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Terminology plays a crucial role in describing and understanding the morphological 

and anatomical variation in living organisms. The huge diversity in plant species and 

their many morphological and physiological adaptations to a wide range of ecosystems 

is reflected in an enormous anatomical variation of woody tissues. This is perhaps 
somewhat surprising given that angiosperm wood consists of essentially three cell types 

only: imperforate tracheary elements (fibres and tracheids), vessel elements, and living 
parenchyma cells. However, variation in the dimensions and the arrangement of these 

cells provide a challenge to anyone who aims to describe and understand quantitative 

and qualitative differences between wood samples. The challenge lies not only in the 

consistent application and interpretation of terms (Lens et al. 2012), but also in how 
we deal with a dynamic continuum (i.e., fuzzy morphology sensu Agnes Arber & Rolf 

Sattler) that includes intergradations, intermediate forms, analogous and homologous 
features (Sattler & Rutishauser 1997).
 While the International Association of Wood Anatomy (IAWA) lists (IAWA Com-
mittee 1933, 1964, 1989, 2004) have been successful for identification and classification 
of angiosperm and gymnosperm wood, there is a lack of an anatomical glossary that 

goes beyond identification, covering the broad fields related to wood anatomy such as  
functional and ecological xylem anatomy, evolutionary and developmental wood 

anatomy, dendrochronology, etc. It is clear that achieving such a general glossary will 

never be perfect and will require a collaborative effort from many experts in various 

wood-related disciplines.

 This opinion paper attempts to provide a critical review of terminology for wood 

parenchyma. It is especially concerned with the overlap between the descriptive terms 

used in systematic wood anatomical treatments and terms with functional implications. 

Most terminology for ray and axial parenchyma (RAP) has been defined based on the 
microscopy of transverse and longitudinal sections for wood identification purposes. 
A number of terms, especially for axial parenchyma, have changed in their usage or 

gone out of fashion; some of these are discussed here.

Parenchyma in secondary xylem

 Parenchyma tissue in the secondary xylem of woody plants represents the living 

symplastic tissue that is intermeshed with the apoplast (the dead tissues, which include 
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the fibres [except living, septate ones] and conductive elements). It plays a crucial but 
perhaps underrated role in plant physiology. The interest in the subject from a functional 

perspective has been variable, with a surge of interest during the mid to late 20th century 

(Braun 1964, 1984; Braun & Wolkinger 1970; Czaninski 1977; Sauter & Kloth 1986) 
followed by a decline and a resurgence of late (Salleo et al. 2004; Martínez-Cabrera  

et al. 2009; Zheng & Martínez-Cabrera 2013; Ziemińska et al. 2013, 2015; Spicer 2014; 

Morris et al. 2015). This renewed interest in ray and axial parenchyma (RAP) coincides 
with advances in image analysis and measurement techniques. Up to this point, a far 

greater focus has been on the dead conducting cells of wood (vessel elements and 

tracheids) and the mechanically important fibres of angiospermous wood (Carlquist 
2015). As more papers report on wood, it is important to address the terminology used 
for RAP, as there is a tendency by those outside the discipline of wood anatomy to 

misuse the terms and provide incorrect information. An overview of the terms related 

to axial and ray parenchyma are presented in Table 1 and 2.

Functions of ray and axial parenchyma (RAP)

 The terminology for describing RAP is important because disciplines outside 

of traditional wood anatomy are now paying more attention to their function, e.g., 

plant physiology, functional ecology, plant-ecophysiology, plant pathology, and plant 

evolutionary-biology. The functions of RAP include: (1) storage and transport of non-
structural carbohydrates (NSCs) (e.g., Hoch et al. 2003; Salleo et al. 2004; O’Brien 

et al. 2014; Plavcová & Jansen 2015), (2) defence against pathogens (e.g., Shigo 

1984; Biggs 1987; Schmitt & Liese 1993; Deflorio et al. 2008), (3) water storage and 
capacitance (e.g., Holbrook 1995; Borchert & Pockman 2005; Pfautsch et al. 2015), 
(4) storage of minerals such as calcium oxalate (Trockenbrodt 1995), (5) the transition 
of sapwood into heartwood (Pinto et al. 2004; Spicer 2005; Nawrot et al. 2008), and 
(6) biomechanical contributions, particularly by RP (e.g., Mattheck & Kubler 1995; 

Burgert & Eckstein 2001; Reiterer et al. 2002).

