connects to that of the stock forming a common,
continuous cambial zone, which starts to produce the common secondary
tissues of the partners. By the joining of the vascular tissues ( inosculation)
the plants are completely fused together.
Several different techniques of grafting are applied in the horticulture. In
case of budding (bud grafting) a single bud (‗eye‘) is transplanted, in contrast
with shoot grafting when complete shoot portions are propagated. In

approach grafting (approach) the transplanted shoot of the scion remains
attached to the source plant. During this method, wounds of similar size are
made on both plants, wounds are attached to each other and the plants are
tightly bound. Scion is separated from the mother plant only following the
inosculation.

By

this

technique

such

sensible

organs

can

also

be

transplanted, that would otherwise die before the fusion of the tissues. By

bridging damaged parts (e.g. rotten branches or trunks) can be replaced. In
this case, scions are attached at their both ends to the stock, one end on
each side of the damaged region.
The most recent way of asexual propagation is micropropagation
(cloning). This technique enables the propagation of those species that
cannot be produced by either of the above mentioned methods (e.g. orchids
or carnivorous plants). On the meantime, by cloning researchers has the
possibility to change the genetic material of the propagated plants. At first,
(usually meristematic) tissues are isolated from the source plant and the cells
are maintained among in vitro conditions, on artificial media containing
hormones. At the beginning, a callus of undifferentiated cells is established,
which is later made to differentiate into vegetative organs by changing the
proportion of the hormones (chiefly that of auxins and cytokinins) of the
substratum. Of course, several calluses can be produced from the cells of a
single source plant, and the calluses can also be divided during the process,
thus the method indeed serves the function of propagation. (The genetic
material of the cells in the callus can be altered by respective molecular

biological techniques, yet the description of these is beyond the purpose of
the present work.)

4.4. SEXUAL REPRODUCTION
4.4.1. Flower
4.4.1.1. Concept
The flower is a stem of short internodes and determinate growth bearing
modified leaves serving the function of sexual reproduction. For the first
time,

flower

evolved

among

ancient

gymnosperms.

(However,

some

researchers accept the term ‗flower‘ only for the respective structure of
angiosperms.)
4.4.1.2. The structure of the flower
The flower of angiosperms is composed of the modified stem (floral axis)
and

the

modified

leaves

serving

reproductive

function

(including

sporophylls). Floral axis consists of the pedicel and the expanded tip of the
pedicel (receptacle) to which the floral leaves are attached. The outer whorls
of the flower comprise the perianth (sepals comprising the calyx, petals
comprising the corolla or tepals of the perigone), while the inner whorls are
the evolutionary descendants of the sporophylls (generative leaves).
Complete flowers possess all the leaves (i.e. the perianth, the stamen and
the carpels), otherwise the flower is incomplete. Some anemogamous flowers
completely lack the perianth (e.g. Salix, Populus). From the sterile flowers
both the stamens and the carpels are missing; their function is chiefly the
attraction of the pollinators. Imperfect flowers lack either the stamens or the
pistil, in contrast with perfect flowers with both anthers and pistil. Imperfect
flowers may be male or female flowers depending on the reproductive leaf
present within. In the flowers of certain species (e.g. Fraxinus angustifolia

subsp. danubialis) both stamens and pistils are present, yet one type of them
is vestigial. These flowers are the functionally imperfect fowers.
Plants with imperfect species may be dioecious or monoecious. In the
previous case, both male and female flowers are present on different
individuals (e.g. Salicaceae, Urtica dioica, Humulus lupulus, Cannabis sativa).
Monoecious plants have both male and female flowers on the same individual
(e.g. Fagaceae, Betulaceae, Cucurbitaceae, Zea mays, Begonia sp.).
4.4.1.3. Ontogeny of flowers, and flowering
Seed plants are considered as mature following the development of the
first flowers. In case of annual species this event occurs in the same year of
germination, while most perennial species produce flower (or compound)
buds in the year previous to flowering.
Flowering may be timed variously both during the vegetation period and
also within a single day. Woody plants may flower previous to foliation (e.g.

Cornus

mas,

Prunus

amygdalus),

subsequent

to

sprouting

(Cornus

sanguinea, Vitis vinifera) or the two events may be concurrent (Acer
platanoides, Prunus persica). Naturally, this phenomenon depends on the
composition of the buds of the species. Species flowering prior to foliation
always have flower buds containing only the primordia of generative organs.
Species of compound buds (i.e. those containing embryonic leaves and
flowers as well) flower concurrent to or after foliation. (Obviously, plants with
separated flower and foliage buds have the possibility to flower at the same
time of foliation if the buds burst out concomitantly – e.g. Prunus persica.)
The time of flowering may be influenced by the lengths of light and dark
periods

(photoperiodism).

Short-day

plants

(e.g.

Chrysanthemum

×

hortorum, Coffea arabica, Oryza sativa) originating from tropical and
subtropical regions flower only under a continuous dark period not shorter
than 12 hours (i.e. the light period is up to 12 hours) (Table 2). In the
temperate region, these plants flower in mid-summer or even later in the
year. In contrast, long-day plants, deriving from the temperate or boreal
climatic zone, flower in spring or at the beginning of summer, since they

require at least 12-14-hour-long light period (e.g. Pisum sativum, Triticum

aestivum, Lactuca sativa). For these species, the lengthening of the days is
indicative of the warm-up of the weather, and thus the end of the dormant
period34. (The timing of flowering might also be independent from the day
length – these are the day-neutral species.)
Table 2. Comparison of short-day and long-day plants.
SHORT-DAY PLANTS
tropical or subtropical
ORIGIN

climatic zone
(Mediterranean)

FLOWERING IN

late summer, autumn

CENTRAL EUROPE

continuous dark period at
LIGHT CONDITIONS

least of
hours (day of 10-12 hours)

EXAMPLES

Chrysanthemum × hortorum
Coffea arabica
Nicotiana tabacum
Gossypium hirsutum
Oryza sativa
Saccharum officinarum
Euphorbia pulcherrima
Kalanchoe blossfeldiana

LONG-DAY PLANTS
temperate or boreal
climatic zone
spring, early summer
dark period up to 8-10
(max. 12) hours
(day at least of 12-14
hours)

Dianthus caryophyllus
Hyoscyamus niger
Secale cereale
Lolium perenne
Trifolium pratense
Campanula sp.
Pisum sativum
Hordeum vulgare
Lactuca sativa
Triticum aestivum

4.4.1.4. Anatomy of the flower parts
34

Interestingly enough, both long- and short-day plants sense the length of the dark period

(the ‗night-length‘), despite their naming. This is proven by the fact that short-day plants
cannot flower if the durable dark period following the short day is interrupted by short light
flashes. Nevertheless, among such conditions, long-day plants flower, irrespective of the
length of the light period.

The anatomy of the floral parts serve as proper evidence of the fact they
evolved from modified shoot organs. The structure of the pedicel resembles
that of the stem, with a single exception that the pedicel has elaborated
supportive

tissues

(sclerenchymatic

bundle

sheath,

hypodermal

collenchymas). The amount of these tissues further increases during fruiting,
because this floral part will turn into the fruit pedicel that has to hold even
the heaviest fruits.
The anatomy of the members of the perianth is similar to that of the
photosynthetic leaves (Figure 3.a.): between the two epidermises a mesophyll
of parenchymatic tissue is present, containing collateral closed vascular
bundles. The structure of the sepals (or even the outer tepals of some
species) resemble most precisely to that of the leaves: their epidermis
contains functioning stomata, the mesophyll is composed of chlorenchyma,
often with a layer of palisade cells on the abaxial side (yet the structure is
mostly homogeneous isolateral). No functioning stomata occur in the
epidermis of petals and tepals, however, the surface of these organs is
ornamented with papillae. The mesophyll is composed of thin-walled,
isodiametric

parenchyma

cells

often

containing

different

pigments

determining the colour of the corolla (perigony). (Purplish-reddish petals
contain anthocyans, yellow colour is due to betalains or flavonoids, orange
and red colours are the results of carotenoid accumulation, green colour is
cause by the chlorophylls.) (White perianth does not have any specific
pigment. In this case the leaf reflects the total spectrum of the visible light.)
Bundles of the perianth are remarkably reduced, composing of few vascular
elements.
Androecium is composed of the stamens. All stamen consists of two
parts, the filament and the anther (Figure 3. c-d). The filament attaches to
the anther in the region of the connective that connects the two halves of the
anther (theca) to each other. The single collateral closed bundle of the
filament

continues

within

the

connective.

Each

theca

contains

two

loculaments (i.e. microsporangia), thus altogether four loculaments are
present in the anther. The wall of the anther consists of four distinct tissue

layers. The outermost is the exothecium, which is the single-layer epidermis
of the stamen. The next tissue (endothecium) is composed of cells with
characteristically reticulate cell wall thickening. Following the development of
the pollen grains, the cells of this layer loose water, what results a tension
force that dehisces the anther wall. Adjacent to the

subepidermal

endothecium, intermediary layers occur, that may be absent in some species.
The loculament is lined with the innermost tissue layer, the tapetum.
Tapetum cells produce the materials of the centrifugally thickening
secondary wall of the pollen grains. These compounds are deposited onto
the outer surface of the vegetative cell amd comprise the characteristic
ornamentation of the pollen grain.

Monocarpous

Apocarpous

Polycarpous
Coenocarpous
Syncarpous

Paracarpous

Lysicarpous

The gynoecium of the angiosperm flower consists of the pistil, which
originates as the fusion of the carpels. The uppermost part of the pistil is the

stigma, where the pollen grains are captured, the style that elevates the
stigma above other floral parts and the ovary containing the ovules. Ovules
are attached to a specific region of the interior ovary wall called placenta.

The surface of the stigma is covered by a papillate glandular tissue that
secretes sugary mucus trapping the pollen grains35. The centre of the style is
filled with transmitting tissue that leads the pollen tube toward the ovarial
chamber. The tube grows within the polysaccharide layers of the cell wall of
the stylar tissue. Besides, the cells of the transmitting tissue nourish the
tube, as well.
Several different types of ovaries are distinguished on the bases of the
number and fusion of the carpels (Table 3). Monocarpous (unicarpellate)

gynoecium consists of a single carpel that fused in a cylindrical manner (e.g.
Prunus, Berberis, Fabaceae). If more than one carpels comprise the
gynoecium, it is called polycarpous. If each carpel forms an individual pistil
(i.e. they are unfused) the gynoecium is apocarpous (choricarpous). Should
the carpels fuse to from a common pistil, the gynoecium is called

coenocarpous. The chamber of the coenocarpous ovary may be completely
divided into locules by septa – syncarpous gynoecium. If the septa are
partially disappeared, but their remnants project into the single ovarial
chamber, the gynoecium is paracarpous. Finally, in some species the
coenocarpous ovary has a single, undivided chamber without any sign of
previous septa – this is the lysicarpous gynoecium.
Table 3. Overview of different types of the gynoecium.

4.4.2. Microsporogenesis and microgametogenesis in angiosperms

35

This description refers to the more common type called wet stigma. Besides, some species

have dry stigma covered by cuticle (and a thin layer of proteins). In these species the
adhesion of pollen grains to the surface of the stigma is aided by the sticky outer layer of the
pollen grain.

Microsporogenesis of angiosperms begins with the meiotic division of the
microspore mother cells (pollen mother cells) happening within the
sporogenous tissue of the anther (Figure 4). The products of the division are
four microspores surrounded by a common cell wall composed of callose.
Thus the four microspores are attached to each other to form a tetrad. (In
some species, even mature pollens occur in tetrads within the anther – e.g. in
the family Ericaceae.) The cells in the tetrads are nourished by the tapetum
cells. Under the callose layers, right the microspores begin to elaborate the
cell wall of the latter pollen grain.
During the synthesis of the durable cell wall composing of sporopollenin,
the callose is digested, the microspores separate and divide by mitosis to
produce the two haploid cells of the angiosperm microgametophyte: the
large vegetative (tube) cell and the smaller generative cell. The latter
migrates into the cytoplasm of the vegetative cell, thus the wall of the pollen
grain is actually the secondary wall of the vegetative cell. The pollens of most
species are released in this binucleate stage (binucleate pollen), yet in about
one third of the plants (e.g. in the family Poaceae) the generative cell
produces the two male gametes (sperm cells) within the anther. In this case
the released pollen has three nuclei (trinucleate pollen). The generative cell
of binucleate pollen grains goes through mitosis only in the germinated
pollen tube. (Consequently, in these species microgametogenesis is finished
in the pistil.)

Figure 4. Microsporogenesis and microgametogenesis in angiosperms (a);
the structure of the pollen wall (b).

4.4.3. Megasporogenesis and megagametogenesis in angiosperms
Female spores of angiosperms are born within the evolutionary
descendant of the macrosporangium, called ovule. The ovule is attached to
the placenta with the funicle (Figure 5). The main part of the ovule is
composed of sterile diploid cells, this is the nucellus, which is covered by a
two layered capsule, the integuments. At the tip of the ovule, a pore is
formed by the integuments, where the pollen tube can penetrate into the
ovule. This opening is the micropyle. One of the diploid cells of the nucellus,
situated close to the micropyle isolates itself from the surrounding cells by a
callose wall. This cell is the megaspore mother cell (megasporocte). Ovule
containing the mother cell is called immature. All cells of the immature ovule
has a genetic material completely identical with that of the mother plant.
The megaspore mother cell divides by meiosis to produce four

megaspores. Further development of the megagametophyte may be different
among the angiosperm species, here the most frequent type is discussed
(Polygonum-type embryo sac). This type of gametophyte is the product of

one single megaspore (monosporic embryo sac), thus the other three spores
decay. The megaspore undergoes three mitoses and so gives rise to eight
haploid nuclei. Then the cell walls are developed, and seven cells are formed
that comprise the embryo sac (megagametophyte). At the micropilar pole is
the egg cell apparatus, composing of the haploid egg cell in the centre and
two haploid synergids. On the other pole of the embry sac, three haploid

antipodal cells are present. The largest cell of the megagametophyte is the
central cell the nucleus of which develops via the fusion of two haploid ones.
(Thus, the central cell is diploid!)
Once the embryo sac has developed, the ovule is mature and ready for
fertilisation. In contrast with the male gametophyte, embry sac remains
within the tissues of the mother plant, i.e. closed in the pistil.

Figure 5. Megasporogenesis and megagametogenesis in angiosperms (a);
the structure of the immature (b) and mature (c) ovule.

4.4.4. Pollination

Pollination means the transfer of pollen grains from the anthers onto the
stigma of the pistil. Most flowers – in order to ensure genetic variability – are
autosterile, i.e. sperm cells of the pollen grain cannot fertilise the egg cell of
the same individual. Autosterility has a genetic background, and occurs on
several different levels. (For instance, in some species pollen cannot
germinate the pollen tube on the stigma of the same flower, or the tissues of
the style ‗reject‘ the pollen tube that decays in the pistil.)
Pollen grains only scarcely get directly onto the stigma without any help.
More frequently, some outer factors (wind, water, animals) aid the process of
pollination.

The

method

of

pollen

dispersal

reflects

the

ecological

environment the plant is adapted to, and it requires morphological and
anatomical adaptations from the plant.
Flowers of several autogamous species do not even bloom when pollen
germination occurs (chleistogamy). In these flowers (e.g. Viola species),
pollen tubes are produced within the anthers, penetrate through the anther
wall, and then it enters the pistil (usually through the stigma). Chasmogamy
means alternative ways of self pollination, since these flowers are open when
pollination occurs. For instance, the developing pistil of the florets of the
species in the family Asteraceae grows through the tube of the fused anthers
(called synandryum). By this time pollen grains are released from the anthers,
thus they adhere to the outer (lower) surface of the stigma. This event does
not mean self pollination, since this surface is not susceptible for the pollens.
The developed pistil then spreads the lobes of the stigma and waits for the
arrival of alien pollens onto the upper side. However, if no xenogamy
happens, the lobes become to wither, curl up around each other, and thus
own pollen grains attach to the susceptible stigma and self-pollination
occurs.
From the anthers of anemogamous plants, polen grains are released into
the air and they are taken to the stigma by air currents. Flowers of several
anemogamous plants bloom prior to foliation (e.g. Corylus, Acer negundo) so

that the leaves do not hinder the pollination. Should flowering take place
concurrent to or after foliation, flowers are situated at the end of the shoots,
emerging from the foliage (e.g. Populus, Fagus, Carpinus, Betula). Perianth of
anemogamous

flowers

is

inconspicuous,

vestigial

(e.g.

Poaceae,

Amaranthaceae) or absent (Salix, Populus). Filaments or the pedicels of male
flowers are rather long and mobile, anthers produce a high amount of small
and light pollens. Pollen grains of pines (Pinaceae) bear air bladders, i.e.
small chambers filled with air between two layers of the pollen wall that
reduce the density of the pollen and thus enhance their dispersal. The stigma
of the anemogamous angiosperms is remarkably extended, plumose or
brush-like so that to trap as many pollen as possible.
The most diverse way of pollination is zoogamy, i.e. pollen dispersal by
animals. Most frequently pollen grains are carried by insects (enthomogamy),
but birds (ornithogamy), snails (malacogamy), bats (chiropterogamy) or other
small mammals may act as pollinators. Mostly, enthomogamous flowers
provide nutriments for the insects in the form of nectar produced by
nectaries situated within or in the close vicinity of the flowers (e.g.
Rosaceaea, Lamiaceae) or by producing excess amount of pollen grains rich
in valuable proteins (e.g. Papaveraceae, Paeoniaceae). These species attract
the pollinators by appearing colours and by an odour released form
osmophores. Should the zoogamous flowers be small and inconspicuous,
they aggregate to form a dense, flower-like inflorescence (pseudanthium)
(like species of the family Asteraceae, or the species Cornus florida and

Scabiosa ochroleuca) or these inflorescences are attached to conspicuous
bracts (e.g. in the family Araceae or Euphorbiaceae). Baiting colours are not
necessary within the spectra sensible for the human eye. Seemingly white
flowers may have patterns visible in UV light. Bird pollinated flowers of the
tropics have vivid (chiefly reddish or orange) colour, yet they do not have any
fragrance.
Flowers are quite rarely pollinated by water (hydrogamy). The perianth of
these flowers is reduced and inconspicuous, similarly to the anemogamous
flowers. The density of the pollen grains produced by flowers blooming
under the water surface is equal to that of the water. These pollens are often

filiform and don not have exine. In species blooming above the water
surface, male flowers often separates from the pedicel and the whole flower
swims to the female flowers (e.g. Vallisneria, Anacharis).
4.4.5. From pollination to double fertilisation
Fallen onto a receptive stigma, the vegetative cell of the pollen grain
germinates through an aperture or fissure of the wall if the pollen grain
(Figure 6a). During this process, the turgor pressure of the vegetative cell
increases due to osmotic water uptake induced by the sugary exudate of the
stigma. Actually, the pollen tube (germ tube) is the cytoplasmic appendage of
the vegetative cell that grows towards the ovules through the tissues of the
stigma and the style. Both the nucleus of the vegetative cell and the whole
generative cell enters into the tube and swims towards the ovary. The
outermost part (i.e. those in the vicinity of the pollen grain) of the pollen
tube growing in the transmitting tissue are continuously separated by callose
walls (‗callose plugs‘), then these regions degenerate as well. Generative cell
of binucleate pollens divides by mitosis within the pollen tube to produce the
two sperm cells. (Trinucleate pollen grains already contain the two sperm
cells that directly enters the germinating pollen tube.)

Figure 6. Germination of the pollen tube (a)
and the process of double fertilisation (b).

In the process of double fertilisation (amphimixis) one of the sperm cells
fuse with the haploid egg cell to produce the diploid (2n) zygote, whilst the
other sperm cell unites with the diploid central cell. The zygote develops into
the embryo (later into the germ). The triploid cell originating from the central
cell gives rise to a triploid (3n) nutritive tissue called secondary endosperm.
Subsequent to fertilisation, the integuments of the ovule develop into the
seed coat, while the nucellus evolves into another kind of nutritive tissue, the
perisperm consisting of diploid cells genetically identical with the mother
plant. As a result, the ovule is transformed into the seed (Table 4). In the
angiosperm flower, from pollination to fertilisation only some hours pass by.
Table 4. Changes resulting from double fertilisation. (Between the
dashes ploidy levels are indicated,

A

stands for structures genetically

identical with the maternal sporophyte.)
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PISTIL:

pericarp

/2n/
mesophyll of the carpel /2n/
inner epidermis of the carpel
/2n/
OVULE:

→ mesocarp /2n/A
→ endocarp /2n/A
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→ perisperm /2n/A

egg cell /1n/

→ zygote → embryo/germ /2n/

central cell /2n/

→ secondary endosperm /3n/

4.4.6. Fruit

The fruit is a reproductive organ produced exclusively by angiosperms.
Its principal roles are protecting the seeds and later serving their dispersal.
After fertilisation the tissues of the pistil alter: the wall of the ovary
develops into that of the fruit (pericarp) (Figure 7). According to the three
distinct tissue regions of the carpels, pericarp also consist of three obvious
layers: the outer epidermis of the ovary evolves into the exocarp, the
mesophyll is transformed into the mesocarp whilst the inner epidermis lining
the ovarial chamber produces the endocarp (Table 4). In several species floral
tissues other than the ovarial wall (e.g. the receptacle, the basal parts of the
perianth) also fuse around the seeds so that to protect them more safely.
These are called false fruits.

PERICARP

exocarp
mesocarp
endocarp
seed
coat

SEED

endosperm

fruit locule

germ

Figure 7. Structure of the fruit and the seed.
(Green coloured parts are diploid tissues genetically identical with the mother!)

Depending on the water content of the fruit containing the mature seeds
we distinguish fleshy and dry fruits. If each layer of the fruit wall opens to
release the mature seeds, the fruit is dehiscent, in other cases it is called

indehiscent. Schizocarpic fruits comprise a special group of indehiscent
fruits, because their walls remain closed, yet the fruit breaks up into
individual mericarps (e.g. the nucule of the families Lamiaceae and
Boraginaceae or the diachene of the family Apiaceae).
4.4.6.1. Histology of the fruit
Due to their various ontogeny, histological structure of fruits (and false
fruits, as well) differ considerably. However, there are some general features
of the pericarp anatomy in different fruits.
The exocarp of almost all fruits is a unilayered epidermis bearing
stomata, trichomes, a quite thick cuticle and a wax layer. An interesting
property of this layer is that cells remain mitotically active for an admirable
length of time: they continuously divide with anticlinal walls throughout the
fruit development.

