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9. Anatomical adaptations to permanently 
changed environmental conditions

9.1 Anatomical and morphological plasticity of species

so-called “normally grown” specimens. Nature, however, also 
produces a few giants, and many dwarfs. Here the question is 
raised to which degree local environmental factors modify the 
morphology and anatomy of stems of individual species. Exem-
plarily presented are the xylem structures of a few large (giants) 
and small individuals (dwarfs) of trees and herbs. Larger-than-
average individuals have experienced mostly favorable grow-
ing conditions when they were young, and during their lifetime 
escaped the effects of extreme growth-limiting factors such as 
lack of nutrients, water or light, frost, or injury. In contrast, lim-
iting and extreme factors negatively affected growth in small 
individuals. Giants are the winners, and dwarfs are the losers 
of competition.

 Trees, shrubs and herbs follow the same reaction mecha-

 The surface area of the assimilating tissue, the height of the 
plant, and the size of water-conducting area (vessel diameter, 
number of vessels) are correlated. Large transpiring crowns 

 The intensity of mechanical stress and the amount of stabiliz-

Fibers in large plants are normally thicker-walled than those 
in small plants.

 Vessels and rays are not a compulsory element of plants. 
Fibers and parenchyma in plants growing under extremely 
poor conditions are capable to conduct water, and to store 
photosynthetic products, e.g. starch. 

 Anatomical structural differences between extremely large 
and extremely small plants can be obvious (e.g. in Fraxinus 
or Carpinus) or minor (e.g. in Alliaria or Arabidopsis). The 
production rates are constant—a high annual production in 
large, and a low production in small plants.

Anatomical characteristics of genetically large and small species

9.2 Carpinus betulus. Stem of a 
10 m-tall dominant tree and a 
50 cm-tall suppressed sapling.

9.3 Alliaria petiolata. Bi-annual 
plants on a ruderal site, 12–65 cm 
in height.

9.4 Arabidopsis thaliana. Annual 
plants on a ruderal site, 6–35 cm in 
height.

9.1 Fraxinus excelsior. Top: 
20 m-tall as part of a riparian forest. 
Bottom: a 60 cm-tall browsed bush 
in a meadow.
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134 Ch 9. Anatomical adaptations to permanently changed environmental conditions

Tall old trees of common ashes (Fraxinus excelsior) with large 
crowns and large stem diameters grow mostly on nutrient rich, 
moist soils. The xylem anatomy of dominant trees and sup-
pressed individuals is extremely different. Characteristic for 
large trees are ring porosity, large dense latewood and large 
rays. Small individuals with small crowns and thin stems grow 
under the canopy and are periodically exposed to grazing. They 
survive periodic crown damages and can get old. Characteristic 

-
sels and small rays. A large water-conducting earlywood in trees 
is in accordance with a large assimilating tissue and extensive 

large trees is probably to enhance radial stem stability.

Hornbeam (Carpinus betulus) grows mostly on shallow soils. 
Trees form the 10 m-tall canopy and suppressed individuals (sap-
lings) are in the herb layer in the shadow. The xylem anatomy of 
dominant trees and suppressed individuals is fairly similar. 

Common are vessels in radial rows and radial vessel-free zones. 
Vessels in trees are slightly larger than those in suppressed trees. 
Rays in trees are distinctly distinguished from the ground tissue 
and those in suppressed trees are similar to the axial parenchyma 
cells. A functional explanation of the xylem structure between 

Fraxinus excelsior

giant giantdwarf dwarf

Carpinus betulus

9.6 
tissue in the cross section of the 
xylem of a browsed sapling of Fraxi-
nus excelsior.

9.10 Uni- to biseriate homogeneous 
and heterogeneous rays between 

the tangential section of a browsed 
sapling of Fraxinus excelsior.

9.5 Ring-porous xylem with a large 
earlywood zone and many large 
vessels in the cross section of a 
dominant tree of Fraxinus excelsior.