Contact and isolation cells of the ray system

 Secondary xylem parenchyma are living cells and are composed of two major cell 

types, ray parenchyma (RP) and axial parenchyma (AP), which are oriented perpen-

dicular to each other. RP is aligned centripetally and formed from the ray initials of the 

cambium; AP is aligned axially and formed from the fusiform initials of the cambium 

(Metcalfe & Chalk 1983).
 The cells in wide rays of angiosperms have been further categorised into two sub-

types, ‘contact’ cells and ‘isolation’ cells, terms used by various authors to describe 

differing functions between the two (Braun 1964, 1984; Braun & Wolkinger 1970; 

Sauter & Kloth 1986, Murakami et al. 1999; Spicer 2014). Contact cells are in direct 
association with non-living conducting cells and have the ability to produce tyloses or 

gums. Isolation cells, which do not make any contact with conductive tissue, might be 

more specialised for radial transport (Sauter & Kloth 1986). Apart from their function, 
they also differ in form. Isolation cells are in many cases procumbent, and often have 

ray cells along their side, which are frequently ‘upright cells’. The ‘upright’ cells, or 
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‘erect’ ray cells, have the same orientation as the axial parenchyma, and may perform 

the same function as diffuse axial parenchyma in forming contacts between conduits and 

parenchyma, or simply contact between other parenchyma only (Holl 1975; Carlquist 

2001). Conifers, on the other hand, have predominantly uniseriate rays, and therefore 
have contact cells only in their ray structure, where all ray parenchyma cells have some 

contact with tracheids.

Arrangements of the axial parenchyma system

Paratracheal axial parenchyma (AP)

 AP is situated between the rays and is aligned vertically. These cells may be highly 

grouped around the vessels, which is termed ‘paratracheal’, or alternatively, the AP 

cells may completely surround the vessel as regular layers, a condition referred to as 

‘vasicentric’ (e.g. in Phoebe porosa, Enterolobium cyclocarpum, Olea europaea). 
However, more commonly, the AP is scanty paratracheal, or may be either aliform or 

confluent in arrangement. The scanty paratracheal arrangement is very frequent, occur-
ring in up to 28% of all hardwoods (Wheeler et al. 2007). Aliform is wing-shaped with 
lateral extensions and is further subdivided into ‘lozenge-aliform’ (e. g. Microberlinia 

brazzavillensis, Qualea rosea) or ‘winged-aliform’ (e.g. Jacaranda copaia, Terminalia 

superba, Brosimum spp.). The term ‘confluent’ describes paratracheal arrangements 
that coalesce or where aliform types completely surround or are to one side of two or 

more vessels together (e.g. Parkia pendula, Peltogyne confertiflora). Both aliform and 
confluent have been considered a sub-set of abundant vasicentric (Kribs 1937; Carlquist 
2001); however, this usage is not very common. The term ‘scanty paratracheal’ (see 
Catalpa ovata; Fig. 1c) describes a situation where the AP does not completely sheath 
the vessel or a vessel group, or where they are just occasionally making contact with the  

vessel (e.g. Pistacia vera, Laurus nobilis, Fraxinus excelsior) (Hess 1950; Metcalfe  
& Chalk 1950; Plavcová & Jansen 2015). Unilateral paratracheal parenchyma is of  
rare occurrence, and if present, often found alongside other paratracheal arrangements. 

It describes paratracheal AP that forms to one side of the vessels and is shaped in a 

semi-circular fashion (e.g. Peltogyne confertiflora). The terms abaxial and adaxial 
describe paratracheal AP arranged to either side of a vessel and have been fused into 

the term ‘unilateral’ and generally discontinued as descriptors because in most wood 

samples or sections of mature stems the orientation with respect to the cambium and 

pith is not obvious (IAWA Committee 1989).

→
Figure 1. Light microscopy images of the transverse sections of one conifer and five angiosperm 
species showing different axial parenchyma (AP) and ray parenchyma (RP) cell arrangements 
where both functional and anatomical terms are shown for (a) Picea abies (Pinaceae), a temperate 
species with no axial AP present, and where all the uniseriate RP are contact cells (CC) having 
direct contact with the tracheids (T), (b) Quercus robur (Fagaceae), a temperate species with 
axial parenchyma diffuse (APD), (c) Catalpa ovata (Bignoniaceae), a temperate species with 
axial parenchyma scanty paratracheal (APSP) shown here as contact cells, (d) Amherstia nobilis  

(Fabaceae), a tropical species with AP in paratracheal arrangements called paratracheal aliform 
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(AP)  and paratracheal confluent (PC), (e) Caesalpinia mexicana (Fabaceae), a subtropical spe-

cies with wide-banded parenchyma (WBP), and (f) Ceiba pentandra (Malvaceae), a tropical 
species with wide mutiseriate rays showing the isolation cells (IC) between the two most outer 
layers. All are from stem wood, except Q. robur, which was taken from the roots. The sections 

were stained with a combination of safranin and alcian blue, where the red colour of the former 

highlights strongly lignified cell walls of the tracheids, vessels and fibres, while the blue stain 
of the latter highlights both AP and RP. All scale bars represent 100 µm.
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 There is a complication between the commonly used anatomical definition of para-
tracheal (Metcalfe & Chalk 1983) and Braun’s (1984) functional definition. From a 
functional point of view, it is essential to have such a term that describes AP in immediate 

contact with vessels rather than also including vessel-distant AP that is part of a com-

plete paratracheal arrangement. Braun termed vessel-distant paratracheal parenchyma 

‘interfibrous parenchyma’, and devised the more specific term paratracheal-contact cells 
for the “accessory tissue” of his “hydrosystem”, in analogy with the contact cells of  

the rays. The use of the term ‘interfibrous parenchyma’ was unfortunate, as it encom-

passed an array of arrangements that are in themselves quite distinct.