The mesocarp is the most variable layer of the pericarp. It always contains
rudimentary collateral closed vascular bundles (i.e. the nerves of the carpel)
that nourish the tissues of fruit wall. In fleshy fruits, mesocarp is composed
mostly of storage parenchyma (pulp) containing accumulated storage
products, organic acids, sugars, pigments or secondary metabolites. The
mesocarp of dry fruits is thinner, and it is often supported by distinct layers
of sclerenchyma (e.g. in acorns and nuts). (Obviously, supportive tissues may
also be present in the mesocarp of fleshy fruits.) In dehiscent fruits, the
mesocarp contains specialised cell layers responsible for breaking up the
fruit wall. In these tissues, water loss of the desiccating fruit wall results a
stretching force that dehisces the pericarp.
The endocarp in the majority of fruits is a modified, single-layer inner
epidermis. However, the anatomy of this region often modifies, because
several general epidermis functions are unnecessary in this position. Cells of
the endocarp may turn parenchymatic and thus partially comprise the pulp
(e.g. in berries). The endocarp of the stone fruit is composed of stone cells
(brachisclereids) forming a ‗stone‘ that protects the seed within. The
endocarp of some fruits (e.g. caryopsis, diachene) fuses with the seed coat.
The locule of the fruit may be filled with air (e.g. Capsicum annuum) or
liquid (e.g. Solanum lycopersicon), yet a loose tissue deriving from the
endocarp may also be present here (e.g. Citrullus lanatus), as well as the
fleshy epidermal hairs of the endocarp (e.g. Citrus sinensis).
4.4.7. Seed36
The seed is the evolutionary innovation of the gymnosperms (i.e. of the
seed ferns). It serves the protection, nutrition and dispersal of the embryo
36

Here we stress that the term ‗seed grain‘ applied in agriculture does not always refer to

seeds in the botanical aspect. Seed grains may be the stones of stone fruits (e.g. peach,
apricot), the mericarp of the species of the carrot family (e.g. fennel), or any indehiscent fruit
containing a single seed, like the achene (aster family – sunflower) or the caryopsis of
grasses (e.g. maize, wheat). Similarly, the fused capsules of beets ( Beta) are also sold as seed
grains.

within. The latter function is principally important in the gymnosperms and
angiosperms with dehiscent fruits. The seed develops on the mother plant
(maternal sporophyte), from the ovule as a result of the (double) fertilisation.
When separated from the plant it enters a dormant period (seed dormancy)
as a response to the hormone abscisic acid. The dormancy is terminated by
the beginning of germination.
4.4.7.1. Anatomy of the seed
Seeds are always enveloped in the seed coat, a coverage deriving from
the integuments of the ovule. This is usually bilayered consisting of an outer

testa and the inner tegmen. The seed coat bears a distinct marking, the
hylum that establish as a result of separation from the funicle, that may be of
characteristic size and/or shape (e.g. in the family Fabaceae, or Aesculus

hippocastanum, Cardiospermum halicacabum). Around the hylum, further
typical structures may be present. Should the funicle grow onto the seed coat
(e.g. in ase of anatropous ovules), after the separation a marked ridge (raphe)
is visible. Seeds dispersed by ants bear a swollen structure here accumulating
nutrients (oils, proteins) for the insects. These are called elaiosomes.
The seed coat may bear appendages of various shapes serving mainly the
seed dispersal. Such structures are the trichomes (e.g. Salix, Gossypium) or
the wings (e.g. Pinus). Outside the seed coat, some seeds possess also a
vivid, fleshy aril, which is the derivative of the funicle (and not that of the
integument). Aril is present on the seeds of Taxus baccata, Euonymus or

Paeonia, as well on those of the species of the family Nymphaeaceae. The
red, fibrous aril of the nutmeg (Myristica fragrans) is sold as a spice called
‗mace‘.
The outermost layer of the seed coat is a unilayered (or often modified)
epidermis.

Beside

epidermal

structures

(cuticle,

trichomes),

cells

accumulating mucilage may also occur in it (e.g. Linum, Sinapis). Within the
inner, parenchymatci layers supporting elements (sclereids, fibers) may be
born, especially in seeds released from dehiscent fruits. Sometimes,
remarkably reduced vascular bundles are also observed here. Rarely, fleshy

parenchyma may also be present in the seed coat, like in the sarcotesta of
the seed of Ginkgo biloba. (The inner, sclerenchymatic layers of the seed coat
of the ginkgo comprise the tough sclerotesta.)
The interior of the seed contains the embryo (germ) and the endosperm.
Storage parenchyma feeding the embryo may be of various origins 37. The
principal storage tissue of gymnospermous seeds is the haploid primary
endosperm (1n) formed by the cells of the female gametophyte. In
angiosperm seeds, this function is served by the secondary endosperm (3n)
originating from the central cell of the embryo sac or the direct derivatives of
the maternal tissues (nucellus) of the ovule (perisperm – 2n). Nevertheless,
not all angiosperm seeds contain any of the mentioned tissues. In these
seeds, the cotyledon of the embryo (i.e. diploid embryonic cells) accumulates
the storage compounds. The proportion of different types of storage tissues
in the seed may be different in certain angiosperm species, some of them
containing more than one kind of storage tissue in its seeds. However, some
taxonomic groups have their own type of nutrient accumulation:


seeds with primary endosperm: gymnosperms;



seeds with secondary endosperm: Poaceae, Liliaceae, Solanaceae,
Apiaceae, Polyagonaceae;



seeds with perisperm: several genera of the family Caryophyllaceae;



seeds with both secondary endosperm and perisperm: Piperaceae,
Cannabidaceae, Amaranthaceae, Zingiberaceae;



seeds with storage tissue in the cotyledons: Fabaceae, Fagaceae,
Rosaceae, Asteraceae, Cucurbitaceae.

4.4.8. Dispersal of fruits and seeds
The most important role of fruits and seeds are reproduction and
dispersal. So that to reach this goal, it is important for the offspring (the
germ) to get as far from the mother plant as possible. The dispersal of seeds
37

Storage material is mostly starch accumulated in amyloplasts, but it may be oil stored in

oleasomes or protein present as aleurone grains in the cells.

and fruits remarkably determine the dispersal strategies and so the area of
the species. As a result of evolution, several different ways of propagule
dispersal developed. These are mostly achieved by the morphological or
anatomical modification of the seed (in case of dehiscent fruits) or the
fruit(wall) (in case of indehiscent fruits).
Anemochory means dispersal by wind. Quite low is the number of such
flowery plants that possess so minute and light seeds which do not require
any special structures for their dispersal (e.g. species of the family
Orchidaceae

or

the

genera

Petunia, Begonia and Orobanche). More

frequently, the wind rolls all the plant (e.g. Eryngium, Salsola) or a broken
part of the plant (e.g. Papaver), and seeds are scattered during this
movement. Larger fruits and seeds possess modified structures for their
dispersal. These can be ‗wings‘ of the fruit wall (e.g. Fraxinus, Ulmus, Acer)
or the seed coat (e.g. pines, Campsis, Catalpa), yet such role may also be
played by bracts (Tilia, Carpinus). Anemochory may also be served by special
hairs. Such trichomes may be born on the seed (e.g. Gossypium, Asclepias,

Salix, Populus) or they can be attached to the fruit. The achenes of Clematis
and Pulsatilla species are dispersed by the hairy style, the hairy glume aids
the dispersal of the caryopsis of Stipa, whilst hair-like reduced sepala
(pappus) floats the cypselas of the daisy family (Asteraceae). The stone fruits
of Cotinus coggygria are dispersed by the hairy pedicels of infertile flowers
of the panicle.
Flower-dispersed (hydrochore) fruits have water-resistant pericarp and
an inner cavity filled with either air or a fluid of density lower than that of the
surrounding water (e.g. Nuphar sp., Nymphaea sp., Trapa natans). Floating
fruits are flown away by the currents, sometimes to an admirable distance of
several hundred kilometres (e.g. Cocos nucifera, Lodoicea seychellarum).
Animals may also take part in propagule dispersal (zoochory) in various
ways. In case of endozoochory, fleshy (or rarely dry) fruits are consumed by
the animal, yet seeds pass unchanged through the digestive tract and they
germinate following the defecation. Fruits of these species are of vivid
colour, high nutrient content, scented and often of large size (e.g. Vitis,

Rubus, Malus). Seeds of some endozoochore plants are incapable of

germination unless the digestive enzymes loosen their seed coat in the
digestive tract of the dispersing animal. More frequently, the fruit or the seed
clings to the fur or the plumage of the animal (epizoochory) with clinging
hairs, hooks (e.g. Arctium, Xanthium, Hibiscus, Galium aparine) or the gluey
mucilage covering the epidermis (e.g. Viscum, Linum). A considerable
proportion of seeds and fruits is born away and gathered by the animals
(synzoochory). Meanwhile, some of the propagules are shed and thus the
species is dispersed. Such way of dispersal is often served by ants
(myrmechochory). The seed of a myrmechochore plant bears a small proteinand/or oil-rich appendage called elaiosome or caruncula that provides
nutrients for the animals (e.g. Viola, Chelidonium, Corydalis, Ricinus).
A further group consists of the self-dispersal fruits, when the fruit
forcibly ejects the seeds by means of various morphological modifications of
the fruit wall. Usually the dehiscing fruit wall provides the force for the seed
ejection (e.g. in case of legumes or the capsules of Impatiens, Viola,

Geranium or Oxalis species). The fruit of the squirting cucumber (Ecballium)
suddenly detaches from its pedicel when ripe, and a stream of mucilaginous
liquid of high pressure squirts out of the fruit cavity together with the seeds.

4.5. PLANT EMBRYOGENESIS
A common feature of terrestrial plants (Embryophytes) is that their zygote
does not develop directly into the plant, but primarily it gives rise to the
embryo

consisting

mostly

of

meristematic

cells.

The

process

of

embryogenesis in certain taxonomic groups may be quite different, thus here
we basically discuss the way how the majority of embryos in the eudicots
(Magnoliophyta, Rosopsida) develop.
By the divisions of the zygote the total plant can be constructed. Its
derivatives may give rise to any tissue of the plant. Such mother cells are
called totipotent. The descendants of the totipotent cells become more and
more differentiated, i.e. their mitoses can produce only the tissues certain
organs. These are the pluripotent cells. The cells produced in the organ

primordial are still meristematic, but their derivatives can develop only into
certain tissue systems of the organ – these are called multipotent cells.
Interestingly enough, the differentiation level of the plant cell can be changed
by hormonal effects: multipotent cells can be transformed into pluripotent or
even totipotent ones (for example in case of injuries or prior to the initiation
of somatic embryos in a vegetative organ).
Embryogenesis begins with the unequal division of the zygote within the
embryo sac (Figure 8). This results a smaller apical cell of dense cytoplasm
and a larger, highly vacuolated basal cell. Due to this event the proembryo
becomes polarised: the apical cell gives rise to the majority of the embryo,
whilst the basal cell develops into the suspensor. The basal cell of the twocelled

proembryo

divides

unequally,

again

with

a

transversal

wall

(perpendicular to its longitudinal axis). The lower, large cell is the suspensor

cell that later divides several times transversally to produce the suspensor,
which anchors the embryo to the mycropylar pole of the ovule and transports
the nutrients (and regulatory compounds) from the mother plant to the
embryo. The upper daughter cell (adjacent to the apical cell) is the

hypophyseal cell that divides into four with longitudinally oriented walls.
Later these derivatives take part in the formation of the root pole (radicle) of
the embryo.
The apical cell of the two-celled proembryo divides twice with
longitudinal walls and gives rise to the quadrant (four-celled) stage. The
synchronous transversal division of the four cells results the octant (eight-

celled) stage. The cells of the octant divide periclinally to enlarge the
proembryo, which from now can be divided into two distinct regions, into the
outer (superficial) layer and the central mass of meristematic cells. In this
period the embryo is spheric in shape (globular stage). Superficial cells divide
anticlinally to form the protoderma (that later gives rise to the epidermis),
while the cells of the inner region divide both anticlinally and periclinally. The
surface of the central region is composed of highly vacuolated cells that later
produce the ground meristems, while the inner, less vacuolated cells
continuously become arranged axially at give rise the procambium.

In the next period, two meristematic cells groups within the globular
proembryo intense mitotic divisions begin to produce the primordial of the
cotyledons. Later, these primordia are visible as small protrusions on the
surface of the proembryo, what makes it heart-shaped. With the ongoing
development of cotyledons and the elongation of the embryonal axis
(actually that of the hypocotyl) the proembryo enters the torpedo stage.
Meanwhile, mitotic divisions become restricted to the two terminal poles of
the embryo: to the embryonal shoot tip (plumule), between the cotyledons
and the embryonal root tip (radicle) adjacent to the suspensor38

39.

(The

radicle is the derivative of the hypophysis.) The stem of the embryo is called

hypocotyl below the cotyledons (right till the root), while between the
cotyledons and the first primordial leaves it is called epicotyl.

38

Some authors use the terms ‘root pole‘ and ‘shoot pole‘ for the embryo, and they apply the

terms ‘radicle‘ and ‘plumule‘ only after the primordia of the subsequent root and shoot are
initiated.
39

Fern embryos contain no radicle but only the shoot pole. They are unipolar embryos –

instead of being bipolar embryos like those of the flowering plants (discussed in the text).
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5. Plant diversity, plant species and populations

5. 1. Biological diversity on Earth

A huge variety of life forms exist on Earth. They are linked to different
terrestrial, marine and freshwater habitat types. This variability can be described by
the term: biological diversity.
The diversity of life evolved gradually during Earth‘s history and it has changed
much over the geological times. Some geological ages are characterized by massive
species extinctions, whereas other periods whitnessed important evolutionary and
mass dispersion events. Changes in species diversity depend on geo-historical
events, climate of geological ages, paleogeographical and geomorphological factors
and the genetics and ability of organisms to adapt to changing conditions.

A term closely related to biological diversity (biodiversity) is geodiversity, which
represents the diversity of all environmental components within an area.
If we ask a simple question – How many species live on Earth? -, it is hard to
give a clear answer. First we have to answer another question: Do we know all
species that live on Earth?
The answer clearly is: no. Although the discovery and description of species (our
learning process about species) started a long time ago and several plant and
animal species have already been described in the antiquity, we still only have
estimates about the number of species that live on Earth today. The Table I. shows
that there are significant differences between the known and estimated numbers of
species in different taxonomical groups.

1. Table: Known and estimated number of species on Earth (CRISTEA and DENAEYER
2004)

Taxonomic
groups

Number of
described
species

Number of
estimated species

% of the
described
species

viruses

4000

400 000

1

bacteria

4000

1 000 000

0.4

fungi

72 000

1 500 000

5

protozoa

40 000

200 000

20

algae

40 000

400 000

10

mosses

14 000

30 000

47

vascular plants

250 000

300 000

83

annelids

25 000

400 000

6

crustaceans

40 000

150 000

27

arachnids

75 000

750 000

10

1 000 000

8 000 000

13

molluscs

100 000

200 000

50

vertebrates

44 000

50 000

88

other groups

115 000

250 000

46

1 800 000

13 600 000

13

insects

1. Figure: The partitioning of species diversity among different taxonomic units
(STANDOVÁR and PRIMACK 2001)

The best known groups are the higher plants and animals. From among the
insects only 13% of the estimated 8 million species are currently known to the
scientific community. According to the above-mentioned authors and considering
the estimated number of 13 million species that exist on Earth we can say that the
1.8-2 million species recorded so far represent a mere 13% of the total species that
might exist on Earth.
The partitioning of the known species among different taxonomical units is
shown in Figure 1.
Other sources (MORA et al. 2011) place the current estimated species number to
approximately 8.7 millions (± 1.3 millions), of which about 2.2 million species live
in marine habitats.

Regardless of how we calculate these values, it is evident that on the scale of
approximately ten million species, higher plants (which are believed to be well
known) with 280-300 thousand recorded species represent a small portion of Earth‘
diversity.
The higher plants (Gymnosperms and Angiosperms) which disperse by seeds
were the most successful in colonizing the terrestrial habitats. Seeds as reproductive
organs provided the opportunity for the embryo within the seed to survive during
adverse environmental conditions. Germination, the development of a new life,
starts only if the external environmental conditions are suitable (for details see
Chapter 4). The functional structures of the seed support the embryo at the
beginning of the germination.

How long can a species exist it is also hard to answer. Very different sets of
species have lived during different geological ages, and Earth‘s diversity has
changed permanently. Since Darwin (who introduced the concept of evolution) we
know that changes in species diversity at geological scales are driven by
evolutionary forces.

Based on a synthesis of recent phylogeografical and paleobiological research
results, the Hungarian scientist ATTILA BORHIDI (2009) delimited four important
milestones in the evolution of plant species. These are basically developmental
phases in which the initial periods are characterized by a relatively rapid and
massive evolution of new structural types and species:

1.) The evolution of the prehistoric marine life (Palaeozoic Era – Cambrian
Period). Almost all structural-functional life forms suitable for the marine
environment were developed (9 phylums of algae and with the exception of
vertebrates, 17 phylums of animals)

2.) The conquest of the land by plants (Devonian Period, the oxygen content of
Earth's atmosphere increased to 10%). The UV radiation on Earth‘s surface
decreased considerably due to the formation of the ozone layer.
A more efficient water transport system, the vascular tissues developed→
evolution of vascular plants (Tracheophytes with specialized lignified tissues
able to transport water and nutrients).

3.) Gymnosperm species (end of Devonian and beginning of Carboniferous
Period). The evolution of seed plants.

4.) The explosive spread of Angiosperms (starting the end of the Permian
Period: the mainland bursts into bloom).
A huge diversity of fruits and pollination types and fruit dispersal types
evolve. Meanwhile, a diversification of animal species takes place, because:
‗The animals – including humans – live their lives on Earth as plants‗ guests on

the Planet.‘

Different diversity indices are being used to quantify the biological diversity of
an area or of a habitat.
The most commonly used indices are the α, β and γ-diversity:

α – the number of species in a given locality (the number of taxa),

β – taxon diversity of a series of habitats, a ratio, a similarity index,

γ

– the diversity of a larger region, e.g. of an entire ecosystem or the diversity of

a landscape, or of a biome.

The beta diversity allows us to compare several areas of a larger region along a
transect. The simplest way to calculate it is:

β1 – γ/ α1

β2 – γ/ α2

Diversity can be also characterized by indices calculated from the relative
frequency of species or their individuals in a community:

A simple diversity index is the Shannon-Wiener index (H)

- it is one of the most commonly used diversity indices „borrowed‖ from the
information theory:
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where : pi – is the relative frequency of the „ ith‖ species in the community;

Another commonly used diversity index is the Simpson index:

- it calculates the probability of an individual to belong to the same species as
the specimen recorded previously.
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and the final index is:
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Ni – the number of individuals that belong to species i
NT – number of individuals in a sample

The Jaccard or the Soerensen indices allow us to compare the diversity of
different habitats, areas. (Textbox!)

In addition to the species number (richness), the indices of species diversity take
into account the frequency, distribution and evenness of each species. For example,
a habitat that has higher species evenness (i.e., the probability of occurrence of
difference species is similar) is more diverse than a habitat of low species evennes.

In addition to the diversity indices, the biological diversity can be evaluated at
different other levels:


individual level:
- morphological diversity
- genetic diversity: calculated from allele frequencies (α diversity)



species level:
- the diversity of organisms and populations (see before)



ecosystem level:
- species number / area: quantifiable by various indices
- phylogenetic diversity, the range of different phylogenetic lineages
and their relationship
- ecological diversity: the diversity of environmental charactistics

In a larger sense we can also talk about the diversity of the:
- life forms
- number of habitat types
- bedrock, soil, topography and hydrogeology
- landscape elements

Why is diversity important in nature? What are the benefits of a higher biological and
geological diversity?
- several and more diverse habitats can support more organisms;
-

higher

habitat

diversity

results

in

higher

biodiversity

at

different

organizational levels;
- the more organinsms in a habitat, the more complex relationships can develop
between them;
- if the relationships between organisms are more or less constant, the systems
works better;
- the systems become more stable due to the complexity of interactions.
- the systems develop self-sustaining capacity!

In conclusion:

Higher diversity provides increased stability and this is the way nature works!

The biological diversity has developed through the process of evolution. It is a
confirmed fact, the greater the ecosystems‘ diversity, the less energy it is required
for its maintenance. The preservation of diversity is a successful survival strategy for
most ecosystems.
The increase of diversity in any system is of course a definite process. Speciesrich ecosystems may restrict the further diversity increase by self-regulating its
internal relationships. This prevents the system from increasing its species numbers
indefinitely, which could eventually lead to chaos (Figure 2).

Figure 2: The distribution and density of individuals (icons) of different tree
species in a forest habitat (after STANDOVÁR –PRIMACK 2001). When individuals
of a species are spatially too far from each other (e.g.

) because of the

high density of other organisms, that can constitute a reproductive barrier.
This prevents the increase of the number of individuals through ecosystem
self regulation.
Similar rules govern the functioning of anthropogenic ecosystems, and
therefore cultivation practices should take into account the benefits of
biological diversity. However, in modern agricultural ecosystems the quantity
(biomass) and the quality (biodiversity) of the living matter is magnitudes
lower than that of the traditional natural ecosystems (VIDA 1996). The
globalization and intensification of agricultural practices, the decrease of the

number of cultivated varieties and the prevalence of only a handful of crop
species and varieties led to instability. The worlds‘ economy is vulnerable
with only scarce gene stocks left and severely limited possibilities of
breeding

new

and

more

resistant

agricultural

varieties.

Today

the

conservation of agro-biodiversity has become a necessity, and in fact it is
critical for the human well-being and security. These are very strong
arguments to protect the gene pools of the agricultural and horticultural
reserves left.

5. 2. Migration and dispersion in the plant world

The lifespan of natural species can differ significantly. During the geological
history of the Earth, many species went extinct and in the same time new species
evolved. Extinction is a natural process; however since humans begun dominating
the ecosystems, the rate of species extinction has accelerated abnormally and it is
significantly higher compared to the natural extinction rates. A wide variety of
reasons drive species‘ extinctions, but the excessive land use and habitat
destruction are causing extinctions to happen too early.

During their life history species most often migrate, which involves major
changes in their area of distribution. These changes take place on a long time scale,
and can result in expanding or contracting geographic ranges or in shifts along a
geographical gradient.

A

B

3. Figure: The distribution area of the black alder (Alnus glutinosa) (A) and its major
postglacial migrations routes (B) (after Hewitt 2001)

Why do species migrate? One of the main migration forces is the extinction
threat. Large-scale, global environmental changes can drive species to leave their
area (e.g. the onset of the Ice Age); during this time species either become extinct
or they colonize new territories (Figure 3). Through long-distance dispersal species
can change their distribution area entirely, which means that the new geographic
ranges are situated in a completely new geographic space (beyond-area migration).
But usually the species ―move‖ within their area of distribution, which can become
fragmented and/ or rearranged over time. For example the Scots pine (Pinus

sylvestris) extended northwards after the glacial period, colonizing territories freed
from the ice sheet. It is now one of the most important forest-forming tree species
of the Eurasian taiga (Figure 4). Meanwhile its former geographic range in Central
Europe decreased during the postglacial warming period while its lowland habitats
were being occupied by deciduous tree species and in the mountains the same
species was replaced by spruce. After the climate warming Scots pine has not
become extinct in South- and Central Europe. Because of its large ecological
tolerance, Scots pine populations were able to persist in some extreme habitats
such as peat-bogs and steep rocky outcrops (Figure 5).

A

B

4. Figure: The current distribution of Scots pine (Pinus sylvestris) (from Euforgen
database) (A). The extent of the ice sheet and the boundary of the permafrost during
the Last Glacial Maximum, LGM (B) (LÁNG, BEDŐ and CSETE 2003). The two maps above
prove that most of Scots pines‘ current distribution area was covered by ice during
the Last Glacial Maximum.

B

C

Figure 5: Extreme habitats of Scots pine (Pinus sylvestris) in South-East Europe. A:
on calcareous sandy subrate at Fenyőfő (Bakonyalja, Hungary); B: in the ‗Mohos‘
peat bog near Tusnád (Ciumatu Mt. - Csomád., Romania); C: in the ‘Poiana Stampei‘
peat bog (Calimani - Kelemen Mt., Romania)

A small-scale shift in the geographic range can also mean survival for a species.
For example, after the last ice age several cold-tolerant herbaceous species of the
European middle mountains were forced to migrate to the adjacent higher elevation
mountains, because their habitats were being colonized by thermophillous species.
Meanwhile the melting snowcaps on the mountaintops uncovered new habitats
which were colonized by these cold-tolerant species.
Dolomite has special physical and chemical characteristics, due to which the
rock withering processes can produce a large variety of microhabitats. This is the
reason why characteristic species of colder geological periods were able to survive
in cold microhabitats on the Northern slopes of the middle mountains. Such species

typically live in the high mountains of the Alps and of the Carpathian Mountains,
e.g., Phyteuma orbiculare (Round-headed rampion) and Primula auricula (Mountain
cowslip or bear's ear) (Figure 6).