9.9 

cells and vessels in the tangential 
section of a dominant tree of Fraxi-
nus excelsior.

9.7 Diffuse-porous xylem with ves-
sels in radial rows between thin- to 

-
tion of a dominant tree of Carpinus 
betulus.

9.11 Slender uni- and biseriate 
homogeneous rays in the tangential 
section of a dominant tree of Carpi-
nus betulus.

9.8 Diffuse-porous xylem with few 
vessels in radial rows between thin- 

a suppressed sapling of Carpinus 
betulus.

9.12 Wide uni- and biseriate rays 
in the tangential section of a sup-
pressed sapling of Carpinus betulus.
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giant giantdwarf dwarf

Thale cress (Arabidopsis thaliana) is an annual herb and grows 
on dry to medium moist sites with rich soils. Stands are com-
posed of 5–50 cm-tall individuals. The center of large and small 

-
chyma cells. Rays are absent in large and in small individuals. 
Very small vessels with a diameter of 15–25 μm are arranged 
in long radial rows. Vessels are almost absent in small individu-

conductance in small individuals occurs probably through 

Alliaria petiolata Arabidopsis thaliana

9.14 Few small vessels within a 

the cross section of a small individ-
ual of Alliaria petiolata.

9.18 -
-

tinguish in the tangential section of a 
small individual of Alliaria petiolata.

9.13 Large radially arranged vessels 

the cross section of a large individ-
ual of Alliaria petiolata.

9.17 -
-

tinguish in the tangential section of a 
large individual of Alliaria petiolata.

9.15 Small, radially arranged ves-

in the cross section of a large indi-
vidual of Arabidopsis thaliana.

9.19 -
chyma cells are indistinguishable 
in the tangential section of a large 
individual of Arabidopsis thaliana.

9.20 -
chyma cells are indistinguishable 
in the tangential section of a small 
individual of Arabidopsis thaliana.

9.16 Very few small vessels within 

in the cross section of a small indi-
vidual of Arabidopsis thaliana.
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Garlic mustard (Alliaria petiolata) is a biannual herb growing on 
deep, rich soils. Dense stands are composed of 15–100 cm-tall 
individuals. The xylem anatomy of dominant and suppressed 
individuals is very different. The second ring in large individuals 
contains 60–80 μm wide, radially arranged vessels within a thin-

contains a few vessels with a diameter of 20–30 μm within a thin- 

earlywood with vessels in large individuals is in accordance with 

guarantees stability of the very thin stem. Dense stands suggest 
that root competition is the major growth-limiting factor.
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vegetation, e.g. the constantly wet tropical zone is dominated 
by evergreen trees, epiphytes and lianas, or the dry cold-tem-
perate (boreal) zone is dominated by conifers and evergreen 
or summer-green dwarf shrubs (Pfandenhauer & Klötzli 2014).

Here the question is raised to which degree zonal climatic 
conditions affect the physiognomy and the anatomy of stems. 
Wheeler et al. 2007 analyzed the xylem of almost 6,000 trees 
from the tropics to the boreal zones around the globe. They 
found that the xylem in trees of different vegetation zones is 

expressed in a modest way by ring distinctness and the water 

conductivity system (vessels). Based on their results, presented 

here are frequently occurring anatomical structures of trees and 

shrubs from different latitudinal and altitudinal zones.

A) Several tree species from the tropical rain forest, the Euro-

pean cold, moist temperate zone, and the Eurasian boreal 

forest. 

B) Shrubs from the tropical desert (Sahara), the European dry 

thermo-Mediterranean zone and the arctic zone. 

9.2.1 Trees in the tropics, the temperate and the boreal zone

Tropical rain forest
Trees with adaptations to a persistently warm, aseasonal cli-
mate with more than 3,000 mm of annual precipitation. Water 
transport through the tall stems with heights up to 50 m to the 

large, evergreen crowns occurs through a few large vessels. 
Most trees in lower altitudes of tropical rain forests do not form 
annual ring boundaries, making cross-dating impossible.

9.22 Pseudobombax munguba, 
Malvaceae, a 30 m-tall decidu-
ous tree. Diffuse-porous wood 
with approx. 5–10 vessels/mm2, 
>200 μm vessel diameter, very 

a lot of parenchyma. 

9.21 Microberlinia brazzavillensis, 
Fabaceae, a 40 m-tall evergreen 
tree. Diffuse-porous wood with 
5–10 vessels/mm2, >200 μm vessel 
diameter and paratracheal paren-
chyma.

9.23 Diospyros ebenum, Ebena-
ceae, a 25 cm-tall evergreen tree. 
Diffuse-porous wood with black 
heartwood, approx. 5 vessels/mm2, 
>200 μm vessel diameter, and 
parenchyma around vessels and in 
bands.

9.24 Sarcotheca sp., Oxalidaceae, 
an evergreen tree. Diffuse-porous 
wood with approx. 5 vessels/mm2, 

and few axial parenchyma cells. 
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Temperate forest
Trees with adaptations to a temperate seasonal climate with 
1,000 mm of annual precipitation. Water transport through 
the tall stems with heights up to 35 m to the large, decidu-
ous crowns occurs mostly through many small vessels (diffuse-
porous wood), or in a few species through large vessels in 
the earlywood and small vessels in the latewood (ring-porous 

Boreal forest
Trees with adaptations to a seasonal climate with warm short 
summers and cold winters in the conifer belt of the boreal zone, 
dominated by spruces (Picea sp.), larches (Larix sp.) and pines 
(Pinus sp.). Birch trees (Betula pendula) and mountain-ash (Sor-
bus aucuparia) are common accompanying tree species. Water 
transport through the tall stems with heights up to 25 m to the 

tropical and that one in the latewood a temperate climate. Prin-
cipally all trees and shrubs in temperate climates form annual 

-
nial dicotyledonous herbs also produce annual rings.

evergreen crowns occurs primarily through the earlywood tra-
cheids. The anatomically diffuse-porous structure of the accom-
panying deciduous species is like in the temperate zone. All 
trees, shrubs and perennial herbs form annual rings. Cross-dat-
ing is possible in individuals with more than 20 rings.

9.26 Acer pseudoplatanus, Sapin-
daceae, a 25 m-tall deciduous tree. 
Diffuse-porous wood with approx. 
150 vessels/mm2, 100 μm vessel 
diameter.

9.30 Pinus sibirica, Pinaceae, a 
25 m-tall evergreen tree.

9.25 Fagus sylvatica, Fagaceae, a 
25 m-tall deciduous tree. Diffuse-
porous wood with approx. 300 ves-
sels/mm2, 100 μm earlywood vessel 
diameter.

9.29 Larix sibirica, Pinaceae, a 
15 m-tall deciduous tree.

9.27 Pyrus communis, Rosa ceae, a 
15 m-tall deciduous tree. Diffuse-
porous wood with approx. 300 
vessels/mm2 and 100 μm vessel 
diameter.

9.31 Betula pendula, Betulaceae, a 
10 m-tall deciduous tree. Diffuse-
porous wood with approx. 150 ves-
sels/mm2 and 100 μm vessel diameter.

9.28 Ulmus glabra, Ulmaceae, a 
25 m-tall deciduous tree. Ring-
porous wood, latewood vessels in 
tangential bands.

9.32 Sorbus aucuparia, Rosaceae, 
10 m-tall deciduous tree. Diffuse-
porous wood with approx. 300 ves-
sels/mm2 and 50 μm vessel diam-
eter.
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9.2.2 Shrubs in the tropics, the Mediterranean and arctic zone

Subtropical African dry climate, Sahara
Shrubs with adaptations to persistent drought in a tropical des-
ert (Sahara) with less than 5 mm of annual precipitation. Very 
few shrubs and dwarf shrubs survive the extremely long drought 
periods and often also impact by grazing. Very intensive growth 