A

B

B

B

6. Figure. Phyteuma orbiculare - Round-headed rampion (A) and Primula auricula –
mountain cowslip (B)

The dolomite rocks of the Transdanubian Middle Mountains in Hungary
preserved a large number of relict plant species. During the Ice Age, shorter
warming periods alternated with longer cold periods. As a result, some species‘
geographic range was severely fragmented and populations became isolated, yet
they were able to survive within glacial refugia. Over long enough periods of time
these isolated populations evolved into new subspecies or species. Such is the

Linum dolomiticum, an endemic plant of the Pilis Mountain in Hungary, which
survived only in a single locality at Kis-Szénás on Northerly dolomite slopes (Figure
7). It is considered an interesting and valuable endemic species of Hungary, whose
history can be traced back to the Pleistocene times. Its closest relative is Linum

elegans, native to sunny and rocky limestone outcrops of mountains in Greece, a
long distance further South.

Figure 7. Linum dolomiticum at Kis-Szénás (Photo: László Udvardy)

5. 3. Populations

Individuals of a species are only able to produce fertile offsprings when they
meet each other, in other words when they share the same habitat and are capable
of sexual reproduction. Therefore in a given habitat a species is represented by its
population(s).

Within

their

distribution

area,

species

usually

have

several

populations that occupy the ecologically suitable habitats. Importantly, a species
consists of all of its living populations across its geographic range.

Definition of the population

The population is a group of individuals belonging to a species that live
together in space and time. Due to interbreeding, there is a permanent gene flow
(gene exchange) among individuals of a population.

A population is not simply a random gathering of individuals, but rather an
organized group with specific structure and functions.

Dispersion of plant populations

The migration or ―wandering‖ of plants is not (cannot be) the result of active
locomotion. Because of the sessile lifestyle, plants can only disperse through
propagules (e.g., seeds, spores, vegetative organs). The propagules are spread over
large areas, and the ones that reach suitable conditions will germinate and may even
establish a new population.
The dispersion is therefore a population-level event, whereas the migration of
the species and changes in the area of distribution is the result of these population
dynamic processes.

5. 3. 1. Characteristics of plant populations

Any plant or animal population can be described based on their general
characteristics.

These are:

a) the number of individuals within the population

b) birth rate: the number of offsprings born within a time interval

c) mortality rate: the number of deaths within a time interval

Mortality can be characterized by two values: the biological mortality, which
arises from the population-specific lifetime and the ecological mortality value, which
depends on the environmental conditions. Under increased environmental stress
(e.g. lack of nutrient or water supply, competition or antagonist populations), the
ecological mortality rate of the population is higher.

d) age classes: the proportion of different generations within a population
(Figure 8)

8. Figure. Aging (declining), stable and young populations.

e) population growth: Nt+1 = Nt + B - D +I - E

Nt – initial number of individuals

at the beginning of the study interval; B-

number of new recruits; D – number of deaths; I – number of immigrants; E –
number of emigrants

f) Population density regulation
In order to suvive, populations must regulate their density (i.e., their number of
individuals).

The production of offsprings is more or less continuous and a direct
consequence of the reproduction ability of populations. This process can be
described by the „r‖-value, and is called population intrinsic rate of increase.

dN/ dt = rN, where rN is the rate of increase of the number of individuals within
a time interval.

In an ideal environment (where all ecological needs are fulfilled), populations
grow exponentially. This type of growth continues until environmental constraints
start acting as limiting factors. When the number of individuals within a population
reaches a critical number that corresponds to the carrying capacity (K) of the
environment, the population growth will be regulated (the growth will slow down
and eventually it will stop).

Populations can follow two main reproduction strategies: i) r-strategy and Kstrategy(Figure 9).

9. Figure. Population regulation, K- and r strategy

In species that follow the r-strategy the number of individuals within the
population increases exponentially, but this is followed by mass mortality when the
population runs out of resources. When conditions improve and a sufficient amount
of resources becomes available, the population will increase rapidly and will follow
again an exponential growth. This way the populations have a highly fluctuating
number of individuals, and such dynamic changes in number of individuals can only
be tolerated by species that possess short or simple life cycles. The annual weeds of
arable fields and row crops are usually r-strategists, similarly to the pioneer species
of barren surfaces. The r-strategist species are therefore characterized by a high
number of progenies (seeds) of relatively low survival chances. Such a species is for
example the common chickweed (Figure 10). After the summer drought, the autumn
rains trigger the quick sprouting of the late germinating seeds. Plants grow fast and
bloom massively until the first autumn frosts kills them. The survival of this species

and the germination of seeds next year is ensured by the abundant seed production
which accumulates in the soil during the short vegetation period.

Figure 10: Stellaria media – Common chickweed mass germination

Plant populations that follow the K strategy have an initial exponential growth
phase which slows down with time (when N= K/2), when fewer and fewer offsprings
are born. When the number of individual reaches the environmental carrying
capacity (i.e., a critical threshold at which the number of individuals (N) equals the
carrying capacity (K) of the ecosystem (N=K), the number of offsprings born will be
nil, and the number of individuals in the population stabilizes. These plants
therefore try to avoid rapid, mass mortality. This strategy is followed by species that
have long life cycles, e.g. trees and perennial herbs. Due to investment in parental
care, the new recruits have increased chances to survive.

g) Competitive ability

Populations are competing for environmental resources, and competition occurs
in almost every habitat. Its extent depends on the population size, on the carrying
capacity and limitations of the environment. Competitive ability is an inherent
feature of all populations. There are good competitors with good chances to win and
less successful competitors, the ―losers‖. The latter are usually forced to live in less
suitable, abiotically more extreme habitats.

Competition can occur between populations of two different species, which is
called interspecific competition, e.g. the competition of different forest trees for ligh
and the competition of their roots to reach the groundwater. The roots of woody
species can compete with roots of the neighboring herbaceous species.

Another type of competition is the intraspecific competition. When resources are
limited, individuals of the same population can compete with each other. For
instance the layout of fruit trees in an orchard has to be precisely defined to prevent
trees slowing down the growth their neighbours or diminish the fruit production.

A wide variety of inter- and intraspecific competition situations can be found in
nature, e.g. in birds intraspecific competition is frequent among the nestlings for
the parental care (when the parents cannot provide sufficient food for the young,
the weaker nestling often dies).

Forms of intraspecific competition typical to plants, and not found in animal
populations, fall within the infraindividual competition types.

As already mentioned in the introduction, plants and plant populations posess
unique features, which is why they are treated separatelly from animals in ecology.
Plant populations differ not only because of their sedentary life, but also because of
their particular body organization and structure.

5. 3. 2. Specific features and characteristics of plant populations

a) Plant body structure
The number of individuals is a specific feature of every population. In plant
populations the structure of the plant body determines the number of individuals
within a population.
To start with, we have to recall that plants have modular body structure. The
module is a repetitive, morphologically well-defined structural subunit of plant
individuals. The modules have their own life cycle and can decay without causing the
death of the plant individual. For example when an animal loses one of its limbs that
will cause serious damage or even death of the individual. In contrast, by cutting off
the old and diseased modules, plant individuals can be rejuvenated.

11. Figure: The modular structure of woody-, herbaceous- and clonal species

Plants develop a variable number of modules, but the number of live modules
depends always on the suitable environmental conditions. A plant species can
respond to the environmental constraints by reducing the number of its modules,
but if the resources are abundant the number of modules increases again (Figure
12).
Evaluating the number of individuals in a plant population can sometimes be
quite difficult because the individual boundaries are often unclear and we often
don‘t know how large individuals are (Figure 13).

Figure 12: Cornus sanguinea – Common dogwood, with a large number of modules
(clonal structure)

The number of individuals in a plant population can be determined by recording
the number of genets (N) i.e., individuals developed from a single seed (germ). So
the genet number is equal to the number of zygotes resulted from sexual
reproduction. In addition to genets, in plant populations is also informative to
record the number of modules (e.g. in root sprouting shrubs) and in this case we are
dealing with the number of ramets (η). Therefore the genet of seed plants is an
individual that develops from a germ and consists of the total number of ramets.
Consequently different ramets of a genet have always the same genetic identity.
The number of individuals of plant populations can therefore be evaluated as
Nη.

13. Figure: The body structure, the genet-ramet of a plant individual (after van

der Maarel)

In horticulture inventorying the number of modules is often sufficient. For
example, the number of reproductive shoots (fruiting modules) can be much more
informative in a fruit orchard with intensive technology than the number of fruit
trees (Figure 14). As well, in vineyards in addition to the number of vine-stocks, the
number of reproductive modules is decisive. A high number of vine-stocks is
useless if there are too many modules and grapes don‘t develop well because of the

intraspecific competition. In this case the grapes have to be thinned. By thinning,
the number of fruiting modules is maintained at an optimal density.

14. Figure: Intensive apple orchard with dwarf fruit trees that develop a high number
of reproductive modules

By vegetative propagation of modules plants can be multiplicated and used for
obtaining new individuals of identical phenotypic characteristics (e.g. through stem
cuttings or layering) (see Chapter 4 on vegetative propagation). In horticulture, the
vegetative propagation is very important in maintaining the quality of the varieties.
With these methods we can increase the number of ramets without changing the
parental genetic material.

Grafting is a special technique by which two different sets of modules are joined
together. Usually modules of one scion plant (stems, buds) are inserted into those of
the stock plant. This way we are preserving the features of the sensitive cultivar
(scion) while making sure that it stays alive by grafting it on a resistant rootstock. If
there is no incompatibility between the inoculated scion and the stock, the modules
of the graft will grow vigorously on the rootstock.

b) Spatial structure

Spatial structure can refer to the shape of a plant individual as well as to the
geometric pattern of the plant population. The vertical growth of plants is driven by
light, and the horizontal growth leads to branching, adventitious rooting and to the
development of the clonal structure.
In some plant populations the modular growth is intensive in both directions,
which can produce multiple geometric population structures (Figure 15).

15. Figure. The clonal structure of a bamboo species (Bambusa spp.) develops due
to the underground branching that produces aboveground woody modules of
similar age.

Due to the genet-ramet dynamics, plant populations are able to employ
successful survival strategies and place themselves into advantageous spatial
positions during competition. The spreading and expansion of some woody weeds
is a consequence of their capability to develop complex multidimensional spatial
structures (Figure 16).

16. Figure: The invasive vegetative clone of Ailanthus altissima - Tree of heaven at
Fóti Somlyó hill near Budapest, Hungary (photo by László Udvardy 1997)

The clonal structure is common in plant populations, and represents a strategy
employed by plants to survive and spread. All members of a clone have identic
genetic material, being descendants of a single plant genet (germ of a seed) and all
parts are produced only by vegetative multiplication. This asexual form of
reproduction that constitutes the fundaments of clonal development is never
preceded by genetic recombination.
Because of the clonal strategy many plant species are able to reach very old
ages. Investigations on some poplar (Populus tremuloides) individuals (genets) in
America revealed that their age is of about 12000 years, which means that the
germination of their seeds dates back to the beginning of the Holocene period
(Mock et al. 2008, Mitton –Grandt 1996).

Because of various environmental constraints, the number of modules of an
individual can vary across a large interval. An adjustable module number is always
an important survival strategy. For example the amaranth (also called pigweed;

Amaranthus retroflexus) can bloom even when it is a few centimetres high and it is
also able to produce viable seeds. But if the environmental conditions are suitable,
an individual may grow meter heigh with hundreds of modules that produce a huge

number of seeds. A high seed production in a year can fill up the soil seed bank for
dozens of years (Figure 17).

starving
plant

17. Figure: Different sizes of flowering Amaranthus retroflexus (red-root amaranth
or red-root pigweed) individuals

c) Life strategies

The behaviour of plant populations can be described by different types of life
strategies. Grime‘s (1979) ecological life strategiesare also related to the population
regulation.
Improving the r- and K-regulation strategies and by considering environmental
extremes in addition to competition, Grime suggested three fundamental life
strategies for plants:

S – stress-tolerant species:


inhabit extreme habitats



have high adaptive capacity



have low productivity

This life strategy is typical for most of the succulent taxa e.g. for Sempervivum
(liveforever) and Sedum (stonecrop) species.

C – competitor species :


very strong vegetative propagation ability



are often clonal



can be invasive by having a multidimensional spatial structure (!) e.g.

Acer negundo (Boxelder maple), Cirsium arvense (Creeping thistle)

R – ruderal species:


annual or biennial plant species



produce a large number of seeds, which are viable for a long time



live in pioneer, disturbed or human-made habitats e.g. Amaranthus
(amaranths), Chenopodium (goosefoots)

Grime described also transient strategy types, which can be simply illustrated
with a triangle (Figure 18). Environmental characteristics that prevail in a given
habitat often determine the best strategy for plants and their populations.

18. Figure: Grime‘s life strategies

d) Immobility

A very obvious feature of higher plants is their sedentary life, which affects their
growth and spreading strategy throughout their entire lifetime.

e) Plant life cycle

John Harper (plant population ecologist) created a four-phase model of plants‘
life cycle (1977). According to this model the life cycle of a plant individual consists
of four important sections: seed rain, seed bank, recruitment and individual modular
growth. In addition to the final stage visible to us, the other three phases are equally
important for the survival of plant populations (Figure 19).

Phases:

I.

IV.

I.

seed rain

III.

seed bank

II.

recruitment

IV.

individual modular growth

III.
II..

19. Figure. A model of plant‘s life cycle (after John Harper)

- Seed rain or inoculum

Seed rain means the dispersal of all propagative plant organs, the propagules -

propagula. In a wider sense it presumes the propagation of any generative or
vegetative plant organs which inoculate the soil.
A population either ―pours‖ the seed rain locally, ensuring the survival of the
population in that particular habitat, or scatters the seeds at longer distances,
ensuring the colonization of new localities.
The intensity of seed rain depends on the seed yield, seed dispersal type, plant
height, distance from the seed source, dispersal ability of propagules and finally on
the quality and morphological characteristics of the dispersal organs (Figure 20).

20. Figure. Different type of fruits and seeds. A: Tilia (linden) – wing like bract; B:

Acer (maple) – schizocarp samara; C: Ulmus (elm) – samara with oval wing; D:
Clematis (clematis) – achene with tail like, feathery pistil; E: Taraxacum (dandelion) –
cypsela attached to pappus F: Pinus (pine) – winged seeds; G: Asclepias (milkweed) –
seeds are comose at the apex; H: Arctium (burdock) – cypselae disperse together
within the capitula provided with hooked bracts; I: Harpagophytum (devil's claw) –
hooked capsule.

The seed rain is also influenced by environmental conditions and by habitat
characteristics such as the weather (wind strength and precipitation), topography,
the onset of grazing, migratory animals, etc.
The timing of the seed rain is very important. Plant populations in special
habitats need to time their seed rain for the best period when the chance of survival
and spread of propagules is the highest. For example species of dry habitats and

weeds of fallows disperse their seeds at the beginning of the wet season, whereas
some conifers in the permafrost regions open their cones and release seeds only in
the event of spontaneous forest fires, when the soil becomes warmer, suitable for
seed germination.

- Seed bank

The seeds are usually dormant for shorter or longer periods before germination
(dormancy). The onset and the end of dormancy are regulated mainly by
physiological functions, but they are also strongly influenced by environmental
conditions. Seeds are being spread during their dormant phase and therefore they
can accumulate in the soil seedbank. The seedbank of a habitat may contain seeds
released by the population of that particular habitat but propagules from other more
distanced sources as well. Usually the species number and the number of genets in
the seed bank are not identical to the species-, and individual numbers of the
above-ground populations.

As a result, the species list of the soil seed bank can be considered as a hidden
flora of an area. Two explanations exist for when a species is not observed in a
given habitat: it is either not available in the seed bank or its propagules are not
able to activate.
When assessing the plant diversity of an area, the seed bank should also be
taken into account. Soils can store large amounts of seeds. Gardeners that start
cultivating in places that have been previously abandoned for several years, usually
have to deal with a massive amount of weed propagules accumulated over the years.

2. Table: The size of the seed bank (number of seeds) in different habitat types

Type of habitat

number of seeds/m2

spruce forests (approx.30 years
old)

2850

beech forests

1000

tropical rain forest

170 – 900

pasture in the temperate zone

2000 – 17000

annual grassland

5400 – 9000

Russian steppe

even 17000

field (wheat-field)

34000 – 75000

vegetable cultivation

1600 – 86000

The hidden life of certain terrestrial orchid species can be explained by their
ability to survive underground (as vegetative propagules) for longer periods of time.
In dry years, when the chance of producing flowers and seeds is very low, orchids do
not develop aboveground organs despite being represented by a viable population
in the soil.

Seeds of some species have very short dormancy, whereas others may
completely lack seed dormancy and are usually missing from the soil seed bank. E.g.
seeds of Salix (willows) and Populus (poplars) species will either germinate when
they are released, or will decay very soon. The viability of seeds may vary on large
scale. Some seeds can maintain their germination ability for only a few years, but
3000 years old lotus (Nelumbo nucifera) seeds found in a lake near Tokyo were also
perfectly viable. The preservation of germination ability also depends on the
environmental conditions of the given habitat.

- Recruitment

The recruitment from seed bank is an important event. Not all propagules or
seeds present in the soil seed bank will grow to become new plants. Some seeds fail
to germinate at the onset of the suitable germination conditions, others are

consumed by rodents or can be the victims of fungal infections or of other
pathogens. Finally, the seeds to successfully survive all these risks have to
experience specific impulses (e.g., environmental factors) which will trigger their
germination and the input of new recruits to the system. The parental population is
often able to regulate the recruitment. For example, if there are older trees in a
forest, the suppression of the new recruitment is almost guaranteed.
However, old trees can also enhance recruitment by the „nurse tree‖ effect, when
the development of the recruits is facilitated by the faster- growing or older
individual, which protects the seedlings from strong radiation, from the drying
effect of the winds or from pests.

21. Figure. The fate of the soil seed bank

- Individual modular growth

As mentioned above, the germination and growth of individuals in a plant
population will sooner or later lead to a population density which makes
competition inevitable.

22. Figure: Growth and spatial structure of individuals with different modular
structures
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Knowledge survey:

1. Can you evaluate Earth‘s diversity based on species number? The number of the
living species on Earth is:
a. Hundred of thousands.
b. Half a million.
c. One million.
d. Above 10 million.

2. Which taxonomic group of animals (phylum) is considered to be the most diverse
on Earth based on its species richness?

………………………………………

3. How many known vascular plants live on Earth?

………………………………………………………………..

4. Define populations.

…………………………………………………………………………………………………..

5. Which are the major aspects which have to be taken into account when evaluating
the density of plant populations?

………………………………………………………………..

……………………………………………………………….

6. What is ecological mortality?

………………………………………………………………….

7. From among Grime's life strategy types which one can be characterized by the
following statements? ………………..
- possess good vegetative propagation ability
- usually form clones
- can be invasive

8. List 3 factors, which determine the success of seed rain in plant populations.

………………………………………………..

………………………………………………..

………………………………………………..

9. The differences between K- and r strategy. Complete the following table with
characteristic features, following the example in the first row:

E.g. germination rate of
seeds

r strategy

K strategy

rapid

slow

Pace of growth
Competitive ability
Migrattory potential
The size of the covered
niche
The lifetime of the
individuals

10. What are propagules, and what is their major role in the life of plant populations?

…………………………………………………………………………………………………..

6. The relationship of plants to their environment
6.1. The ecological environment
Plant populations thrive best within the most suitable habitats i.e., places in
which the environmental conditions satisfy the organisms’ needs. In fact, the
occurrence of any population in a habitat depends on the environment. If
any of the environmental factors fall outside a population’s tolerance limits,
the survival of that population in that particular habitat becomes critical. As a
result, any environmental factor reaching the tolerance limit of a population
can be considered a limiting factor.
The ecological tolerance of a population can therefore be defined as the
response of that population to limiting environmental factors, which can be
expressed e.g. in terms of biological production.
It is important to know that the ecological environment can only be
interpreted in relation to the living organisms. Ecological factors are only those
that directly affect the existence of plants. For example, the availability of
light for oak trees in a park of Budapest is completely different compared to
the light conditions within a closed forest of e.g. on the Pilis Mountain. Light
conditions on Pilis Mountain will not have any effect on the trees of the park,
and only the light availability in Budapest will be the limiting factor.
We know that light is an absolutely essential energy source in the process of
photosynthesis. If there is no light, plants stop photosynthesizing and
producing organic matter (i.e., biomass). The intensity of light is therefore a
limiting environmental factor for plants. Once the light intensity reaches a
certain value, it triggers the process of photosynthesis, but if the light intensity
is too high, it becomes a source of stress. Excessive light can damage the
photosynthetic system and can increase the leaf temperature, which in turn
increases evaporation and leads to water loss and dehydration.
By measuring the biomass productions of individuals in response to increasing
light intensities we can quantify the ecological tolerance of plants to light.
Somewhere between the minimum and maximum values of biomass
production lays an optimal value necessary to achieve the highest biological
production (Figure 1). By measuring several individuals of a population we
can establish the population light tolerance curve.

Figure 1: The tolerance curve of a population to light conditions:
y = f(x), where x – light intensity, y - biological production (growth)
The population tolerance curves can be established for various environmental
factors. By comparing different tolerance curves we realize that different
populations can give very different responses to the environmental factors.
Some populations are very sensitive and have a narrow tolerance range,
whereas others have a wider tolerance for the same environmental factor
(Figure 2).

Figure 2: Comparison of different tolerance ranges to limiting environmental
factors
When plants have a narrow tolerance range to several environmental factors,
they are considered specialists, because their occurrence and long- term
survival depends on very specific environmental conditions.
Specialist species are indicators of the environment, because their presence
(or absence) indicates specific environmental conditions. For example, in
peat bogs plants live in cool humid microclimates, developing on substrates

of low pH that also lack dissolved inorganic nitrogen. Even without measuring
these parameters we know that the presence of species such as the Purple
marshlocks (Comarum palustre (syn. Potentilla palustris) and the Roundleaved Sundew (Drosera rotundifolia) indicate very specific environmental
conditions.
Generalist species have a large tolerance range to many environmental
factors, which explains why they occur in so many different environments.
Widespread weed species such as the Black locust (Robinia pseudoacacia)
and the common Couch grass (Agropyron repens (syn. Elymus repens)) are
generalists.
If different species have similar ecological requirements and similar tolerance
ranges (i.e., collective tolerance), they belong to similar ecological groups of
species. Ecological groups have been established for similar temperature,
water and soil pH requirements, and can provide information about the
ecology of habitats (see Simon T. 2001, Vascular Flora of Hungary).

Environmental factors can be divided in two major categories: abiotic
environmental factors, such as water, light, temperature, soil nutrients etc.
and biotic environmental factors (all other organisms and populations with
which organisms interact). Every population (and individual) is affected in
some way by the presence of other populations of the same habitat,
especially when two-way or one-way relationships develop.

6.2. Abiotic environmental factors
6.2.1. Light
Light is the source of energy for all autotrophic plants and nearly all
ecosystems (which are energetically open systems because they need
energy input). Only some cave ecosystems and deep marine habitats are
exceptions to this, in that their source of energy consists in chemical
substances and not light.
The sunlight is a portion of the radiant energy visible to the human eye. The
entire electromagnetic spectrum consists of waves of different lengths:

-The short wavelength radiation (λ <380) is called ultra-violet radiation (UV)
and represents only 1-5% of the total electromagnetic spectrum. These waves

are harmful for living organisms. They impede growth and cause death of the
living cells. When penetrate the cells, the UV rays have mutagenic effects,
causing burns and pathological alterations in plant tissues. The ozone layer in
the Earth's stratosphere protects plants from UV radiation: without it, life on
Earth would not be possible.
- Visible light (wavelenghts between λ: 380 – 720 nm) represent more than 50%
of the global (total) electromagnetic radiation. When light passes through a
prism, it is broken down to different colors. Each of this color has a certain
wavelength: violet (λ =400–424 nm), blue (λ =429–491 nm), green (λ =491–
575nm), yellow (λ =575–585nm), orange (λ =585–647), red (λ =647–700nm).
- The long wavelength radiation (λ > 720 nm) is called infrared radiation (IR)
and represents 40-44% of the total electromagnetic spectrum. Infrared rays
are not visible to humans, but are detected by the living organisms as heat.
- PAR (Photosynthetically Active Radiation) refers to the spectral range
utilized by plants during photosynthesis. This value ranges between λ= 380–750
nm. The range of PAR and of the visible light overlap almost completely
(Figure 3).

Figure 3: The Photosynthetically Active Radiation (wavelengths between 380 –
720 nm)
The chlorophyll molecules of green plants utilize the red and the blue light
during photosynthesis.
Diffuse light consists mostly of radiation of long wavelengths, which makes it
more suitable for green plants because it does not burn the tissues.

The distribution of the light energy (i.e., the ratio between the direct and
indirect light) on Earth varies seasonally and with latitude (Figure 4).

Figure 4: Light and radiation on the surface of the Earth
(Cain, M; Bowmann, W. D.; Hacker, S. D. 2011)

The ecological significance of light and forms of adaptation
The ecological effect of light on plant populations depends on the intensity of
light, the length of the exposure and also on the spectral composition of the
light. All these features can affect plant populations and can trigger
adaptation. The effect can be observed at the individual- and at community
level.
The effects of light intensity
Light as an environmental factor cannot be stacked up: in contrast to other
factors such as the water, plants cannot store it. Consequently, the process of
photosynthesis starts whenever the light conditions are suitable, and stops
every time when the light becomes too weak. When plants stop
photosynthesizing, the primary production of organic matter also stops. The
intensity of photosynthesis increases with increasing light intensity, but up to a

certain point. Using experimental approaches we can draw the
photosynthesis light response curves (the effect of increasing light intensity on
the rate of photosynthesis), and based on these curves it is possible to
determine the light requirement of individual plant species or populations. The
light response curves of different species can be compared with each other.
The curves of species that require more intensive light (high-light plants) will
saturate at higher levels than the curves of species that require lower light
intensity (low-light plants) (Figure. 5).

Figure 5: Photosynthetic light response curves (CO2-assimilation curves)
Insufficient light causes a number of symptoms in plants: chlorosis (they
become pale), elongation (etiolation), thin cell walls. The anatomical
structures of leaves may also change, the number of chloroplasts in the cells
decrease (see: Chapter 3 for more details).
To reach diffuse light or to defend themselves from strong solar radiation,
plant organs can “move”. This is called phototropism (the directional growth
determined by the direction of the light source), and has been observed on a
number of trees, shrubs and herbaceous plants. The intensity and the angle of
the incoming light usually act together to determine the shape of the plants.
Most of us have probably observed the phenomenon of phototropism on
indoor plants, (uneven or one-sided growth when plants have more
abundant window-facing leaves and branches) (Figure. 6).

Figure 6: One-sided growth of an indoor Ficus benjamina plant
In very dense forests trees often grow straight and tall and make few, short
branches. When solitary in open areas, individuals of the same species
develop wide crowns with expanded branches and the stems are shorter. At
the edge of the forest, trees are often lopsided with fewer branches and
leaves on the side that faces the shaded forest.
We have seen when we compared the photosynthetic light response curves
that plants react differently to increasing light intensity (Figure. 7). This is a
result of adaptation to different light conditions within their natural habitats.
Accordingly, plant species can be grouped by their light requirements as
follows:
- Sunlight plants - Heliophytes All life processes require full sunlight. These plants live in open habitats such as
rock grasslands, deserts, old fields and upland grasslands.
- Shade tolerant plants – Helio-sciophytes Tolerate the shade, but blooming is triggered by full sunlight. Some grasslands
species and early spring plants of deciduous forests belong to this group.
- Shade plants - Sciophytes -

Full sun exposure is harmful, as these plants require low-intensity light for all life
processes. These plants inhabit the understory of closed forests, ravines and
steep valleys. Many shrubs, herbaceous species and ferns are sciophytes.
The intensity of light is therefore a key environmental factor. The value of light
intensity where the rate of photosynthesis matches exactly the rate of
respiration on the photosynthetic light response curve is called light
compensation point. At this point, the uptake of carbon dioxide through
photosynthesis equals the respiratory release of CO2. Its value indicates the
requirement of plants for light. Heliophyte species have the highest light
compensation point.
This value corresponds to the net photosynthesis expressed in calories (which
equals the total photosynthesis minus the respiration consumption).

Figure 7: The relationship between the light intensity and the CO2 uptake in
shade- and sunlight plants.

The adaptation success also depends on the anatomical structure of plant
organs. The leaves of a tree get different amounts of light depending on their
position in the canopy, and as a result there can be shade- or light leaves on
the same individual (see Chapter 3 for details). In the horticultural practice, an
incorrect pruning can expose the inner foliage of a tree to strong sunlight,

which can cause damage to the leaves and the tree can even lose all of its
leaves.
Photoperiodism
Light conditions follow a seasonal periodicity in many parts of the world, and
the number of sunny hours per day can have a strong effect on plant
development. As a result of adaptation to light and dark periods, the life
cycle of numerous plants is controlled by the duration of the daylight. Three
groups of plants can be distinguished:
- Short-day plants are adapted to less than 12 hours of sunlight, and cannot
bloom under long days. A long dark period is required to start the flowering
process, and if the dark period is interrupted they will not bloom. Short-day
plants originate from the tropical and subtropical regions (e.g.,
Chrysanthemum, Dahlia and Nicotiana species, some Euphorbia species).
- Long-day plants are adapted to more than 12 hours of light and can only
bloom when days are longer than the nights. For example, 15-16 hours of light
and temperatures of 15-21°C induce the development of the generative
stems in poppy and lettuce. Blooming can also be induced using artificial
light, which elongates the regular daylight conditions. These plants originate
from the temperate zones and some of them even from north (e.g., oats,
barley and carrot).
The effect of photoperiodism is commonly used in horticultural practices.
Plants can require variable exposure to light during different developmental
phases such as germination, flowering and fruiting.
- Day-neutral plants (light-indifferent plants) are not affected in the formation
of their generative organs by the length of daylight (e.g.,cucumber,
tomatoes) (See also Chapter 4).

The effect of spectral composition of the light
Light of different wavelengths can influence growth and development in
plants. This is called chromatic adaptation. The red and orange light (the
diffuse light) is beneficial to plants as it increases the net photosynthesis. In a
rarified atmosphere e.g. on the mountaintops, harmful short-wavelength (UV)
radiation can trigger specific morphological adaptations. Dark, often red leaf
colors, few flowers, increased hairiness, short internodes and shingled leaves
that cover each other provide not only cold hardiness but also UV protection.

Aquatic environments are an optically dense medium which strongly
enhances chromatic adaptation in plants. This is best seen in algae. The
chlorophyll is adapted to red light, and because the red light has long
wavelength which is unable to penetrate deep in the water, green algae
always live close to the shores in shallow waters. Xanthophyll pigments - such
as brown algae’s fucoxanthin – absorb the green light, and therefore they
can survive in deeper seas. Rhodophytes (red algae) grow in the deepest
waters, because they are able to absorb the blue-violet light (of short
wavelength, able to penetrate the deep waters).
Community-level effects of light
The light requirements and ability of different plant communities to capture
light can be different and may depend on many factors. If we wish to
estimate the light energy utilization (photosynthetic primary production) of a
plant community, we have to calculate the Leaf Area Index (LAI), which is
defined as the leaf area per unit ground surface (m2/m2). The LAI also permits
the comparison of the light energy utilization across different plant
communities.
6.2.2. Temperature
Organisms detect infrared rays (the long-wavelength range of the solar
radiation, λ> 720nm) as heat. However the air temperature is not directly
determined by the atmospheric radiation, because first the soil absorbs most
of the heat and then the reflected heat warms up the air. As a result, the
average air temperature decreases with higher elevations. This explains why
the temperature of individual habitats is basically determined by the surface
albedo (reflection coefficient) i.e., the ratio of the absorbed and reflected
radiation from the Earth’s surface. As with the light, the temperature is also
affected by the angle of incoming solar radiation and the exposure and the
angle of the slope.
Temperature in the cities can be higher with several degrees than in the
neighboring natural habitats because the heated buildings, pavements and
walls reflect back the radiation. The polluted air of high CO2 content is also
warmer than the surrounding areas (greenhouse effect).
The temperature affects the life cycle of populations, the growth, flowering
and fruiting. In plants, almost all life processes have an optimum temperature
requirement –e.g., there is germination temperature and flowering

temperature. The key factor of a successful plant production is to ensure the
optimum temperature for every phenophase of the cultivated plants.
The heat energy is therefore a key environmental factor. The temperature
value where the amount of organic matter produced by photosynthesis
compensates for the loss of energy through respiration is called temperature
compensation point.
Another important indicator in crop production is Szeljanyivov's growing
seasons heat sum, which is the sum of the daily mean temperatures during
the growing season. This value shows the amount of warmth needed for the
crops to grow and develop, expressed in °C. The suitable period for
horticultural production in Hungary is between the end of April until the end of
September, and the heat sum is 2900°C-3300°C. If a plant’s heat requirement
is higher (such as for the citrus), the plant cannot be cultivated or if so, only
under special conditions in a greenhouse. In comparison, the heat sum for the
red pepper is about 3000°C, therefore it can be grown nearly everywhere in
Hungary. Although at the beginning of the growing season from sowing to
germination the amount of heat needed for the red pepper is 250C°, the
cultivation should be started in a greenhouse because early frost can harm
the plants.
Plants in the temperate zone are adapted to the cold season, and as a result
they may require a cold period for growing.
Extremely low and extremely high temperatures represent stress factors for
plants, and therefore they try to avoid- or prevent the effect of this
environmental stressor. Heat stress can damage the enzymes and the cell
membranes. To avoid overheating, plants react by increasing their transpiration
or by orienting leaf blades away from the incident solar radiation (e.g., the Eucalyptus). This
is called panphotometric reaction. Adaptation can also be manifest at cell level, when
plants

produce

and

accumulate

heat

shock

proteins.

A similar phenomenon can be seen when plants defend themselves against cold.
As with the heat, frost can also damage the cell membranes and frozen water
also results in physiological drought. In addition, ice crystals can cause severe
physically damage to cells. Plants defend themselves by cold tolerance or
cold avoidance. In the first case, plants prevent the formation of ice crystals by
increasing their metabolism to produce heat, and in the second, by increasing the
concentration of "antifreeze" compounds (sugars, amino acids). Some species can

withstand the formation of ice crystals by, for example, withdrawing the water to
the apoplast (the cell wall region of plants as well as the intercellular spaces and
dead cells without cytoplasm) just before freezing, or producing special
"antifreeze" proteins that prevent the formation of ice crystals.
Plants of cold climates show both morphological and physiological
adaptation to extremely low temperatures. Cold winds and low temperatures
are avoided by specific dwarf growth which is very advantageous in terms of
heat management (Figure 8).

Figure 8: Dwarf-shrub vegetation in the arctic tundra: blueberry species
(Vaccinium), Heather (Calluna vulgaris) and Bog rosemary (Andromeda
polifolia)

6.2.3. Water
Water is an essential environmental factor for plants. Water under all forms
(ground water, precipitation, vapor, frost) influences tremendously plant
populations. Water availability is always critical to plants.
The physiological and ecological role of water is complex:
- it is the medium in which biochemical processes (e.g., enzyme activity) take
place, it is also a solvent and a reagent (e.g., in hydrolytic processes,
photosynthesis);

- it is the starting chemical compound in photosynthesis: following the splitting
of water mollecules, the hydrogen is incorporated in primary organic matter;
- it controls the turgor pressure in plant cells (i.e., the stiffness of the cells);
- it is a regulator of the osmosis involved in the nutrient transport processes;
- it plays an important role in temperature control, as evapo-transpiration
cools down the plant tissues;
Having access to water has been a big challenge for plants when they
stepped out to the mainland from the ocean environment. The amount and
distribution of rainfall across the mainland habitats is a key factor that has
controlled plant life ever since.
The water regime of plants
Mainland organisms such as the higher plants had to adapt to uneven water
supply. Poikilohydric plants depend entirely on the presence of water, they
have no mechanisms to prevent desiccation. At drought they dry out and
their life processes stop. Such are the mosses and the lichens, who take up
water through the whole body surface. The cushions in which mosses grow
can hold back the water resulted from precipitation for a long time.
Homoiohydric species have developed their own water regime, which
ensured their success under terrestrial life conditions. The water regime of
higher plants can be independent from the environment for short periods of
time. Water uptake does not happen through the whole body, but
specialized organs, the roots. Both the water uptake and the water release
are controlled processes. Ferns and flowering plants are homoiohydric plants.
As a result of adaptation to the variable amount of water available, plants
can range from water-demanding to drought-tolerant plants.
Classification of plants according to their need for water
- Hydrophytes: plants from aquatic habitats, with bodies submerged entirely
of partially in water. Some aquatic plants perform photosynthesis within the
water (e.g., the submerged seaweed), others in the air (in which case the
leaves spread out on the surface of the water, e.g. in water lily, Nymphaea
sp.). Many hydrophyte plants have large intercellular spaces and channels in
their tissues, called aerenchyma (Figures 9, 10).

Figure 9: Vallisneria spiralis

Figure 10: Nymphaea sp.
Species rooted in the mud and with shoots rising high above the water are
known as hygrophytes. Sedges(Carex), rushes (Typha) and the reed
(Phragmites) belong to this group. (Figure 11).

Figure 11: Phragmites australis

Aquatic plants are often characterized by a large number of open stomata.
Trees growing in water produce breathing roots that stick out of the mud,
making possible the root respiration. Other features of hygrophytes are their
thin leaf blades with little parenchyma and support tissue, large intercellular
channels, stomata on both sides of the leaf (amphistomatic leaf) and often
raised. Hygrophyte plants are able to rapidly evaporate the water and to
remove excess liquid water as drops. The exudation of water drops is called
guttation (Figure 12).

Figure 12: Guttation (http://vadregeny.blogspot.hu/2012/08/kekturazaszemplenben-2-nap.html)
- Mesophytes: species with intermediate water requirement, inhabiting soils of
good water supply (Figure 13). Most of our agricultural and horticultural plant
species belong to this group.

C

Figure 13: Tulip (Tulipa hybrida) (A), apple (Malus domestica) (B), and a view
of a Convallario-Quercetum roboris forest (C)
- Xerophytes: drought-tolerant plant species, exposed to shortage of water for
shorter or longer periods of time. Arid habitats are inhabited by droughttolerant species.
Plants are forced to adapt to drought. They will never prefer, just tolerate the
drought if they have to. Xerophytism (drought tolerance) in plants has
triggered very diverse morphological, physiological and ecological
adaptations.

Adaptation to xerophytism
-

Morphological-anatomical traits: defoliation, modification of leaves into
thorns, abundant hairiness (trichome cover), small leaf area, leaf rolling
and curling, sunken stomata (stomatal crypts), deep root system (Figure
14).

Figure 14: Adaptive morphological-anatomical features to drought
A special form of water retention in plants is the succulence. Different organs
such as leaves or stems can become succulent by retaining water in their
tissues (Figure 15).

A

B

Figure 15: Leaf succulents (A., Agave sp.) and stem succulents (B., Opuntia
sp.).

- Physiological adaptations
In warm and dry habitats the evapo-transpiration increases during the day
because of the high temperatures. A physiological challenge for plants
consists in the fact that during the CO2 uptake for photosynthesis stomata
must be open. But plants usually close their stomata to prevent water loss by
evaporation, which means that carbon dioxide uptake is greatly reduced.
This difficulty is solved by an alternative photosynthetic pathway evolved in
plants of arid habitats, the CAM (Crassulan Acid Metabolism) type of
photosynthesis found in e.g., desert succulents. During the night they take up
CO2 which is stored in vacuoles under the form of organic acids. During the
day when photosynthesis starts, the stored carbon dioxide is fixed the
"traditional" way (the Calvin cycle), but with closed stomata (Figure 16).
Plants with the C4 type of photosynthesis followed an alternative adaptive
way to drought tolerance. They developed new anatomical structures (for
details see chapter 3). In C4 plants the CO2 molecules are embedded in a
four carbon molecule, unlike the C3 plants where the first product of
photosynthesis is a three carbon molecule (C3 photosynthesis). This four
carbon molecule product is transferred to the photosynthetic cells where the
carbon molecule is released and utilized in the Calvin cycle. The advantage
of the C4 type of photosynthesis is that many cells can produce four carbon
molecules as intermediate products, which are then accumulated in a single
cell. The procedure is actually a type of carbon-concentrating mechanism,
which means that the critical concentration of CO2 needed in the dark phase

of the photosynthesis is made available to plants even with closed stomata
(Figure 17).

Figure 16: CO2 assimilation in CAM plants (from Erős- Honti Zs.)

Figure 17: Carbon fixation in C4 plants and C4 species
The C4 photosynthesis is not a common phenomenon in the plant kingdom,
only about 1000 flowering plants, especially annual species were able to
develop this photosynthetic mechanism.
Other forms of adaptation to drought are discussed in Chapter 3.
Life forms
Water shortage leads to decreased plant activity (dormancy) in plants.
Dormancy may be induced when water is not available to plants for longer
periods of time due to seasonal drought or because in the cold season
freezing decreases water availability. Seasonal dormancy is common in arid
habitats of the Earth and in the temperate and cold climate zones.
Plant life forms refer to the growth forms of plants, i.e. the different strategies
to survive adverse environmental conditions. The best known life form
categories were envisaged by Raunkiaer, and are based on the position of
the dormant buds (Figure 18).

Annual species can survive the adverse periods in seed, in which case the
bud is represented by the plumule of the embryo.
Perennials have developed very diverse life forms. Woody plants keep their
buds alive aboveground whereas herbaceous plants can have buds close to
the ground or hidden in the soil.

Figure 18: Raunkiaer's life forms: (dark parts are the position of the resting
buds)

Community-level adaptation to water shortage
The vegetation structure of dry habitats often reflects the efforts of
populations to withhold water. After hot summer days only small amounts of
morning dew form, but even that can be used by some plants. Cushion plants
are able to retain and absorb it by the dew roots that grow on the ground.
Shrubs in arid, semi-desert habitats have low, compact and spherical growth
with shoots angled to lead the early morning dew to the base of the shrub.
The flowering and seed dispersal starts after or during the rainy season. In
desert habitats and in perennial dry grasslands usually all species bloom
massively at the same time.
A long dry season can also trigger dormancy. For example, in the
Mediterranean region many herbaceous species are forced to dormancy

twice a year, first because of the summer drought and second, during the
winter.

6.2.4. The soil
The soil is one of the most complex components of the ecosystems, and as
the Earth crust’s uppermost and fertile layer it plays a determinative role in the
distribution of plants. The soil is a limiting factor for each of the terrestrial
plants, it keeps plants fixed in the ground and it is an essential source of
nutrients and water.
Soil formation is strongly influenced by geological factors (bedrock type),
climate and living organisms. Due to the complex interplay of these factors,
soils start forming with the fragmentation and weathering of the bedrock,
following which plants and animals, soil fungi and micro-organisms of the soil
(i.e., the edafon) are all responsible for the further complex transformation
processes of the soil.
Soil is a three-phase (solid-liquid-gaseous) polydisperse system, with the
following components: (Figure 19):
1. the soil solution
2. the soil colloids: organic-mineral complexes (clay minerals and organic
molecules) which constitute colloidal-sized particles in the soil.
3. the air between the soil particles
4. other organic components and the humus

Figure 19: The soil components
Humus and its development
One of the important components of the soil is the humus, which is a
collective name for the organic matter in the soil. Humus is made of complex
organic macromolecules resulted from the decay of dead plants and
animals, soaked in humus acids.
Most of the dead plant and animal residues in the soil are decomposed by
microorganisms and fungi, which is followed by the process of mineralization.
The resulting inorganic substances (i.e., nutrients for the plants) are thus reincluded in nutrient cycle.
A part of the decomposed organic matter is not mineralized, but becomes
the main structural component of the humus (e.g., simple sugars and amino
acids, proteins and their products, closed aromatic ring compounds which
forms phenols and quinines). These compounds are connected to each other
through chemical processes (condensation, polymerization) to form macromolecules and thus become the constituents of dark humus. Microorganisms
are not able to decompose these macromolecules or only do that very
slowly, and therefore these humus materials temporarily exit from the
ecosystem’s nutrient cycle. Thus the humus acts as the ecosystem’s nutrient
storage because its very slow degradation enables a continuous
replenishment of soils with nutrients.
Soil properties
- Structure – refers to how loose, aerated or aggregated the soil is. The
dimension of soil grains and the volume of pores (i.e., soil porosity) are

important to plants, because they affect the development of the roots, the
soil permeability for water and soil aeration. The smaller the pores, the more
compact the soils are; this can mean decreased soil permeability for water
and less living space for microorganisms (e.g., in clayey soils). In contrast,
extremely loose soils have a poor water holding capacity (e.g., sandy soils).
The soil structure is influenced by the ions adsorbed on the surface of the soil
colloids. Calcium-rich soils are crumbly, well-aerated, whereas colloids in soils
of high sodium content (saline soils) coagulate and soils are poorly aerated.
- Temperature: Has a significant effect on root growth, it affects seed
dormancy, seed germination and the soil nutrient supply through influencing
the speed of decaying processes and the activity of microorganisms. Extreme
soil temperatures represent a stress factor for plants, e.g. in overheated soils
during summer, whereas in the winter the frozen water causes water stress in
roots.
- PH: Is an important factor because it influences the solubility of soil nutrients.
Plants generally prefer neutral and slightly basic soils which, due to the
presence of Ca ions, have a good structure and a favourable humidity. Some
plants can also tolerate alkaline and acidic soils, but in order to achieve that
they have different adaptive strategies. For example, mycorrhizae can
enhance significantly the nutrient absorption.
-Humus content and humus characteristics are important in controlling the
nutrient exchange, water balance and soil pH.
- Water content: hygroscopic water, capillary water and gravitational water:
Water in the soil exists in three forms; (i) the colloidal soil particles are
associated with an extremely thin film of moisture that adheres to soil
particles, which is the hygroscopic water or bound water, (ii) the capillary
water that moves between the soil particles, and (iii) the gravitational water
that originates from precipitation and is drained downwards by gravity. Only
the latter two constitute a source of water for plants.
As seen before, the vegetation composition is strongly influenced by the soil
properties. Several plant species are sensitive to the soil properties and can
only tolerate a narrow interval of the soil parameters. These plants are soil
indicators.
Species that indicate acid soils (i.e., acidophilus plants) are the blueberries
Vaccinium myrtillus, V. vitis-idaea, the Wood sorrel (Oxalis acetosella) (Figure
20.), the Heather (Calluna vulgaris), many species of Rhododendron and the
Sheep’s sorrel (Rumex acetosella).
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Figure 20: Acidic soil indicator species
Bilberry (Vaccinium myrtillus) A., Lingonberry (Vaccinium vitis- idaea) B, Wood
sorrel (Oxalis acetosella) C.