Arctic zone
Dwarf shrubs with adaptations to persistently cold temperatures 
and short vegetation periods. Dwarf shrubs from a few fami-
lies (Ericaceae, Salicacea and Betulaceae) grow only during 

European thermo-Mediterranean zone
Shrubs and dwarf shrubs with adaptations to winter rain and 
summer drought, with less than 200 mm of annual precipitation. 

and survive the extreme summer droughts. Most of them form 

occurs for very short periods after rainfall events. Most of the 
species have no visible growth zones, and if there are any they 
correlate to rain events rather than regular seasons. Cross-dat-
ing is therefore impossible.

the one or two summer months. They form mostly distinct, but 
extremely small annual rings (0.05–0.5 mm). Cross-dating is 

true annual rings. Radial growth greatly varies. Plants on shal-
low soils form small rings (<1 mm width), those on deep soils 
produce larger rings (2–3 mm). Cross-dating is principally pos-

9.34 Euphorbia calyptrata, Euphorbia-
ceae, a 30 cm-tall dwarf shrub. Growth 
zones absent. With approx. 200 ves-
sels/mm2 and 40 μm vessel diameter.

9.38 Fumana ericoides, Cistaceae, 
a 10 cm-tall dwarf shrub. Diffuse-
porous wood with approx. 400 
vessels/mm2 and 30 μm earlywood 
vessel diameter.

9.42 Empetrum nigrum, Ericaceae, a 
30 cm prostrate dwarf shrub. Diffuse-
porous wood with approx. 500 ves-
sels/mm2 and 35 μm vessel diameter.

9.33 Calligonum azel, Polygonaceae, 
a 1 m-tall shrub. Diffuse-porous 
wood with approx. 40 vessels/mm2 
and 100 μm vessel diameter.

9.37 Teucrium chamaepitys, 
Lamiaceae, a 20 cm-tall dwarf 
shrub. Semi-ring-porous wood 
with approx. 400 vessels/mm2 and 
25 μm vessel diameter.

9.41 Cassiope tetragona, Ericaceae, 
a 20 cm-tall dwarf shrub. Diffuse-
porous wood with >500 vessels/
mm2 and 20 μm vessel diameter.

9.35 Zilla spinosa, Brassicaceae, 
a 40 cm-tall dwarf shrub. Growth 
zones absent. With approx. 150 ves-
sels/mm2 and 50 μm vessel diameter.

9.39 Daphne gnidium, Thyme-
laeaceae, a 60 cm-tall dwarf shrub. 
Diffuse-porous wood with approx. 
250 vessels/mm2 and 40 μm vessel 
diameter.

9.43 Betula nana, Betulaceae, a 
50 cm prostrate dwarf shrub. Diffuse-
porous wood with approx. 200 ves-
sels/mm2 and 40 μm vessel diameter.

9.36 Farsetia aegyptia, Brassicaceae, 
a 40 cm-tall dwarf shrub. Distinct 
growth zones. With approx. 200 ves-
sels/mm2 and 400 μm vessel diam-
eter.

9.40 Launaea lanifera, Asteraceae, 
a 30 cm-tall dwarf shrub. Without 
growth rings. With approx. 200 ves-
sels/mm2 and 50 μm vessel diameter.

9.44 Salix arctica, Salicaceae, a 
40 cm-tall dwarf shrub. Diffuse-
porous wood with approx. 300 ves-
sels/mm2 and 50 μm vessel diameter.
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Open Access This chapter is licensed under the terms of the 
Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative 
Commons license and indicate if changes were made.

The images or other third party material in this chapter are 
included in the chapter's Creative Commons license, unless 
indicated otherwise in a credit line to the material. If material 
is not included in the chapter's Creative Commons license and 
your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission 
directly from the copyright holder.
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