Plants which are adapted to a high salt content are indicators of solonetz soils
or of soils of very high salt concentration and poor structure – solonchaks. For
example, the Sea aster (Aster tripolium), the Sea plantain (Plantago maritima)
and late flowering Sea lavender (Limonium gmelini subsp. hungaricum)
indicate saline soils (Figure 21).
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Figure 21: Salty soil indicator species.
A. Sea aster (Aster tripolium subsp. pannonicum), B. Sea plantain (Plantago
maritima), C. D. Sea lavender (Limonium gmelini subsp. hungaricum)
The high water content of the soil is indicated by species such as the Yellow
flag (Iris pseudacorus), species of rushes such as the Soft rush (Juncus effusus)
(Figure 22.), sedge species such as Lesser pond sedge (Carex acutiformis). The
marshy, oxygen-poor soils are indicated by tree species such as the alders,
e.g. black alder (Alnus glutinosa). Alder roots establish symbiotic relationships
with actinomycete fungi that enhance the nitrogen uptake from the
inorganic, nitrogen poor soils.
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Figure 22: High ground water level indicator species: Soft rush (Juncus effusus),
A., Yellow flag (Iris pseudacorus) B.
Some plant species are indicators of high metal ion concentrations in the soil.
Most plants avoid such habitats, but some grow well in these ion- saturated
soils. The latter are able to accumulate ions in their tissues. For example, the
Irish moss (Minuartia verna) is well-known as an indicator of elevated lead
concentrations, and the field horsetail (Equisetum arvense) is an indicator of
increased zinc content.
There are some plant species that are able to indicate the elevated nitrogen
content in the soil by an increased population density and tall-growing
individuals that can encroach the habitats. The "neck length" Stinging nettles
by the landfills, the Common hop and elderberries grown above animal
carcasses are well-known “indicator” situations.
Soil types
Based on the factors that influence soil formation, soils can be:

1. Zonal soils: reflect the influence of the macroclimate. They cover large

areas, follow the climate zones across the globe, and have very well
developed structure. Zonal soils include e.g. tropical laterite soils and
brown forest soils of the temperate zones.
2. Intrazonal soils: usually occupy restricted areas and are associated with
zonal soils. The evolution of these soils is determined by local factors,
mainly by the influence of the dominant bedrock. For example
rendzina soils are characteristic of limestone.
3. Azonal soils: their development is driven by factors other than the
climate and bedrock, which may be local factors such as e.g. water.
The structure is usually incomplete and there is no advanced soil profile.
Marshy soil, sediment soils and saline soils belong to this group.
In Hungary, beside the typical temperate zonal soil types many other
soil types develop intrazonally or azonally due to edaphic factors.

Figure 23: Soil map of Hungary with the major soil types .

6.2.5. Climate and atmospheric conditions

Climate is a combined effect of several environmental factors. The
temperature and the amount and distribution of the rainfall are essential, but
the prevailing winds, distance from the sea (continentality) and the
topography of the land surface are also determining factors.
The Earth's climate zones can be characterized with the average annual
temperature and the average annual rainfall. Based on the amount of rainfall
and evaporation, climate types might be classified as:
- Humid climates: when an area has a positive water balance (more
precipitation falls than evaporates)
- Arid climates: when there is a negative water balance, with extreme
drought.
- Semi-arid climates: water shortage in certain periods of the year,
including the growing season.
- Semi-humid climates: increased rainfall during certain periods of the
year, mainly in the growing season.
Climatic conditions in an area can be expressed as climate diagrams. These
diagrams show the monthly average temperature in relation to the
distribution of monthly precipitation.
First represented by Gaussen-Walter, the climate diagrams are widely used in
plant geography and ecology to describe and compare the climate of
different vegetation zones. They are based on Szeljanyinov's hydrothermal
coefficient (Qh) and Walter-Bagnouls xerothermic index (I). According to the
Walter-Bagnouls xerothermic index, a month is considered dry if the total
monthly rainfall is less than twice the temperature value. The graphic contains
the temperature and the monthly distribution of precipitation shown on the
two vertical axes of the graph, where 10µC correspondto 20mm of
precipitation. The horizontal axis shows the months of the year, so it is possible
to read the duration and intensity of the humid, arid and transitional periods
(See textbox on how to construct climate diagrams).
The climate diagrams of various cities from the different climate zones of the
Earth are shown in Figure 24.

Figure 24: Climate diagrams of major climate zones of the Earth (the vertical
lines show the humid climate, and the dotted areas where the rainfall is below
the temperature curve shows arid climate) http://www.ucm.es/info/cif .
The climate of Hungary
The Carpathian Basin is influenced by several types of climate. This region is
mainly characterized by a Central European continental climate with
maximum precipitations during early summer and long lasting drought in the
summer. The area receives a warm autumn- spring humid sub-Mediterranean
climatic influence from South, and cool summers as Atlantic-Alpine climatic
influence from West. The different climatic influences affect different parts of
the country, which explains the uneven distribution and productivity of plant
communities.
There is an important geographic line between the humid and semi-arid
areas in Hungary, which separates the closed broadleaved forest zone (the
vegetation of the Transdanubian region and of the Central Mountains) from
the forest-steppe vegetation zone (the lowland area to East) (Figure 25).

Figure 25: Two different climate diagrams of Hungary in two distinct
vegetation types: closed broadleaved forest (Bánkút) and forest-steppe
(Szeged).

Air composition and air movement
The lower part of the atmosphere in which due to the heating effect of the
Earth's surface air currents and turbulence are common is called the
troposphere. Its height ranges between 16km (at the tropics) to 10km (at
latitudes of 60 degrees). Just above the troposphere lays the stratosphere,
where the temperature is relatively constant, but in its upper third part strong
gas movement can take place. At about a 32 km height in the stratosphere
lays the ozone layer (O3), which filters out the harmful UV radiation.
Stratospheric gases also prevent the rapid cooling of the Earth's surface.
Above the stratosphere lays the ionosphere, in which large quantities of ions
form under the effect of UV radiation and oxygen molecules disintegrate. This
layer is situated at elevations above 100 - 110 km. Although all atmospheric
parameters have contributed to the evolution of life, from an ecological point
of view only the lower part of the atmosphere is considered an environmental
factor. Therefore all air parameters refer to the troposphere.
The air contains constant (N2, O2, noble gases) and variable (CO2, water
vapors) components. An increased air humidity is beneficial for plants
because it balances the air temperature and decreases the evapotranspiration (water loss). Dry air is much more unfavorable for plants.
CO2 is a variable component of the air. It is released into the air due to the
respiration of organisms, microorganism activity in the soil and volcanic
activity. Recently, the amount of CO2 released in the atmosphere increased
critically as a result of the human activity (especially industrial exhausts).
Because of the increasing CO2 concentration, the intensity of photosynthesis
can also increase to a certain extent and thus the primary production
decreases the CO2 volume in the air by carbon fixation. Massive
deforestations and conversion of grasslands to agricultural land has
decreased considerably the carbon storage capacity of ecosystems, which
then causes the CO2 accumulation in the air. The elevated CO2 levels
contribute to the greenhouse effect. The greenhouse effect happens
because the infrared radiation that warms the Earth surface cannot be
reflected to the upper layers of the atmosphere, and is instead trapped in the
troposphere because of the increased concentration of CO2 and other
pollutant gases.
In the dry, hot seasons of the year CO2 is an important limiting factor for plants
because CO2 uptake cannot happen through closed stomata. As a result, C4
plants are advantaged under decreased precipitation conditions due to their

more effective CO2 uptake. Carbon fixation is a key factor in Earth’s
cycle and its effects on ecosystem functioning are manifold.

CO2

SO2, which results from industrial exhaust is also accumulating in the
atmosphere and has a harmful effect on plants. The high SO2 content of the
air and the acid rains produced as a result threatens many types of
ecosystem.
The amount of solid components in the air is variable. These contribute to the
air pollution, producing e.g., soot and smog. The smog which accumulates
around the cities and industrial sites is harmful for all living beings. It is
particularly problematic in calm and hot summer days or in foggy winter time.
Plants react differently to smog, but chlorosis and silvery, bronzing tissues are
usually caused by smog. Some horticultural plants such as the spinach, Swiss
chard, the tomatoes and the beets are very sensitive, whereas others such as
the beans, the cabbage and the corn are resistant to smog damage.
Air currents
Winds can have both positive and negative effect on plants.
The positive effect is when winds mediate the dispersal of pollen and fruits.
Plants whose pollen is dispersed by wind are called anemogamous
(anemophilous) species.
The most visible features of wind-pollinated species are:
- they usually produce a lot of pollen;
- the perianth is insignificant, reduced or absent;
- the flowers are often imperfect (diclinous), the male flowers are dense, form
catkins and bloom early in the spring before the leaves appear;
- usually do not produce nectar;
Anemophilous species are e.g. the hazel (Corylus avellana), the walnut
(Juglans regia), the Hungarian ash (Fraxinus angustifolia subsp. danubialis),
and from among the herbaceous plants the grasses and the sedges (more
anemophilous species in Figure 26).
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Figure 26: Anemochorous species
A. Betula pendula (Silver birch), B. Quercus robur (English oak)(Tuzson J.1926)
Anemochorous species spread their fruits and seeds using the wind.
These fruits/seeds are often:
- produced in large quantities
- are lightweight
- are winged or hairy

Anemochorous propagules
The light fruits or seeds such as those of willows, poplars or orchids do not
contain, or have just a small amount of nutrients. Such seeds have to
germinate immediately (without dormancy) and very often only germinate
when a fungal partner is present. In orchids, when the embryo starts to
germinate it develops a symbiotic relationship with a fungal partner that helps
it to absorb vital nutrients. (See more details about anemochorous fruits and
seeds in Chapter 4).
Winds can also exert indirect effects on plants. The prevailing winds may be
climate-driving factors and can be responsible for generating humid or arid

climate types. Winds may increase the aridity and as a result, the
physiological water stress in plants.
Sudden, raging winds may cause forest blowdowns and may cause soils to
dry up. Soil erosion caused by winds is called deflation. In tropical areas which
once were covered with forests, deflation can have severe consequences
(Figure 27).

Figure 27: Deflation and erosion on Hispagnola Island
An aerial view of Haiti and of the border with the Dominican Republic
(Caribbean). In Haiti forests were clearcut, which triggered strong soil erosion
and landslides. (NASA/Goddard Space Flight Center (image from Seed)
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Review questions:
1. What is the a, light- and b. thermal- compensation point?
a. ……………………………………………………………………………………………….
b. ……………………………………………………………………………………………….
2. What do Raunkiaer’s life forms refer to?
a. -A form of plant adaption.
b. -A type of growth form.
c. -The position of the buds in the unfavorable periods.
d. -The flowering state
3. What are the Sciophytes?
a. drought-tolerant species
b. water tolerant species
c. light-demanding species
d. Shade species
4. Which type of soil water can be used by plants?
a. the capillary water
b. the colloidal water
c. the gravitational water.
d. any form of soil water can be accessed by plants.
5. What does xerophytism means?

a. drought tolerance
b. special form of adaptation in plant populations
c. indicates a high degree of heat resistance
d. indicates a strong resistance to light
6. Interpret the following climate diagram!

a. How many seasons are in this area? .....
b. Does the monthly average rainfall exceed 100 mm? ..........
c. Do consistent frosts occur in the area? .......
d. Which month has the lowest amount of rainfall? .......

7. Population interactions, population collectives. Plant communities: structure,
functioning and dynamics

Populations that share similar habitats constitute communities in which a variety of
organisms interact with each other. The nature, intensity and direction of
interactions depend on the availability of resourses that individuals use in order to
survive, grow and reproduce. We can perceive the interactions between populations
when we posess information about species‘ ecological requirements and the role
each population plays in a system.

First, we have to identify the environmental

resources used by a population and the range of environmental factors populations
are able to tolerate, i.e., the population environmental tolerance. We have seen in
Chapter 6 (Figure 2) that populations have a tolerance range to each environmental
factor. If we add up the requirements of a population to all environmental factors (n
factors), we obtain a multi-dimensional tolerance space, termed ecological niche.

7.1. The ecological niche
- is a tolerance space defined by a species‘ ecological requirements;
- is a multidimensional and abstract space defined by all environmental factors
required by a species;
- is occupied when a population is present;

Several ecologists provided an interpretation for the ecological niche concept (e.g.,
Joseph Grinnel 1917, Charles Sutherland Elton 1927), but a modern ecological
approach came from George E. Hutchinson (1957, 1978) (Figure 1.)

Take three environmental factors. To define the tolerance (i.e., response) of a
population to these factors, we first identify the tolerance limits of the population to
each environmental factor and then connect all thresholds to obtain a threedimensional tolerance space. By adding each time a new parameter, the tolerance

space enlarges with the fourth-, fifth, etc. axes, producing a four-, five, etc.
dimensional space or a ‖hypervolume‖ (Figure 2.).

Figure 1: Representation of Hutchinson‘s ecological niche: a three-dimensional
tolerance space (Modified from White see Turcsányi G. 1998 )

The fundamental niche represents an ecological space defined by the full range of
favorable environmental conditions a species is theoretically capable of using. The

realized niche is a subset of the fundamental niche, occupied in the presence of

limiting factors (e.g., competitors). It is very often the case that the same
environmental factors of a habitat are suitable to and used by populations of several
different species. It results that the realized niche is most often smaller than, or at
most equal to the fundamental niche.
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Figure 2. A representation of the ecological niche. Each axis represents an
environmental factor.

Making an analogy, Miller (1927) defined the niche as a species‘ profession in an
ecosystem, and the habitat as its address.

The ecological niche may be used to compare populations. If the niches of two
populations overlap either partially or completely, that means the range of
environmental conditions they use is very similar (Figure 3). When niches overlap,
competition is highly likely to occur.
Several types of niche overlap exist:

1.

2.
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Figure 3. Different types of overlapping niches: 1. Reciprocally overlapping 2.
Included 3. Abutting (may be indicative of past niche overlap)

According to Gause‘s competitive exclusion hypothesis, completely overlapping
ecological requirements (i.e., niches) inevitably trigger competition between two
populations, one of which is usually excluded from the system.

If the niche overlap is incomplete, or niches segregate as a result of competition,
two populations may persist in the same area, i.e. they coexist.

Consequently, only populations whose niches are abutting or at least are aligned
along an environmental gradient will be able to coexist in a habitat, and ultimately
to build up plant communities.
A niche gradient can be represented as species‘ ecological optimum curves along
each niche dimension (Figure 4).

Figure 4. A niche gradient (the extent of niche overlap and alignment along a
resource gradient) (From Széky Pál, ...)

7.2. Biological interactions

The niche concept helps us understand the relationship between different types of
organisms. Some species don‘t develop detectable relationships, because their

niches are theoretically distinct. This is called neutralism. When a relationships does
develop, it can take many forms (Figure 5):

- detrimental relationships, which may be
two-sided (reciprocally detrimental), e.g., competition
one-sided (detrimental to only one of the interacting organisms), e.g.,
parasitism and allelopathy

- beneficial relationships, e.g., symbiosis, mycorrhiza and mutualism

- loose relationships (beneficial to one, and neither beneficial nor detrimental to the
other organism), e.g., commensalism

Figure 5. Different types of biological interactions and their expected outcomes

7.2.1. Competition

Competition is the most frequent of all biological interactions, which dramatically
affects populations in a habitat and usually lowers significantly the number of
individuals. Organisms will compete for limiting environmental factors only, which
will be accessed by the most successful competitors. A resource is an environmental
factor essential for growth, reproduction and survival of organisms, and therefore
competition occurs for resources (see overlapping niches).
Some resources are particularly important to living beings. For example, light, water
and soil nutrients represent resources for autotrophic plants. If one of these factors
reaches the tolerance limits of a population, it will act as a limiting environmental
factor (i.e., limiting resource). At critical thresholds, populations may go extinct. Not
all resources are limiting. For example, the atmospheric CO2 is essential in the
process of photosynthesis, but it is largely available at a constant rate to all plant
individuals.
Liebig‘s law of the minimum refers to the accessibility of soil nutrients, and states
that growth is controlled by the limiting environmental factor, and not by the
quantity of other available resources.

The outcome of competition
- Competitive exclusion (one of the competing populations is eliminated from the
system)
- Coexistence (both populations continue to utilize resources in the same habitat,
occupying and adjusting their realized niches)

The „niche adjustment‖ depends on the degree of plasticity organisms are capable
of, which is in turn related to their niche breadth.
Thus in exploitation competition (or exploitative competition), the efficiency of
resource use is critical. Organisms that use more of the resources will grow and
reproduce faster, and will eventually outcompete others. On the contrary, organisms
deprived of resources will have lower chances to grow and reproduce, and as a
result their resource use rate will decrease even more with time.

The belowground root competition is a clean-cut example of exploitation
competition, because competitors with longer and/or more extensive root systems
are likely to utilize more successfully the soil resources.

In order to be successful, organisms have developed competitive strategies, (which
can be demonstrated experimentally).

In communities of herbaceous perennials, interspecific competition produced two
types of very frequent competitive strategies, first described by Schmid and Harper
(1985). These are the phalanx and guerilla strategies
Plants with thick rosettes employ the phalanx strategy. They spread as a front,
covering the soil relatively quickly and preventing the establishment of other
colonizers. The English daisy (Bellis perennis) is a typical phalanx plant, but several
other dicotiledonous species such as Hieracium pilosella or Plantago lanceolata have
a similar strategy.

Plants with long internodes employ the guerilla strategy. Their horizontal stems
(stolons, rhizomes) grow fast and are able to escape the local scenes of competition,
while exploring suitable patches further apart. A tipical guerilla plant is the Self-heal
(Prunella vulgaris), but the strategy of Fragaria species (e.g., the strawberry) is very
similar.
Question rises, which strategy is more successful? It always depends on the initial
situation: if density of individuals is high, guerilla species are fast in finding
unoccupied patches and competitively advantageous situations; if vegetation density
is low, phalanx species are better at exploiting locally the available space and
resources.

Figure 6: Experimental demonstration of the phalanx and guerilla competitive
strategies with two tipical plants, Bellis perennis (B) and Prunella vulgaris (P) (From
Schmid and Harper 1985)

In competition, each „interested‖ half is mutually involved. The competition may be
interspecific (between individuals of different species) and

intraspecific (between

individuals of the same species). We have seen above an example of interspefic
competition.
In the case of intraspecific competition, individuals of the same species compete
with each other, and the strongest wins. For example, in plants, individuals that
grow faster and bigger are likely to be more successful. Initial advantage also carries
interest, as with time other resources will be accessed even more easier. Think
about seedlings in a clearing understory. Individuals which are quick in developing

leaves will be the ones to grow faster and will progressively shadow the siblings of
the same cohort. Ultimately, the most successful competitors for light will also be
able to invest more in their root system, which will considerably ease the uptake of
resources.

Intraspecific competition is critical in the development of progeny. Take the
example of hatchlings in a clutch. If food is scarce, the hatchlings who do better at
stretching and squirming will take the food from their siblings, who will weaken and
progressively loose the chances to survive, even if food becomes eventually
abundant.

Competition between modules is another form of intraspecific competition in plants,
which is essentially a competition „within the individual‖. The modular structure (see
Chapter 5) makes it possible for plants to regulate the dynamics of their modules
and thus to increase the individual‘s chances to survive. The competing modules
behave similarly to individuals in a population. The ones that grow faster acquire
more light, and the ones that root faster take up more nutrients.

Clonal species are able to regulate the number of modules as well as the life cycle of
each module, and therefore may be more successful in both

interspecific and

intraspecific competition situations.
For example, thanks to an extensive network of belowground rhizomes, the
raspberry (Rubus idaeus) is able to exploit maximally the soil resources. There is
hardly any other plant species able to establish within a raspberry stand in a natural
upland habitat. Axillary rhizome buds produce a large number of shoots which
sooner or later cast shadow on its neighbours, affecting each other‘s growth and
productivity (Figure 7). The lifespan of a raspberry module in the wild is of three
years. In the first year a leafy, green module develops; the second year is the year of
maximal flowering and fruiting; the third year, the lignified modules develop only a
few topical leaves and mostly don‘t make any fruits. This functional partitioning
helps the individual to minimize the intraspecific competition between different

modules, while it maximizes the utilization of light and soil nutrients. Such modular
dynamics increase significantly the fitness of raspberry plants and the competitive
advantage they have over other species.
Raspberry growers take into account the plant‘s life cycle. They remove the old
modules but keep the unproductive first year modules (which are not worthless,
since they are going to fruit the coming year).

Figure 7. The raspberry (Rubus idaeus) and its modular structure

Vine prunning serves the same purpose of minimizing the competition between
different modules.
Consequently, the infraindividual (within individual) competition is a result of the
modular structure of plants and in essence it occurs when different ramets of the
same genet compete with each other.

7. 2. 2. The allelopathy

One specific type of successful competitive strategy is when one organism exerts
negative impact on the other through chemical inhibition. Although the effect was
long known, the first description was provided only in 1937 by Hans Molish. Some
plants release certain types of chemical compounds from their below- or
aboveground, live or dead body parts, which inhibit the germination and growth of
other species‘ individuals.

It is well known that the walnut (Juglans regia) leaves contain juglone which has
strong allelopathic effects. The coumarins released by legumes (plants in the Pea
Family) also strongly inhibit seed germination. In stands of the Black locust (Robinia

pseudacacia) one can hardly find any herbaceous plants, and most of them would
grow in the moist spring soil in which the toxic allelopathic compounds are being
diluted. The Black locust leaves will exert their allelopathic effect only later in the
summer (Figure 8). Tannins secreted by plants in the Fagales order are also strong
germination inhibitors. It may often happen that mother plants regulate the
development of a new generation of offsprings by releasing inhibiting, self-toxic
chemical substances.

We often don‘t know the composition of allelopathic chemical substances. However,
it is certain that allelopathy provides strong competitive advantages to plants of
different types of communities (e.g., weedy or dry habitat environments).
Interestingly, the impact of gradually concentrating allelopathic toxins within dry

habitats may be ceased by wildfires. Regular savanna wildfires for example make a
great service to plants, as many accummulated allelopathic compounds are being
burned.
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7. 2. 3. Parasitism

Parasitism is an uneven relationship between individuals of two different species,
whereby the parasites find suitable living conditions while directly exploiting the
host, and as a result the density of the host population changes.

Several types are known:
A. Obligate parasites - are those parasitic organisms whose life cycle is dependent
on the host plant. They can be:

- Holoparasites, which are totally dependent on the host plant for all
nutrients. Such are the parasitic fungi, e.g. the powdery mildew, downy mildew
(Figure 9) and the grey mold.

Flowering plants also have their parasites. In some plant families all species
are holoparasites, such as the dodders (Cuscuta sp.,), Dutchmen’s pipe
(Monotropa sp. Figure 10.) and the broomrapes (Orobanche sp., Figure 11).
These plants completely lack chlorophyll and are unable to photosynthesize.

Figure 9. Symptoms of powdery mildew (Plasmopara viticola) on a Common Grape
Vine leaf (Vitis vinifera)

Figure 10. Dutchmen’s pipe (Monotropa hypopitys). Photo: Gábor Bottlik

Figure 11. Broomrape (Orobanche hederae) (Photo: Sándor Barabás)

-

Hemiparasites

posess

chlorophyll

and

are

therefore

able

to

photosynthesize, but depend on a host to acquire the water necessary for this
process. The Common Mistletoe (Viscum album) and the Yellow Mistletoe (Loranthus

europaeus) are hemiparasites.

Figure 12. The Common Mistletoe (Viscum album)

B. Facultative parasites are those organisms which are primarily parasites, but are
not totally dependent on a host plant and are therefore capable of saprophytic life.
Many fungi are factultative parasites.

Parasites can be classified as:
- ectoparasites - live outside the host‘s body, which they penetrate with
various suctorial formations to extract nutrients
- endoparasites – such as various fungi and baceria, which live inside the
host‘s body

A distinct group of parasitic organisms are the wound parasites such as the hoof
fungi (e.g., Fomes, Phellinus, Figure 13), which are only able to establish on wounds.

Figure 13. The Willow Bracket (Phellinus igniarius)

7. 2. 4. Interactions for food resources. Herbivory and its consequences

Nitrogen-poor habitats such as peatbogs and tropical soils are inhabited by many
carnivorous plants. To supplement the amount of nitrogen, these plants use traps
(modified plant organs) to catch insects and other small arthropodes, which are then
digested with enzymes that break down proteins (Figure 14).

B

Figure 14. Pitcher plant (Nepenthes sp.) A and Sundew species (Drosera sp.) B,
(Photo credit: Solymossy G.)

Herbivory involves interactions for food resources between plants and plant-eating
animals, which result in lowered density of plant populations and various types of
injuries to individual organisms. Ultimately, flowering may not occur and seed
production may suffer. Overgrazing is often very well observable in pastures (Figure
15). To defend themselves against herbivores, plants try to become less palatable
and often produce toxins and stingy accessories such as thorns and spines. Strong
hairiniess and thick cuticles may also be effective against small-sized herbivores

such as the chewing insects. Leaves that are rich in fiber and less juicy are
indigestible to many animals. In overgrazed pastures, noxious plants abound and
the number of stingy plants increases.

Figure 15. The effect of overgrazing in a South-facing dry grassland (left) and a salt
steppe (right)

Reiprocally advantegeous (mutualistic) relationships

7. 2. 5. Symbiosis and mycorrhiza

Relationships based on bilateral advantages are being established in order to ensure
both partner‘s success, mostly in the competition with others, or to uptake
resources more efficiently. Such positive relationships are especially important for
survival in extreme environments and at high population densities.

In the evolutionary history of plants, it was only the vascular plants who evolved
nitrogen-fixing symbiotic associations, and organisms of these evolutionary
lineages have significant competitive advantages. This happened because the
nitrogen poor soils severely restrict the development and expansion of plants to
new environments.

Each relationship that eases the utilization of atmospheric nitrogen by plants has
unequivocal competitive advantages. In legumes (plants of the Fabaceae family),
nitrogen fixation occurs due to nitrogen-fixing bacteria that live in their root
systems. Within root nodules, bacteria called Rhizobium „manufacture‖ nitrogen,
which is then readily available for uptake (Figure 16).

Figure 16. Root nodules on the root system of the White Clover (Trifolium repens)

Another well-known symbiotic relationship has evolved between fungi from the
Acinomycetales and different species of alder (Alnus). The alder species grow in
nutrient-poor soils and consequently it is critical for them to have access to
additional sources of nitrogen.

The symbiosis between fungi and algae has lead to another evolutionary success
when lichens have appeared. Lichens are neither fungi or algae: they are a new
group in the evolutionary history of plants, and have evolved as a result of a
successful coexistence, the symbiosis. Neither the fungi nor the algae are able to
produce lichen acids, and consequently this chemical compound constitutes the
metabolic product of a new living entity. In this successful coexistence, the fungi
use the nutrients produced by autotrophic algae during photosynthesis, whereas
algae find a very good shelter in the web of fungus filaments. Some even believe
that fungi use the trapped algae as a source of nutrients, which would point toward
a rather parasitic relationships between the two parties.
Lichens are so successful that they can colonize the most barren rock surfaces or
walls and can establish in the most extreme habitats from the arctic to the tropics,
where neither the fungi nor the algae would be able to survive on its own (Figure
17).

Figure 17. Cup lichen (Cladonia sp.) and the Common Orange Lichen (Xanthoria

parietina)

For a more efficient use of environmental resources, vascular plants establish
mutualistic relationships with fungi as well. For example, mycorrhiza is a
relationship between the root system of vascular plants and different species of
fungi. A dense network of fungus filaments increases the surface of water and
nutrient absorbtion by roots in nutrient poor soils. Some mycorrhizae even defend
the roots from pathogens, and as a result the plant individuals involved in such
relationships acquire higher viability. In exchange, the fungus partner has access to

carbohydrates, and in addition plants help its development with vitamins, hormones
and other growth regulators. More than 90% of the vascular plants establish
mycorrhizal associations with various species of fungi.

Based on the position of the fungus filaments relative to the root structures,
mycorrhizae can be divided into ecto- and endomycorrhizae.
In ectomycorrhizae the fungus filaments grow in a thick network on the surface of
the roots, and penetrate only the outer layers of the root cortex. Opposite to that, in
endomycorrhizae the fungi hyphae penetrate individual cells within the roots, where
they form various structures.
Based on the shape and the type of structures generated by the fungus partners,
several groups of mycorrhizae may be identified (Figure 18):
- in ectomycorrhizzal associations, fungi filaments form a mantle that covers the
roots, and some penetrate in the intercellular spaces of the root cortex to produce a
Hartig net of hyphae. This type of mycorrhiza is established mostly by trees, being
present in many gymnosperms and deciduous trees. The fungus partner is usually a
mushroom, which may be a basidiomycete or an ascomycete. In our forests, most
mushrooms live in a mycorrhizal relationship.
-

vesicular-arbuscular mycorrhiza (VAM), in which fungi filaments penetrate the

cells and the intercellular spaces of the root cortex and produce baloon-like
structures (called vesicles), snares or haustoria that resemble small trees. Species of
disturbed habitats often have such mycorrhizae. In VAM, the fungus is only able to
survive within the host plant cells.
- ericoid mycorrhiza has evolved in the heather family (Ericaceae), and is an
endomycorrhizal association in which the fungi hyphae penetrate the rootlet cells,
where they grow skein-like structures. Ericoid mycorrhizae enhance the nitrogen
and phosphorus uptake in heathers, which typically live in acidic soils. The fungi are
saprophytic.
- orchid mycorrhiza is typically found in the Orchid family (Orchidaceae), and it
evolved to enhance the first phase of seed germination, because orchid seeds
completely lack nutrient-rich endospermium. At later phases, the fungus-plant
coexistence may shift to become a parasitic relationship

A description of mycorrhizae is given in Chapter 4.

ektomikorrhiza

VA-endomikorrhiza
arbutoid
endomikorrhiza

erikoid endomikorrhiza
orchid endomikorrhiza

Figure 18. Graphical representation of four types of mycorrhiza

Mutualistic relationships have developed for a variety of other purposes in vascular
plants. The pollination mutualism for example has evolved when plants, in exchange
for various metabolic compounds provided to animals, use their services to become
pollinated.

It is well-known that orchids and their pollinators have a very close mutualistic
relationship. The plant doesn‘t leave the pollination to chance and carefully places
its pollen on a carrier, on whom it relies for pollination. On exchange, if the
pollinator is able to find and recognize the plant, it gains access to a copious meal.
The bee orchids (Ophrys) exploit the attraction of male insects to females to attract
pollinators. Their lip, modifyied to mimic a female insect makes a perfect decoy for
males, who will become pollen carriers following unsuccessful mating attempts
(Figure 19).

Figure 19. False Spider Orchid (Ophrys arachnitiformis)

In the tropics most species from the Mimosoideae subfamily are pollinated by
bats as their flowers have a big number of anthers consumed by bats.
Pollination is done when bats visit these „multi-anthered” flowers.

Some plants employ the cruellest tools to achieve their goals, and set up traps to their pollinators.
Such are species of the Birthwort (Aristolochia) genus where the flower morphology develop
a pitfall for the insects.

7. 2. .6. Commensalism

Commensal relationships are those in which the host partner is unaffected, but the
commensal partner derives some sort of benefit.
For example, it has been long known that liana climb trees to gain access to more
light. If lianas don‘t occupy too much space (space parasite), trees are unharmed
and are not affected in any way by the presence of lianas. On the contrary, a thorny,
stingy liana may defend the tree bark against herbivore animals.
Some farmers apply the commensalism in their vegetable gardens. The squash is
very often grown under the corn canopy because it does not withstand strong solar
radiation. In this time, the large squash leaves cover the soil and prevent it from
drying out. In exchange for providing shadow to the squash, the corn can grow on
moister soils.
Commensal relationships are very diverse and are often the source of consistent
coexistence of plants and animals, animals and fungi in the same habitats.

The evolutionary consequences of biological interactions

The close coexistence often produces evolutionary leaps. For example, following
minor alterations in the flower structure, the pollinator animals change their feeding
habits and as a result become separated and isolated from other populations of the
same species. This ultimately leads to the development of new ecotypes

If the new ecotype spreads, a new species may eventually emerge. Sometimes it is
not clear which of the mutualist partners has evolved first. This type of
simultaneous evolution is called coevolution.

An example is the relationship between fig species and their pollinators. Fig (Ficus)
species, including the Commong Fig native to the Medierranean (Ficus carica) have a
typical pot inflorescence which is pollinated only by fig wasps. The sole entrance to
the inflorescence is readily recognized by its pollinators. None of them can grow
without the other, as the fig wasps brings pollen to the flowers, but it needs the
fleshy, nutrient-rich inflorescence to lay and grow its eggs. The fig fruit therefore
represents a food source and protection for its larvae.
Gardeners know that fruits of the Common Fig that grown in Hungary are sterile,
because inflorescences fall short of pollination. The geographic range of neither the
fig nor the fig wasp does not reach Hungary, and the fig trees remain unpollinated.

In the evolutionary history of defense and survival mechanisms, some other
spectacular natural phenomena have developed in both animals and plants.
Mimicry is when some species try to be very similar to individuals of other species
or to resemble its surroundings in order to become invisible to their predators. The
most spectacular is the stick insect mimicry (Figure 20), but excellent examples of
mimicry may be found e.g. in animals of open habitats in the arctic.

Figure 20. Stick insect (Photo credit Simig Dániel)

It often happens that weeds of cropfields try to mimic their crop neighbors, by
taking up the shape of their shoots or the shape and the color of their fruitpods.
Such is the relationship of the False Flax (Camelina) to the Common Flax (Linum

usitatissimum), which has evolved during a long co-existence (Figure 21).

Figure 21. Common Flax plantation with False Flax plants

7. 3. Plant communities and community dynamics

The niche theory posits that habitats are shared by those populations to whom
environmental conditions are optimal (i.e., each environmental factor is within the
tolerance limits of each population). Of course, one habitat is always suitable to
populations of multiple species, and consequently organisms fiercely struggle for
resources. The fight, which is regulated by biological interactions, eventually leads
to a community of populations in which niches don‘t overlap or only partially
overlap, and populations are settled for a long-term coexistence.

Populations of many species will try to survive within the same habitat, and because
of the competition, they will divide their niche spaces very often. Niche space
division (i.e., niche segregation) may affect multiple niche dimensions. When the
split niche dimension is the time, niche segregation may be seasonal or diurnal.
The seasonal niche segregation can be observed very well in the understory of
deciduous forests. In the springtime, when a sufficient amount of light reaches the
understory, the forest is populated by light-demanding herbaceous plants. These
plants are good at coping with cooler soils. Later on, when the tree canopy closes,
these plants disappear (withdrawn to bulbs, rhizomes and tubers until next spring),
giving way to more warm-demanding, but shade tolerant species. The early spring
aspect is usually more colourful and full of flowers, because the plentiful light and
the moist soil represent and ideal environment to many plant species (Figure 22).

Figure 22. Summer (upper) and early spring (lower) aspect of an oak-hornbeam
forest (Photo credit J. Bölöni)

The niche segregation can also happen along the day. This phenomenon is more
obvious in moving animals. Perhaps everyone knows that a wasteland is the hunting
ground of the Common Buzzard during the day, and of the Long-eared Owl during
the night.

We have seen that one of the consequence of niche segregation is the ability of
habitats to sustain many populations, but only those to whom the environmental
factors lay within their tolerance interval. Many populations try to „adjust‖ their

niches to the habitat they live in, and as a result they develop adaptiv traits. We say
that a colonizing population is continually framing its environmental tolerance limits
to its environment, and these fine alignments eventually lead to ecological

adaptation.
The community of populations in a habitat has attained a state of equilibrium if
competitive interactions have calmed down, positive interactions have strenghtened,
niches segregated and niche-gradients developed. Populations of a stabilized plant
community never share similar niches.

Thanks to a fine division of niche spaces, populations of several species can
ultimately establish plant communities (phytocoenoses). Because plants are
sedentary, the appearance of plant communities is relatively constant, and can
produce specific habitat patterns (Figure 23. 24).

A plant community – (also called plant association) – is therefore:
- spatially repetitive, has a constant species composition and constant
appearance
- has a well-defined structure
- always develops under similar environmental conditions

Figure 23. Beech forest in Magas- Bakony of the North Hungarian Mountains

Figure 24. Diagrammatic representation of the development of plant communities

Plant communities are the basic units of vegetation. They are composed of
populations of species that appear more or less uniformly across the vegetation
units, called characteristic species.

For example, in the Central Mountains of Hungary, beech forests have developed
above 600 m of elevation. The characteristic woody species of these submontane
and montane beech forests is the European Beech (Fagus sylvatica).
A typical plant association of the Pannonian salt steppes is the Achilleo-Festucetum

pseudovinae. Both Achillea asplenifolia and Festuca pseudovina are characteristic
species in this community. The scientific name of the plant communities derives
from the name of the two characteristic species.

Several contrasting views of the plant community assembly have developed in time.
The differences consist in the interpretation of the spatial boundaries of a plant
community, and its inner dynamics.

1. According to F. I. Clements, groups of populations coexist under similar
environmental conditions – „they always occur together‖ – and because they arrange
along a niche gradient, ultimately build up structured, well-organized associations.

2. According to H. Gleason, the link between different populations that share a
habitat is loose and dictated by environmental conditions at a specific point in time.
As a result, plant associations are less structured than previously thought. The
boundaries between different plant communities are blurred and several types of
transitions exist.

Plant communities are dynamic units and although their boundaries are often well
outlined, they may change in time, and in addition the participating populations may
even be replaced.
The community dynamics has a spatial and a temporal dimension. In the spatial
dimension, changes may be horizontal (produce spatial vegetation patterns) and

vertical (produce vertical vegetation structure). In the temporal dimension, changes
may be seasonal (such as the seasonal aspects of a forest) and pointing forward
(such as the vegetation succession).

7. 3 .1. Succession

The term succession describes the transition betwen two plant communities over
time. Transitions occur following changes in the environmental conditions and
because of inner structural rearrangements in the community.

We can distinguish different types of succession:

- secular succession – happens over extended geological times, is not repetable in
time, and follows big climatic changes

- biotic succession – occurs in short time intervals, under the same macroclimatic
conditions, and is always a repetitive process. It follows fundamental changes in the
environment, which may be triggered by
endogenous factors (e.g., hummus formation)
exogenous (allogenous) factors (e.g., river bars following floods)

F.I. Clements, regarded as the father of the succession theory, delineates six basic
processes during succession. These are: nudation (stripping to bare ground),

migration (arrival of propagules), ecesis (establishment and growth of new

populations), reaction (organisms affect their physical environment and modify it),

competition (struggle for resources), stabilisation (attainment of a well-organized
final community).
Each biotic succession encompasses an initial stage (pioneer stage) and a final stage
(climax).
Several intermediary phases (called seral stages) exist between, which may differ
substantially with regards to their production and energetics.
The final, climax stage is the stage of stabilization, which is governed by a dynamic
equilibrium. Communities in the climax stage have the highest productivity and also
the spatially most complex, layered structure. Consequently, they have very efficient
biogeochemical cycles and energy flow. The interactions between the component
populations are manifold and complex (Table 1).

Table 1. Comparative description of pioneer and climax plant communities
(modified from H.T. Odum and P. Juhász-Nagy)

Different types of succession

→ primary (soil not present from the start): e.g. on moraines following deglaciation,
new riverbars and cooled down lava flows (Figure 25)

→ secondary (soil is present from the start and is formed of decaying
vegetation remains): e.g., on ploughlands, forest clearings or following big
floods (Figure 26). Secondary succession often can be seen on abandoned
mine tailings also (Figure 29.).

Figure 25. Snapshots of the melting icesheet on Greenland
(http://cires.colorado.edu/science/groups/steffen/greenland/melt2005/)

In Hungary, primary succession stages are typical to sandhills and falling loess walls.
They have been expressively described by Gábor Fekete (1992). Thanks to localized
primary succession events, two different substrates may produce two radically
different plant communities even under similar climatic conditions. Such is the case
of the extrazonal sandhill vegetation within the zonal loess vegetation.

Succession on sand dunes
(see the movie „Sand vegetation in the Duna-Tisza region‖)

- Sand is a coarse-grained sediment and a typical component of poor soils.
- Sand dunes are extreme habitats with low nutrient content and poor water
retention ability.

- Most species have broad ecological tolerances, they are not specialists
- The resource share between different species‘ populations is strongly unbalanced
- Vegetation succession is not linear: because of the continuous disturbance, dune
grasslands are long-lived and bush encroachment never happens
- Species are drifting, and sand habitats gather mostly generalist species from
„nearby‖
- Climax stages are never reached, or at least it is unclear how they might look like.
The White Poplar-Juniper woody vegetation that wee see today on the Pannonian
sand dunes do not bear by all means the characteristics of end-point plant
communities.

Figure 26. Schematic representation of edaphic succession on sand (G. Fekete
1992).

Succession on loess
(see the movie „Loess vegetation along the Danube‖)

- Loess is very favorable to soil formation, the soils have a high nutrient content and
a good water balance.

- Species are generalists at the beginning, but there is a precize niche segregation
even in the starting successional stages, i.e., in the sand steppe communities.
- The vegetation development is linear and advances from pioneer stages towards
the climax community.
- The loess vegetation has its own, indicator species - which may be woody.
- Climax communities are clean-cut and species-rich, and in Hungary they are
represented by the Submediterranean Tatar Maple-Oak loess communities.

Figure 27. Schematic representation of succession on loess (G. Fekete 1992)

A significant part of the loess grasslands of Hungary has been converted to
agricultural lands. However, secondary succession on abandoned ploughlands might
have the ability to regenerate loess steppes, provided a sufficient number of viable
propagules is still available in the soil.

Figure 28. Abandoned ploughland colonized by annual species (e.g., Papaver

rhoeas) in a loess habitat on the Hungarian Plain

Figure 29. Uncovered loess in an open bauxite mine in Gánt (Vértes, Hungary)
(Source: http://www.karpat-medence.hu)

With respect to its direction, succession may be:
→ progressive or developing, which entails increasing structural complexity and
stability of plant communities
→ retrogressive or receding, which leads to degraded stages and may ultimately
trigger the collapse of plant communities. Good examples are the continuously
deforested areas where, because of accelerated soil erosion, new colonizers live in
unstructured communities for a long time. We may see very often such degraded
forests in the Mediterran areas.

The speed of succession always depends on the following:
- substrate type
- climatic factors
- distance from the propagule source

We have seen that community dynamics can have two dimensions: spatial and
temporal. So far, we have given examples of temporal dynamics (i.e., temporal
succession). Spatial succession (also called zonation) is when distinct successional
phases develop next to each other because of abruptly changing environmental
conditions. Good examples are the littoral zones of rivers and lakes ( Figure 30 and
31).

1. Gravel bar vegetation: annual pioneer species and Purple Willow communities
(Salicetum purpureae)
2. Purple Willow and Reed communities
3. Riverside scrub with Almond Willow (Salicetum triandrae)
4. Soft wood (or Willow-Poplar) riverine gallery (Salicetum albae-fragilis)

5. Pannonic alluvial forests – with Black Alder and Hungarian Ash (Fraxino

pannonicae-Alnetum)
6. Hardwood (or Oak-Ash-Elm) gallery (Fraxino pannonicae-Ulmetum)
7. Continental oak forests

Figure 30. River zonation (From I. Csűrös) with the different flood levels
marked

1. Free-floating macrophyte communities
2. Fixed aquatic macrophyte communities
3. Reed community
4. Tall sedge communities
5. Marsh- and wet meadows
6. Woodland with Grey Willow (Salicion cinereae)
7. Willow meadows – with Gray Willow (Salicion cinereae)
8. Alluvial forests with Black Alder (Alnion glutinosae)

Figure 31. Standing water zonation (From Soó R., 1933.)

Documenting vegetation succession in either natural or cultivated ecosystems may
substantially contribute to preventing retrogressive succession (i.e., degradation)
and enhancing progressive vegetation processes. The latter are much more costeffective when it comes to maintaining ecosystem functioning, and may be critical to
the formation of sustainable, livable natural landscapes.

Knowledge survey

1. What is a limiting resource?

…………………………………………………………………………………………………..

2. What are the mycorrhizae?

………………………………………………………………………………………………….
Give four examples of mycorrhizal associations.
+/+

+/…………………………., ………………………..,
…………………………, ………………..

-/-

+/0

3. Give two examples of plant species that have
allelopathic effect.

…………………………………………………..,
…………………………………………..

4. Fill out the boxes with the different types of biotic interaction.

Multiple choice exercises

5. Populations of two species compete when:
a. Species coexist in the same habitat
b. One of the niches is included in the other
c. The niches of the two species are abbuting
d. The niches of the two species overlap
6. Which of the following would make good pioneers?
a. Insect-pollinated plants

b. Wind-dispersed plants
c. Narrow specialists
d. Clonal plants

7. Symbiotic relationships:
-

Represent positive interactions between the two partners.
More frequent in the climax stage than in the preceding stages.
More often between populations of lower and higher taxonomic groups of organisms.
Just temporary interaction type among populations.

8. In the table below compare the most important features of pioneer and climax plant communities
pioneer stage

climax

Energy balance

Nutrient availability

Biomass

Population structure

9. Summarize the most important four differences betwen succession on riverbanks and on standing
water banks.

Characteristics of succession

standing water banks

river banks
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Knowledge survey

1. What is a limiting resource?

…………………………………………………………………………………………………..

2. What are the mycorrhizae?

………………………………………………………………………………………………….
Give four examples of mycorrhizal associations.

…………………………., ……………………….., …………………………, ………………..

3. Give two examples of plant species that have allelopathic effect.

………………………………………………….., …………………………………………..

4. Fill out the boxes with the different types of biotic interaction.

Multiple choice exercises

5. Populations of two species compete when:
a. Species coexist in the same habitat
b. One of the niches is included in the other
c. The niches of the two species are abbuting
d. The niches of the two species overlap

+/+

+/-

-/-

+/0

6. Which of the following would make good pioneers?
a. Insect-pollinated plants
b. Wind-dispersed plants
c. Narrow specialists
d. Clonal plants

7. What are the Raunkiaer plant life forms?
a. A type of plant adaptation
b. May refer to plant growth forms
c. Refer to the position of dormant buds
d. Refer to whether plants have flowers or not

8. In the table below compare the most important features of pioneer and climax
plant communities
pioneer stage
Energy balance

Nutrient availability

Biomass

Population structure

climax

9. Summarize the most important four differences betwen succession on riverbanks
and on standing water banks.

Characteristics of succession
banks

standing water banks

river

8. Natural and artificial ecosystems

Plant communities, animal populations which depend on plants and decomposers
together with the environmental factors build up the ecosystems.

Therefore,

ecosystems

have

both

biotic

(living

organisms)

and

abiotic

(environmental factors) components, between which nutrients and energy flow in
space and time. Ecosystems are the basic functional units of the biosphere. Each
living organism on Earth belongs to an ecosystem and within an ecosystem to a
trophic level, in which they play a specific functional role.
Ecosystems are not higher organization levels of the living world; instead, they
represent models of the ecological systems, e.g. of the interaction between different
populations or organizational levels and the environment (Figure 1.)

Figure 1. General structure and different organizational levels of an ecosystem

8. 1. Ecosystem characteristics

- All ecosystems on Earth are open systems because they exchange energy and
matter with the surrounding environment. Most ecosystems use solar radiation as
energy source and inorganic components of the environment such as CO2, NH4+,
NO3-, PO43- as a source of nutrients. Only a few cave ecosystems and deep water
marine ecosystems use chemical- or geothermal energy instead of solar energy.

- Ecosystems possess self-regulation ability, meaning that their functioning is
maintained by different control mechanisms of which the most important is the
negative feed-back. Negative feed-back ensures that all ecosystem parameters are
maintained within optimum intervals.

- Ecosystems may differ in composition, population structure and environmental
characteristics, but the basic functioning rules are always the same.

- The ecosystem‘s functional and structural components are in dynamic equilibrium
with the environment.

8. 2. Ecosystem functioning

- Different functional levels of an ecosystem are linked together by the nutrient
cycle. Therefore these levels can be considered trophic levels. One of the main
indicators of ecosystem functioning are the biogeochemical cycles, which refer to
the circulation of nutrients and of water along characteristic pathways within

ecosystems. For example, we can speak of C, N, O, and H2O cycles. Mineral cycles
are different in that the chemical elements are excluded at least one time from the
nutrient pathway by being deposited in (geological) sediments (e.g., P, S, Mg, and
Ca). These elements are reactivated from sediments from time to time.

The nitrogen cycle, one of the most important biochemical cycles of the ecosystems
is shown in Figure. 2

Figure 2.: The nitrogen cycle (according to Mátyás Cs.)

The ecological functioning of an ecosystem would not be possible without the

primary producers that are able to produce organic material from inorganic
substances by autotrophic metabolism. They form the base of the food chain. Most
of the primary producers produce organic substances utilizing solar energy, through
the process of photosynthesis. The rate at which the solar energy is used can be
expressed in units of energy, units of dry organic matter, or the quantity of carbon
included in the organic matter.

The primary organic matter produced (as either live or dead tissues and organic
particles) „flows‖ towards the next trophic level, the consumers, wich possess
heterotrophic metabolism. All heterotrophic levels transfer rapidly the organic
matter by consumption or predation. The rate of organic matter production by
consumers is called secondary production. Depending on the type of food which
they consume there are primary (herbivores), secondary and high-level consumers

(carnivores). Unconsumed plants and animal remains are broken down by the
decomposers/detritivores (fungi, bacteria and many kinds of microorganisms). The
result of decomposers‘ activity can be mineralization i.e., a total decomposition of
the organic matter into inorganic substances that are either reincluded in the
trophic pathway by plants or are temporarily deposited in the soil.
The flow of organic matter through the trophic pathway is always accompanied by
loss of material (e.g., through conversion to heat via respiration, undigested rests of
food, emigration of living organisms from the systems, etc).

- In every ecosystem the energy flow is unidirectional. Starting from the solar
radiation fixed by autotrophic organisms or any other source of energy that enters
the ecosystem, the energy follows the general laws of thermodynamics: it never
disappears only it gets transformed, and the energy flow is accompanied by
significant loss. Producers, consumers and decomposers generate large quantities
of heat during respiration, which is released from the system.

The pathway of nutrient cycle and energy flow that links different trophic levels
within ecosystems is called food chain. The functional groups of organisms can
participate in many types of food chains, which may be ecosystem- specific. In
natural ecosystems, the food chains are short and consist of only 4-6 levels; more
than that seems not to be profitable because of the rate of matter and energy loss.

A food chain is unbranched because there are simple feeding relationships between
populations, and all populations have a determined position along the chain. In a

food web there are multiple links between different species, and the functional
groups can be linked through many trophic interactions (Figure 3).

Figure 3: Types of food chain and food webs

The main parameters that describe ecosystem functioning and efficiency are:

- Biomass production
Primary production of autotrophic organisms (production of organic matter through
the process of photosynthesis) is the most important parameter that influences
ecosystem functioning. All other ecosystem components depend on the primary
production. A large quantity of matter and energy from the primary production is
lost by passing from one level of the food chain to another. Consumers get not
more than 10% of the energy produced in the primary production; secondary
consumers get around 1%, while tertiary consumers less than 1%.

The biomass of an ecosystem refers to the total quantity of biologically produced
organic matter built up by the living organisms in their body. The biological material
produced in the primary production is called phytomass. The quantity of
biomass/phytomass can be calculated on individual, population, biocenosis or on
biome level

Other parameters that describe ecosystem characteristics:

- net ecosystem production is the difference between the gross primary production
and total system respiration,
- the respiratory coefficient is the proportion of eliminated CO2 and incorporated O2
- the quantity and deposition rate of the detritus (waste products, and other
organic debris)
- species composition and diversity of functional groups.

A significant change in any of the parameters mentioned above can indicate
disequilibrium and even ecosystem decline.

The natural ecosystems of the Earth evolved more than 3 billion years ago and they
have functioned unimpeded for a long time. Their species composition and trophic
structure might have changed over time but their functioning principles remained
the same.

However, during the last 5000 years the Earth‘ traditional ecosystems suffered
dramatic changes as a result of increasing human activity. Humans discontinued
their links to the natural ecosystems and have fundamentally modified them from
outside. In our so-called anthropogenic age, natural ecosystems are disappearing
and are being replaced by artificial and ruin ecosystems. There is a difference

between the latter two: artificial ecosystems are affected by human activity but are
able to maintain their equilibrium, whereas ruin ecosystems need substantial human
intervention for functioning. Agricultural ecosystems such as arable fields, fallow
farmlands and parks around settlements are ruin ecosystems. See Table 1 for
examples.

The proportion of artificial ecosystems on Earth increased enormously during the
last centuries. More than 50% of the terrestrial ecosystems are already disturbed
with some signs of a strong human impact. 85% of the territory of Hungary is
dominated by artificial ecosystems.

Although more than half of the human population lives in urban ecosystems, these
occupy not more than 7% of the whole surface of the Globe.

The remainder natural ecosystems are not untouched either, because the negative
impacts of the human activity (e.g., increased CO2 concentration in the atmosphere,
greenhouse effect, acid rains, thinning of the ozone belt) impact them from a
distance.

Table 1: The main features of natural and anthropogenic ecosystems (Vida 2004)
natural

culture

Species number

high

Mostly low (monoculture)

Genetic diversity

Generally high

Low

Biomass

Higher

Lower

Energy source

Solar radiation

Solar radiation + (added nutrients)

Nutrient cycle

Closed, balanced

Not balanced, the humus is not
replenished and the biomass is
removed from the system

Production type

Structuring

Autotrophy more

Unbalanced production,

important

heterotrophy may prevail

Based on evolutionary

Based on human knowledge

information

8.3. Ecosystem services, ecosystem degradation and ecological footprint

The most important prerequisite of human life is to maintain the normal functioning
of ecosystems and to use the benefits of ecosystem production. Ecosystem services
can support human needs only by a normal functioning and under an equilibrated
usage of these services. Excessive use and overexploitation by humans will result in
ecosystem decline.
Recently a new indicator value has been introduced to measure and quantify the use
of ecosystem services by humans: this is the ecological footprint.

The calculated value of the ecological footprint of a human on Earth in 2007 was
around 2.3 ha, but only a maximum of 1.9 ha is available to all inhabitants of the
Earth. This means that ecosystems are plundered by humans because the use of
benefits happens at a more accelerated pace than the ecosystem renewal
capacity. The rational use of ecosystem services is of a major interest to all of us, as
even the modern technology will not be able to compensate the growing deficit.
Although we have recognized the consequences of the depletion of our limited
resources, less has been done to handle this significant threat.

The negative impact of the irrational use of ecosystem goods and services resulted
in degradation of ecosystems.

Major consequences of the human impact:
- degradation of many natural habitats;
- fragmentation of natural habitats;
- Species extinctions;
-Overharvest of some species, advantaging some species by preferential breeding
and cultivation while suppressing others; breaking the natural equilibrium of
species; spread of weeds;
- Allochtonous species introduced to new habitats became weeds, many of them
invasive.
- Distribution of foreign pests and pathogens. E.g. phylloxera, introduced from
America and the downy mildew destroyed thousands hectares of vineyards in
Europe.
- Drought, desertification because of irrational use of water resources on mainland;
- Water and soil pollution;

Not surprisingly, ecologists are today speaking about an ecological crisis. This
means vanishing natural resources, growing waste and garbage in ecosystems,
degradation of the natural environment and of the living environment.
It is imperative to change our attitude towards the natural ecosystems and our way
of thinking in order to maintain the sustainability of our ecosystems. It is for the
best interest of all people on Earth.
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Knowledge survey:

1. List and characterise briefly the main functional levels of the ecosystems.

a. …………………………………………………………………………………….

b. …………………………………………………………………………………….

c. …………………………………………………………………………………….

2. What is the main energy source of ecosystems on Earth?

………………………………………………………………..

3. What does the term biomass mean and how can it be expressed when
characterising ecosystem functioning?

…………………………………………………………………………………………………..

4. List the most important consequences of the negative human impacts on
ecosystems (at least four)!

……………………………………………………………….

……………………………………………………………….

……………………………………………………………….

……………………………………………………………….

5. List three main reasons for why a plant species should be considered a weed.

………………………………………………..
………………………………………………..
………………………………………………..

9. Formations and biomes

Biomes are communities of terrestrial, marine and freshwater organisms defined by
Earth‘s major climatic conditions at large geographic scales. Biomes can be
recognized based on their specific structure and physiognomy.
Terrestrial biomes are composed of specific formations (i.e., major vegetation
types), such as the Amazonian rainforest, the Siberian taiga, the steppes of Middle
Asia or the North American prairies. The latter two are herbaceous formations
developed under similar environmental conditions, have very similar structures and
are composed of similar functional groups. The functional similarity between
different species is striking. Nonetheless, the species themselves are very different,
because they belong to the flora and fauna of two different continents. Based on
these similarities, both the steppes and prairies are part of the Temperate
grasslands biome, along with other herbaceous vegetation formations developed in
similar climates (annual rainfall too low to support forests, but higher than that in
deserts) (Fig. 1). Another example is that of the tropical rainforest biome, to which
both the Amazonian tropical rainforests and the Southeast Asian rainforests belong.

Figure 1: The major World Biomes
http://www.blueplanetbiomes.org/world_biomes.htm

Terrestrial biome types follow major climate belts from Equator to the poles
and are distributed also along the elevation patterns.
Based on the specific vegetation formations, the most important terrestrial biomes
are:
- Tropical rain forests: tropical lowland forests and tropical montane cloud forests
- Tropical deciduous forests and scrub
- Tropical grasslands, called savannas
- Deserts: subtropical hot-, and temperate cold deserts

- Mediterranean shrubland, called Chaparral
- Temperate forests: deciduous forests, broadleaf evergreen forests (laurel forests
and hardleaf forests), and temperate rain forests
- Temperate grasslands
-Temperate coniferous forests, called taiga or boreal forest, including montane and
subalpine coniferous forests
-Tundra and alpine vegetation: temperate and arctic tundra and alpine tropical
vegetation
- Aquatic vegetation on mainland: fens, marshes, aquatic and semi-aquatic
vegetation of deltas

The latitudinal distribution of biomes along the main climatic regions on a large
continent is shown in Figure 2.
West

East

Figure 2: Climatic regions (following E. van der Maarel: Vegetation ecology 2006)
, I. – Equatorial; II. – Tropical summer-rain, III. – Subtropical arid; IV. –
Mediterranean; Vm. – Marine West-coast; Ve – Warm-temperate (east side); VI. –
Typical temperate (nemoral); VII. – Temperate continental; VIII. – Boreal; IX. –
Polar (including ice caps).
Subtypes with some examples: a – Arid (Ia. East Africa, VIIa. Western North
America), c – Continental (IVc. interior Middle East, VIc. Northeastern China,
VIIIc. Eastern Siberia), m – maritime (IIIm. Namib, Atacama, VIm. British Isles)

As we mentioned earlier, life has adapted to the dominant environmental conditions
within each biome, and as a result very different species have evolved similar
morphological, anatomical and physiological characteristics. Such species belong to
similar functional groups, which can be used very well to characterize the biomes. In
plants, two generalized concepts of plant functional types are the growth forms
(Barkmann 1988) and the life forms (Raunkiaer 1934) (see also Chapter 5).
The growth forms are associated with organisms‘ ecological functions and are
therefore indicative of similar environmental conditions. The main growth forms in
plants are: trees, shrubs, vines (lianas), forbs, grasses and aquatic plants.

Figure 3. The main terrestrial growth forms.
http://www.fws.gov/invasives/volunteersTrainingModule/invasives/plants.html

Raunkiaer‘s life forms represent a more refined scheme, based on the
position of plants‘ growth point (bud) during adverse environmental
conditions (cold or dry periods). These resulted from similar morphological
responses to similar environmental conditions. Originally developed for
temperate species, the system was extended since to tropical species by
several other authors. The system is less often used today, but the
distribution of life forms in a biome can provide an ecological profile of the
different ecosystems.
Rauniaer‘s original growth forms were further detailed based on distinct
structural characteristics, which resulted in 6 different functional types used
to describe vegetation formations (Box 1). Other plant functional types were
identified based on different leaf forms (and their functinal relation to the
environment), such as the leaf anatomy and shape (e.g., soft/hard leaves),

leaf and shoot size (...), seasonality (e.g., summer green, seasonal green,
evergreen, etc.).
Today, more than 90 plant functional types are being used to describe in detail the
Earth‘s biomes.

A thorough description of the biomes lays beyond the purpose of this textbook, and
we only provide some examples of growth and ecological adaptations important in
horticultural plants.

- In the forests of cold and temperate climates temperatures fall below freezing
every winter and trees are forced to dormancy. Typically, leaves are shed in the fall
and reappear in the spring. These events can be seen in the temperate broadleaf
forests as well as in the taiga, which is a mix of coniferous and broadleaf trees. The
forest composition depends largely on the abiotic factors. In the taiga, most of the
trees are coniferous and they are able to stay evergreen due to the small leaf area, a
tick layer of wax and cuticle on the leaves and lack of tracheas, which makes these
plants drought- and cold tolerant. In the frozen soils, root respiration is critical
because it melts the ice in the close microenvironments of the roots, freeing up
water for absorbtion (Figure 5).

Figure 4.: Climadiagrams of the boreal zone (taiga biome) (left: Malmö, Finland,
right: Moscow, Russia) (for details see chapter 6)

The climate diagrams show the long cold seasons to which the taiga plants are
adapted to survive (Figure 4).

Figure 5. Boreal (taiga) forest with birch species (Betula pubescens, B. pendula) and
Scots pine (Pinus sylvestris)

In the high alpine and tundra environments a characteristic life form is the dwarf
shrubs, developed as a defense against high levels of solar radiation, long cold
seasons, high snow pressure and harsh winds (Figure 6). The dense shoots and
leaves keep the warmth produced through respiration within the plant‘s close
microenvironment. Another typical life form is the rosette, which has developed to
protect the leaves from cold and strong UV radiation. In plants that grow in the
permafrost zone (a layer of permanently frozen soil below 0.5-1 m), plants fight
against freezing by accumulating sugar and other molecules such as aminoacids in
the cells, which increase the concentration of the plasma and prevents it from
turning into damaging ice crystals.

Figure 6. Growth forms of arctic plants.
(Source: http://www.eoearth.org/article/Introduction_to_Arctic_Tundra_and_Polar_Desert_Ecosystems)

Deserts provide home to a variety of functional types adapted to drought. Many
plants are annuals, which circumvent the drought periods with extended dormancy
and then speed up their life cycle following the rare rain events. Because of the short
life cycle, these plants are called ephemerals. Other plants are succulents, which are
able to store water by modifying the cells and tissues of their shoots or leaves. In
addition, they have evolved a specific type of photosynthesis, called CAM
(Crassulacean Acid Metabolism) (Figure 7, see also Chapter 6).

Figure 7.

Desert vegetation in Tunisia with specific life forms: annuals, desert

shrubs and succulents.

With current climate change, the knowledge of the distribution and characteristics of
species and functional groups of different biomes can have many practical
applications.

Researching

the

effect

of

increasing

temperatures

and

CO2

concentration on functional types can help to project the type of structural changes
the different biomes may experience in the future. We don‘t know yet, but we can
forecast which types of species will escape from the disbanding ecosystems,
becoming the protagonists of new invasions. As well, we don‘t know how
agricultural systems, forest plantations and green spaces will react to changes and
which population complexes and community structures will become successful.

Last but not least, each of the cultivated plants belongs to a functional group
specific to one of Earth‘s biomes. To employ effective and cost-efficient cropping
technologies, it is essential to have in-depth knowledge of species origin and role
played in the ecosystems, as well as of species adaptability and dispersability under
current and future climates.
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Knowledge survey

1. Which are Earth‘s main terrestrial biomes? Choose one and describe its main
vegetation and the characteristic functional groups.

2. What ecological factors affect the adaptation of plants to desert and semidesert
environments? How did plants adapt to these limiting environmental factors, and
what characteristic functional types have evolved as a result?

3. What are the main ecological factors that drive plant adaptation to steppe
ecosystems? How did plants adapt to these limiting environmental factors, and what
characteristic functional types have evolved as a result?
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4. A plant with dense hairs on its leaves

is:

a. cold-tolerant
b. drought-tolerant
c. both a and b are true
d. hairiness is not related to cold- or drought tolerance

5. In water stressed environments the main plant biomass is situated undergound
because
a. it is minimizing water loss through transpiration
b. in addition to a., plants avoid heat shock damage
c. the extensive network of roots enhances water absorbtion
d. this is a false statement

10. General and Applied Plant Geography

Plant geography (Phytogeography or Geobotany) is the science that:

a. deals with the geographical distribution of plant species around the World and the
principlesthat govern species‘ occurrence in space.
„Where do species live?‖

- origin and area of distribution

Autochtonous species: A species is
autochtonous (i.e., native) in the
biogeographical region of the Carpathian
basin if it has been naturally present starting
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Area of distribution: the
geographical distribution
range of a species. Each
species can be
unequivocally identified
with its area.

b. analyses the species composition of a geographical region,
„Which species occur within a certain geographical region?‖

- floristics
floristic units, floristic regions

The central object of study in Phytogeography is the species.

The species concept defined formerly in the Introduction may be extended within
the framework of Phytogeography. The species is a group of individuals which share
many similar external and internal features, originate from one common ancestor
and can actually or potentially interbreed and produce fertile offsprings. Each
species has a well delimited range of distribution, i.e., each species has its own
area.

Further important terms used in Phytogeography are: geoelements, flora, floristic
kingdoms (realms)
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10.

1.

Area

of

distribution:

the

geographical distribution range of a

species, which has boundaries andcan be mapped.

Taxon area: could mean the area of any higher taxonomical unit, thus
families and genera may have their own area of distribution (e.g., the
Betulaceae and Orchidaceae families or the Bambusa genus have welldefined geographical ranges).

-

Major types of the areas of distribution:

1. continuous (connected)
e.g. Fraxinus excelsior (common ash), Crataegus monogyna (common
hawthorn)
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Figure 1. The continuous area of Fraxinus excelsior in Europe

2. discontinuous (not connected):

2a. the disjunct (scattered) areas contain small portions of the
geographical range widely separated from the main area

e.c. Pinus sylvestris (Scots pine),
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- 2b. the disperse area consists of small fragments more or less
isolated from each other. Relict species may often show such
distribution.

e.c. Pinus nigra (European black pine)

Figure 2. The disperse area of Pinus nigra

The area of any species is strongly connected with the evolutionary processes that
lead to (i.e., speciation and with the species‘ natural history.
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10. 2. The process of species formation

The process of speciation takes a long time (millions of years), and it is the
consequence of several, usually nonlinear collective events.

The most important events that may launch speciation:

1. mutation – a change in organisms‘ DNAthat causes intraspecific variability
(i.e., within-species variability).
2. selection – the dissociation of certain mutations in a population that usually
carry beneficial (adaptive) traits.
3. isolation – a division of a continuous population into several independent
populations. The gene flow is gradually or abruptly stopped as a result of the
inhibited outcrossing.
Isolation can be: geographical, ecological (individuals live in different
environmental conditions) and sexual (reproductive).

These processes may result in the formation of a new, endemic species with limited
geographic distribution.

→endemic species –

e.g. Dianthus serotinus and Seseli leucospermum are Pannonian endemic species
with a small area, limited to the Carpathian basin.
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Figure 3. Dianthus serotinus
Other speciation events:

4. migration – spread

of propagules (seeds) to new habitats, followed by

acclimatization and adaptation to the new environment
5. hybridization –fixation of beneficial traits by backcrossing
6. stabilization – continuous presence of successful traits along the geographic
range of a species, developed as a result of adaptation (through an elevated
fitness of individuals)

Stabilization makes it possible for some species to become widespread.

e.g. Eurasian species like Salix alba (white willow), or Cosmopolitan species like

Phragmites australis (common reed).

7. shrinkage of the geographic range, followed by isolation: it is usually
triggered by fundamental changes in macroclimate and/or paleogeographical
conditions; species‘ geographic range may shrink, fragment or shift, during
which ecological conditions across the range may change.

→ This may give rise to relict species, only able to survive in small, restricted areas
where environmental conditions typical to the former macroclimate can persist
longer.
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Relict species of the last Ice Age from

the Carpathian basin are e.g Comarum

palustre, from the Carpathians e.g., Pinus cembra.

A species surviving in a small area for a long enough time will likely go through new
speciation events. New traits will be acquired in addition to the existing ones (which
can also disappear), giving rise to relict endemic species.
e.g. Sesleria sadleriana, Seseli leucospermum in the Carpathian basin
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Figure 4. Sesleria sadleriana on the dolomite hills of the Mt. Sas-hegy, Budapest

(Photo credit: Antal Halász)

10. 3. Forms of speciation

The formation of new species is a long and complex evolutionary process. There are
several ways in which new species can evolve:

- Allopatric speciation: The main driving factor is fragmentation or split of a former
distribution area followed by isolation of the group of individuals from the
fragmented territories.. Generally in consequence of a geographic barrier that
arises, e.g. mountain building, the isolated groups of individuals will evolve under
different selective pressure and new mutations will appear and will be selected.

- Peripatric speciation: A limited number of individuals situated at the edge of the
area of distribution, may often encounter extreme environmental conditions which
favour the start of speciation processes. Individuals are selected against these
conditions and are prevented from exchanging genes with the main population. As a
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result, new genetic, and morphological

traits will start to fixate due to isolation

from the rest of the individuals..
This kind of speciation is often the consequence of the so called founder effect,.
when a very small number of individuals will establish in a new territory, usually far
from the main population and this cause a big loss in genetic variability

- Parapatric speciation: The process is similar to the peripatric speciation, but there
is no obvious geographic barrier to gene flow. Groups of individuals may occupy a
new habitat (e.g. under increasing demographic pressure), and will more likely mate
with their neighbors of the same habitat. As a result, the successful types and their
offspring will be selected in the new habitat.

- Sympatric speciation: Is triggered when ecological or reproductive isolation occurs
between two spatially close populations or individuals that share the same area of
distribution (e.g. changes in flower size and/or morphology as a result of adaption
to different pollinators). It is a rare event because frequent backcrossing swipes out
the emergent differences.
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Figure 5. Main forms of speciation
http://evolution.berkeley.edu/evosite/evo101/VC1aModesSpeciation.shtml

Vicariance: Speciation events can produce vicariance. (vicarius <latin> means

supply, surrogate, substitute).

Vicariant taxa are closely related (may be species or families), and exist in separate
geographical areas or under different ecological conditions. They are thought to
have originated from a common population that was divided by geographical or
ecological barriers.

a. Geographical vicariants are closely related species found in similar habitats,
but different geographical regions. E.g. the species of the Helleborus genus
or of the Cedrus genus.
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b. Ecological vicariants are closely

related species that have different

ecological requirements, but may share the same area of distribution).

The Rhododendron species of the European alpine region are ecological vicariants
because Rh. hirsutum grows on calcareous substrate and Rh. ferrugineum prefers
silicious substrate. The same is true for two Asplenium species: the wall-rue (A. ruta

muraria) grows on limestone, whereas the northern spleenwort (A. septentrionale)
inhabits volcanic basalt and andesite cliffs.

Figure 6. Distribution map of the geographical vicariant Cedrus species
(http://www.sciencedirect.com/science/article/pii/S037811270200539X)
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Pseudovicariance:
-

Species or genera that belong to distant taxonomical groups (i.e., distant
relatives) substitute each other in similar habitats within different geographic
regions

e.g. Euphorbiaceae (grow only in African deserts) – Cactaceae (grow only in
American deserts)

10. 4. Geoelements
-

groups of species that have similar geographic distribution (occur in the the
same area)

Within the Carpathian basin, the most common geoelements are:

Eurasian elements (EUA): species commonly found in the temperate zone of Europe
and Asia, e.g. Betula pendula, Pinus sylvestris, Ranunculus acris, Salix alba;
their proportion among native species of the Carpathian Basin is ~22,5%.
European elements (EUR): species widespread in Europe (up to the Ural Mountains
and includingAsia Minor and the Middle East); their proportion among native
species of the Carpathian Basin is ~14,4%; e.g. Corylus avellana, Quercus

robur, Picea abies;
Central European elements (CEU): e.g. Acer platanoides, Fagus sylvatica; several
forest- and grassland species;
The proportion of the European and Central European elements among native
species of the Carpathian Basin is higher than 20%
Continental elements (CON): species widespread in the continental steppe and
wooded steppe interior regions of Eurasia; their proportion among native
species of the Carpathian Basin is ~11% e.g.. Carex humilis, Prunus tenella,

Adonis vernalis, Acer tataricum
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Figure 7. A: Prunus tenella, B: Acer tataricum

Pontic-Pannonian elements (PoP): common species of the Southern Russian
(Ukrainian) lowland (north of the Black Sea) and the Pannonian Plain
e.g. Linum flavum, Crambe tataria
Pontic –Mediterranean elements (PoM): species widespread in the Black Sea region
and the Crimean Peninsula towards the Caucasus
e.g. Cotinus coggygria, Prunus mahaleb

Figure 8. A: Cotinus coggygria, B: Prunus mahaleb

Turanian elements (TUR): semi-desert species of the Caspian Sea and
regions, mainly in alkali flat inlands
e.g. Lepidium crassifolium, Kochia prostrata, Eurotia ceratiodes

Aral Lake
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Submediterranean

elements

(SME):

distributed in the deciduous forest zone

of the Iberian Peninsula, Southern France, Southern Alps, the Apennine and
the Northern part of the Balkan Peninsula, excluding the real evergreen
Mediterranean zone; their proportion among inland species is ~18%
e.g. Castanea sativa, Cornus mas, Quercus pubescens

Figure 9. A: Downy oak (Quercus pubescens)

with a Scarce swallowtail butterfly

(Iphiclides podalirius); B: Downy oak habit

Central-European Mediterranean elements (CeM): similar to the former, but also
distributed in the Southern region of Central Europe
e.g. Fumana procumbens, Colutea arborescens
Atlantic Mediterranean elements (AtM): species found in the moderate climate
stretching between the Mediterranean Sea and Western Europe
e.g. Tamus communis, Ruscus aculeatus, Hedera helix, Ilex aquifolium
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Figure 10. A: Tamus communis, B: Ilex aquifolium

Balkanian elements (BAL): characteristic species of the Balkan Peninsula. Difference
exist between Western Balkanian (or Illyr) and Eastern Balkanian (or Moezian)
species ; their proportion among native species of the Carpathian Basin is
more than 4%
e.g. Tilia argentea, Ranunculus illyricus, Syringa vulgaris

Balkan- Caucasian element (BaC): characteristic species of Southeastern Europe,
from the Balkan peninsula to the Caucasus
e.g. Carpinus orientalis,
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Figure 11. Carpinus orientalis – keleti gyertyán

Boreal (northern) elements (BOR): characteristic species of the coniferous forests and
swamps of the northern taiga region; most of these species are relicts of the last Ice
Age in our country.
e.g. Comarum palustre, Vaccinium oxycoccus,

Figure 12. Vaccinium oxycoccus shoot (A) and flowers(B)

294
Alpine elements (ALP): plants of the Alps,

and Carpathians, and of the northern

taiga forests and tundra (Alnus viridis, Arabis alpina).

Circumpolar elements (CIR): species which are widespread in the whole Northern
temperate region around the Globe (AM-BOR+EUA); their proportion among the
Carpathian Basin flora is ~ 6, 8%
e.g. Rubus idaeus, Juniperus communis, Vaccinium myrtillus, Viburnum opulus

Figure 13. Rubus idaeus

Endemic elements (END):
a. Pannonian endemic species: occur exclusively in Hungary and the borderlands (i.e., in the Pannonian region); their proportion in the Hungarian flora is ~2%
e.g.

Thlaspi

dolomiticum

jankae,

Dianthus

serotinus,

Centaurea

sadleriana, Linum

295

Figure 14. Linum dolomiticum (Photo credit: Antal Halász)

b. Carpathian elements (CRP): endemic plants of the Carpathian Mountains
e.g. Dentaria glandulosa, Crocus heuffelianus

Figure 15. Crocus heuffelianus

Cosmopolitan elements (COS): species widespread on all continents. These are e.g.,
certain ancient ferns (Pteridium aquilinum, Equisetum arvense), aquatic plants
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inhabiting freshwaters around the world

(Lemna minor, Phragmites australis) and

species thatspread due to human activity

(e.g. Galinsoga parviflora). Their

proportion among the native species of the Carpathian basin is around 6,5%.

Adventive elements (ADV): Alien (i.e., non-native) species introduced to Europe after
the last big climatic changes (800 B.C.), which are able to spread spontaneously in
natural ecosystems. These species were introduced intentionally or accidentally due
to human activity.
Most of the adventive species are weeds. Their proportion among species of the
Carpathian basin exceeds 12%, but this number increases continuously as a result of
increasing human impact and of the climate change.
Types of adventives elements:
a. Archaeophytes: Ancient weeds introduced to the Carpathian Basin along
with early agricultural crops. Their introduction precedes the European
discovery of America (the XVIth century).

e.g. ancient weeds of grain crops, such as Papaver rhoeas, Centaurea cyanus,

Agrostemma githago

b. Neophytes: Species introduced after the European discovery of America,
starting with the XVIth century
North- American species such as Robinia pseudoacacia, Acer negundo,

Amorpha fruticosa, Solidago canadensis were mostly brought in intentionally
by humans, while others such as Ambrosia artemisiifolia and Amaranthus

retroflexus were introduced accidentally.
Of the Neophytes introduced to Europe from Eastern Asia, the most common
is the Heaven tree (Ailanthus altissima). Heracleum mantegazzianum and H.

sosnowski originate from the Caucasus. .
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Figure 16. The Giant hogweed (Heracleum sosnowski) poses high risk to humans,
causing photosensitivity and severe sunburns following contact with skin.

10. 5. Flora

- A comprehensive list of allplant species that occur within a region;

A region‘s flora can be characterized according to the:
- number of species
- proportion of different taxonomical groups
- distribution or proportion of different geoelements
- number of native species or proportion of non-native elements

Based on these features, the flora of two regions can be more or less similar, and
can also be very different from other region‘s flora. The floristic map of the World
was drawn based on these existing similarities and/ or differences, which outlined
well-defined floristic units of various sizes.
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The floristic units of the worlds‘ flora, in

decreasing order of geographic scale,

are:
.
- floristic kingdom: iscontinent-sized
-

floristic region

-

floristic province

-

floristic district (and floristic districts can be further divided in even smaller
units)

We will examine later on some examples.

The present-day floristic map of the World is the result of a long-term evolutionary
history of biota during geological times.

The earliest concept that provided support for present-day distribution of biota was
Wegener‘s theory (1912) on continental drift . Building upon it, the theory of global
plate tectonics formulated between 1967-1970 explains better the historical
continental rearrangements. The continental shields floating on the surface of the
liquid magma of the Earth is composed of large tectonic plates. These plates are
being moved by convectional streams produced inside the magma. When the
tectonic plates move, they either slide apart or slide over each other,e.g. the floor of
the Atlantic Ocean enlarges because the American shields diverge from the Eurasian
and the African shields; the Pacific plate is being crushed under the Eurasian plate.
Such events are accompanied by violent earthquakes and volcanic activities, for
example in the Japanese archipelago or the Philippines.
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Figure 17. A: The Earth‘s continental shields and B: cross section of the Earth
http://www.geography.learnontheinternet.co.uk/topics/structureofearth.htm

Around 230 million years ago, there was one old supercontinent on Earth called
Pangaea, which was surrounded by the ancient Thethys Ocean. Following

the

break-up of Pangaea, continents gradually diverged from each other, which forced
their fauna and flora to evolve independently. The more ancient the split between
two continents, the more different their fauna and flora is. E.g., Australia and
Antarctica separated first from Pangaea (about 195 million years ago). Antarctica
migrated towards the poles and life on the continent went extinct, while the flora
and fauna of Australia became isolated from the rest of the Earth‘ biota. As a result,
a large number of taxonomic groups are unique to Australia and do not occur
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elsewhere, or are only represented by

distant relatives on other continents,

such as the Eucalyptus species, some Protea species and the marsupial mammals.
In contrast, members of the Rose family as well as placental mammals completely
lack from Australia . These groups developed after the Australian and Antarctic
continents separated. A similar split occurred between South America and the
African continent, which also have very different biota. The last unbroken part of
Pangaea constitute today the continents of the Northern hemisphere. The Eurasian
and North American continents were connected even during the last Ice Age, several
tens ofthousands years ago, when ice sheet covered the Bering Strait.
The largest floristic units have witnessed an evolutionary history of 100 000 years,
when the natural history of the continents took shape. The largest floristic units are
therefore the continental-scale floristic kingdoms.

10. 6. The floristic kingdoms (realms) of the Earth

Figure 18. Floristic map of the Earth with the floristic realms

1. Holarctis: comprises the whole Northern Hemisphere of the Earth, with the Arctic,
Boreal

and

Temperate

regions

Mediterranean strip of North Africa.

(the

extratropical

regions),

including

the
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Characteristic

taxa:

Pinaceae,

Betulaceae,

Fagaceae,

Saxifragaceae,

Caryophyllaceae, Ranunculaceae

2. Paleotropis: Africa South of Sahara , Madagascar, SouthEast Asia: India, South of
the Jangtze river in China, Taiwan and the Indonesian islands.
Characteristic taxa: Orchidaceae, Araliaceae, Moraceae, Coffea, Oryza, Musa, Citrus

3. Neotropis: South and Central America, up to Florida
Characteristic

taxa:

Bromeliaceae,

Rubiaceae

(Hevea),

Orchidaceae

(Vanilla),

Solanaceae (Capsicum, Lycopersicon, Solanum tuberosum), Agave, Cactaceae,

Phaseolus

4. Capensis: South Africa, the Cape Colony
Characteristic taxa: Proteaceae, Freesia, Acacia, Gerbera, Clivia, Pelargonium

5. Australis: the Mediterranean regions of Australia, the desert and Tasmania
Characteristic taxa: Eucalyptus, Xanthorrhoea, Acacia , Proteaceae (Banksia),
Xanthorrhoeaceae

6. Antarctis: the Southern part of Chile, Patagonia, Fireland and South of Cook Strait
in New Zealand
Characteristic taxa: Fitzroya, Nothofagus, Podocarpus, Agathis

The origin of economically importantplants from different floristic kingdoms of the
Earth has been described by many scientists. The hotspots of these plants
correspond to the hotspots of natural flora diversity.
The Russian botanist and geneticist Nikolai Vavilov (1951) has defined eight gene
centres, i.e., centers of diversity and origin of domesticated plants. Later,
Zsukovszkij and the Hungarian Rajmund Rapaics delimited further three gene
centers:the European-Siberian, the Northern-American and the Australian centers.
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Figure19. Vavilov‘s gene centers according (see also the pdf. file annexed)

10. 7. Floristic regions of Europe
The European flora belongs to the Holarctic floristic kingdom and includes several
floristic regions.

Figure 20. Map of the main floristic regions of Europe

10. 8. The phytogeographical position of the Carpathian Basin and of Hungary
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The present-day flora of the Carpathian

Basin developed during the last ten

thousands of years, when the last Ice Age (the Pleistocene) came to end and the
Holocene warming began. The history of biota can be disentangled with the help of
palynology

(the

analysis

of

pollen

composition),and

using

geological

and

paleobotanical evidences. Bálint Zólyomi, Magda Járainé Komlódi, Pal Sümegi have,
among others, brought substantial contributions to the Hungarian palynological
science.

10. 8. 1. The post-glacial vegetation historyof the Carpathian Basin

The postglacial vegetation history of the Carpathian Basin is the story of the last
13.000-10.000 years, driven by the warming climate following the end of the ice
age. This type of long-term, non-repeatable vegetation history is termed secular
succession.

The vegetation of the Carpathian basin at the end of the Pleistocene and beginning
of the Holocene was extremely varied. The Transdanubian and Middle Mountains
were covered by taiga forests, and the lowland (Mezőföld, Hortobágy and DunaTisza köze region) was dominated by herbaceous cold steppe vegetation.

During the Holocene warming, 5 more important climatic cycles followed each other:

1. Preboreal age: Pine-birch age11000-9000 B.C. (equivalent to the ancient Stone
Age)
- characterized by a mosaic of cold taiga with pine and birch forests and cold
hardy steppe-like vegetation in some parts of the Great Plain (Hortobágy, Mezőföld,
Duna-Tisza köze region)

2. Boreal age: Hazel age 9000-7500 B.C. (equivalent to the Mesolithic Age)
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-

the

warming

started

but

the

climate

remained

cold

andmostly

continental. Hazel scrublands and broadleaf forests covered most of Hungary,
the oak began migrating in.
- xerothermic (adapted to dry and hot climate) continental species immigrated to
the Great Plain from the Sarmatian region
e.g. Salvia nutans, Adonis volgensis, Crambe tataria

Figure 21: A: Salvia nutans
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Figure22: Crambe tataria

3. Atlantic age: age of mixed oak forests 7500-5000 B.C. (equivalent to the
Neolithic Age)
- characterized by a warmer, more moderate climate; closed broadleaf forests
developed;
- oak forests were dominant and gallery forests followed the larger rivers
- humans started exerting a strong impact on the natural environment through
deforestation and agricultural activities.

4. Subboreal age: Beech I. age 5000-2500 B.C. (equivalent to the Bronze Age, and
the early Iron Age)
- the climate turned cold again, the beech forests retracted to low elevations,
reaching the Great Plain

5. Subatlantic age: Beech II. age 2500 B.C. –present (between the Iron Age and
present)
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-

the

climate

became

more

continental and the amount of the yearly

rainfall decreased
- the beech forests disappearedcontracted from the lowlands and hillsides
towards higher elevations in the middle mountains.
In this period the formation of the present vegetation belts of East-Central Europe
began:
1. forest- steppe
2. broadleaf (deciduous) forests

10. 8. 2. Floristic subdivisions of the Hungarian flora

Figure 23. The floristic map of Hungary (according to R. Soó and T. Pócs)

The floristic positioning of the Carpathian Basin,:
— Holarctis — Northern Temperate Floristic Kingdom
— Europa Centralis — Central European Floristic region
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A;

Pannonicum

—

the

Pannonian

Floristic Province

This floristic province together with its floristic regions covers almost the entire
region of Hungary.

I. The Matricum floristic district — the Northern Middle Mountains: From Sátor
Mountains (Zemplén Mountains) to Gödöllő Hills and NagymarosVisegrád Mountains.
Small floristical units:
- Tokajense — the southern part of Sátor Mountains (Zemplén Mountains),
the Tokaj Mountains-Hegyalja foothills
- Tornense — the Torna Karst: From Aggtelek Mountains to Boldva
valley,Gömör Hills and Cserehát at Abaúj.
- Borsodense — the Bükk Mountain at Borsod, between Sajó and Tarna
valley, and Szarvaskõ.
- Agriense —the andesite mountains of Mátra, the sandstone mountains of
Medves and the basalt mountains of Karancs, stretching to the valley
of Zagyva.
- Neogradense — the hillside of Cserhát, Gödöllő Hills and the andesite
Börzsöny Mountain, except its Southern part.
- Visegradense — the andesite mountains of Nagymaros, Visegrád and
Szentendre and the limestone-dolomite-sandstone mountain of
Naszály which shows some likeness to the Pilisense floristic unit.
II. Bakonyicum floristic district — the Transdanubian Middle Mountains: from
Naszály to Keszthely Mountains
Small floristical units:
1. Pilisense — The limestone and dolomite

Pilis, Gerecse and Buda

Mountains, and the sandstone Hárshegy Mountain.
2. Vesprimense — The Vértes and

Velence Mountains and Bakony

Mountains towards Sümeg including isolated mountains of Vas
county (e.g. Ság) and the hills of Pannonhalma.
3. Balatonicum — The Balaton Uplands from the isolated mountains of Fejér
county to Keszthely Mountains and the isolated mountains of
Tapolca Basin and Somló.
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III. Praenoricum floristic district —

Western Transdanubia (the the Alpine

foothills) from Sopron and Lajta Mountains to Göcsej.
Small floristical units:
1. Laitaicum— Lajta Mountains, the hills of Fertő region in on Hungarian
side, near Sopron.
2. Castriferreicum — The Alpine foothills from Sopron to Őrség, Vas ridge
and Kemenes hills.
3. Petovicum —Southern Styria, stretching to Nortwestern Zala (Göcsej: from
Lenti to Zalalövõ).

IV. Eupannonicum floristic district — the Little and Great Hungarian Plains
Small floristical units:
1. Arrabonicum — the Little Hungarian Plain: the Hanság, Szigetköz, Fertőregion, Sokoróalja and the sand land of Győr–Dereg.
2. Colocense — the loess cultural landscape of Mezõföld, the Danube valley
(the plain of Solt) and the Turjánregion. The sand-dunes of
Németkér and Vajta belong to the Praematricum.
3. Praematricum — the Danube–Tisza interfluve: inland sand-dunes mainly
with calcareous, rarely acidic soils; alkali lakes and swamps with
high salt content in the Great Plain; the sandy region of Tiszazug
and Cserkeszőlő.
4. Crisicum — the Transtisza region (Körös-region): the interfluves of Sajó–
Zagyva,

the

Jászság

and

Heves-Borsod

ridges,

Hortobágy,

Nagykunság, Körös-region, Sárrét, the Tisza and Maros valleys, the
loess ridge of Békés and Csanád and the Northern part of Bánság.
5. Nyírségense — The sandy area of Nyírség, ± acidic or slightly calcareous
soils, birch swamps.
6. Samicum — the Northern Great Plain (Bodrogköz, Rétköz, Tiszahát, the
Szatmár Plain and Érmellék).
7. Titelicum — the Southern Great Plain: the Dráva plain, the island of
Mohács and beyond the country borders Bácska, Slavonia and the
plains of Southern Bánság.

V. Praeillyricum floristic district — Southern Transdanubia
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Small floristical units:
1. Saladiense — the Zala hills

from the Eastern-Southeastern Zala to

Csurgó, Balaton, Keszthely Mountains, Bakony foothills, the Little
Plain and the Tapolca Basin.
2. Somogyicum — the sandy area of Inner Somogy with Nagyberek at
Balaton, the Marcal ridge and Zselic. The last one is a transition
zone to the Sopianicum floristic unit
3. Kaposense — Outer Somogy, loesscultural landscape, with characteristics
of the Great Plain.
4. Sopianicum — The Mecsek with its isolated mountains and the
TolnaRidge.

Three other floristic provinces bordering Hungary cross the country borders.

B. Illyricum — Western Balkan floristic province
I. Croaticum — Dinaric Alps floristic district
II. Slavonicum — the low elevation mountains between Drava and Sava rivers; in
Hungary, they the hills along the Drava valley from Csurgó and
Zákány to Őrtilos, the Villányi Mountains and Szársomlyó.

C. Alpicum — Eastern Alps floristic province
I. Noricum floristic district
1. Ceticum — the Sopron and Kőszeg Mountains,Vashegy at Felsőcsatár.
2. Stiriacum — the Hungarian side of the Vend region, Southwest to
Szentgotthárd.

D. Carpaticum occidentale — Western Carpathian floristic province
I. Praecarpaticum — Northern Carpathian floristic district
1. Cassovicum — the Kassa region; in Hungary Telkibánya and the Füzér
region in Northern Sátor (Zemplén) Mountains.
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Knowledge survey
:
1. In the following exercise, match each geoelement to the correct species.

1. Cosmopolitan
endemism

2. Circumpolar

3. Eurasian

4. European

5. Pannonian

6. Mediterranean 7. Submediterranean 8. Adventive 9. Continental 10. Atlanticmediterranean

-

Betula pendula …..
Ranunculus acris …..
Acer tataricum …..
Linum flavum …..
Hedera helix …..
Pinus sylvestris …..

-

Juniperus communis …..
Castanea sativa …..
Dianthus serotinus …..
Phragmites australis …..
Salix alba …..
Robinia pseudoacacia …..

2. List the most common types of speciation:
………………………………………………
………………………………………………
………………………………………………
………………………………………………

3. Write the correct letters on the dotted lines by matching the floristic
kingdoms to the characteristic taxa!

A. Holarctis

B. Paleotropis

C. Neotropis D. Capensis

E. Australis

Antarctis

1. genus Citrus………..

5. genus Aralia………..

2. Coffea arabica……………

6. genus Freesia ………….

3. Araucaria heterophylla…………

7. genus Abies……………

4. Musa paradisiaca………….

8. genus Ananas……………

F.
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9. Nicotiana tabacum………….
10. Ranunculaceae family………….
11. Betulaceae family…………
12. genus Eucalyptus………….
13. genus Agave…………
14. Capsicum species………….
15. Phoenix dactylifera…………
16. genus Ficus………….
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4. List the floristic regions of the Transdanubian region and give an example of a
characteristic species.

Name of the floristic region

Species example

5. Relational Analysis /The first part of the compound sentence is an affirmation and
the second part,the ―because‖, is the justification./ Write the letter of the correct
answer on the doted line!

The affirmation and the justification are right, and there is relation between them.
The answer is: A.
The affirmation and the justification are right, but there is no relation. The answer
is: B.
The affirmation is right, but the justification is wrong. The answer is: C.
The affirmation is wrong, but the justification is right. The answer is: D.
The affirmation and the justification are also wrong. The answer is: E.

...... 1. The Boreal age followed the Atlantic age during the Holocene warming
because the climate was dry and warm at that time.
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...... 2. The disperse area consists of pieces of a formerly large contiguous area,
because different populations evolved later into new species through isolation.

...... 3. The flora of the Hungarian Middle Mountains was entirely extirpated by the
ice age because the permanent snow line was at less than 1000 m above the sea
level in Central Europe.

...... 4. The area of loess indicator species is limited to plains and foothills because
loess is sedimented dust transported by winds during the Pleistocene.

...... 5. There are several continental elements in the Hungarian flora because the
Submediterranean climate primarily affects the Transdanubian regions. .