 Terms can be essential for the identification of wood; however, from a functional 
perspective, many of the terms are less valuable because of a morphological continuum. 

For instance, the difference between a unilateral and a lozenge-aliform arrangement may 

be functionally negligible, as the only separation between the two is that the latter has 

a diamond-shaped outline and is present around the whole vessel, an important differ-

ence for wood identification purposes. However, the broader terms, such as apotracheal, 
paratracheal and even scanty paratracheal are certainly important terms for functio- 

nal studies, as these arrangements have an important association with the vessel in re- 

lation to capacitance and defence (Brodersen et al. 2010; Plavcová & Jansen 2015; 

Morris et al. 2015). For instance, the lack of such AP arrangements in most conifer 
species may explain why they require narrow, “safe” tracheids as conductive tissue 

(Choat et al. 2012).

Apotracheal axial parenchyma (AP)

 The term ‘apotracheal’ describes AP cells that are not associated or contiguous with 

vessels in transverse section. Some random contacts may exist, although these are 

infrequent (Evert 2006). Diffuse, diffuse-in-aggregates, and marginal AP essentially 
describes three subcategories of AP that are not in association with vessels. The de-

scriptive terms for AP are when the AP appears distributed in transverse sections. For 

instance, in the case of diffuse there are a number of sources that describe AP as being 

isolated and irregularly dispersed, which is true when viewed as a single transverse 

section. However, from a functional point of view this is not the case, as such cells 

cannot be isolated from surrounding symplastic tissue because all parenchyma cells 

are to some degree interconnected with each other (Zimmermann & Tomlinson 1966; 

Zimmermann 1971). All diffuse parenchyma types are networking with both the ves-

sels and the ray system. This was demonstrated by Zimmerman (1971) who showed 
that an isolated group of AP will sooner or later contact other AP and/or RP.

 Alternatively, AP might act as a transport bridge between rays, thus by-passing the  

vessels altogether, as is the case with the AP pattern diffuse-in-aggregates or the narrow 

bands of axial parenchyma. The latter term ‘diffuse-in-aggregates’ describes where they  

form tangential lines, of no more than one cell wide between rays, although in trans-

verse section one may or may not see diffuse-in-aggregates contacting rays (Metcalfe 

& Chalk 1950; Carlquist 2001). Examples of diffuse-in-aggregates include Tilia spp. 

(Malvaceae) and Dalbergia stevensonii (Fabaceae). Diffuse AP are more commonly 
associated with temperate species. In tropical tree species where AP is absent or 
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rare, there is a higher incidence of septate fibres (Wheeler et al. 2007). Here, septate  
fibres are presumably taking over the functional role of AP, where examples include: 
Achariaceae, Araliaceae, Burseraceae and Salicaceae. Both Araliaceae and Salica- 

ceae are found in temperate and tropical biomes. Kalopanax septemlobus (Araliaceae) 
is an excellent example of a temperate species with absent or extremely rare AP, but 

with an abundance of septate fibres taking over the functional role.
 The term ‘banded’ applies to AP that is one to many cells wide, and this is further 

subdivided into narrow-banded and wide-banded apotracheal AP (see Caesalpinia 

mexicana; Fig. 1e). Although banded arrangements are mostly apotracheal, they can 
be paratracheal, where they are clearly associated with the vessels. Under the IAWA 

Committee (1989) it forms a separate group of arrangements that includes the arbi-
trary, overlapping sub-categories (1) axial parenchyma bands more than three cells 
wide, (2) axial parenchyma in narrow bands or lines up to three cells wide, (3) axial 
parenchyma reticulate, (4) axial parenchyma scalariform and (5) axial parenchyma in 
marginal or in apparently marginal bands. Wide bands (more than three cells wide) 
are much more common in tropical trees, perhaps acting as a dynamic barrier against 

the inward advance of decay, thus replacing the growth ring of temperate species, a 

static barrier where highly lignified fibres slow the spread of decay; this is Wall 2 of 
the CODIT model, an acronym for Compartmentalisation of Decay in Trees (Shigo 

1984). Although wide banded AP are more common in the trees of the tropics than  
in temperate regions (e.g. Meliaceae and Moraceae), they still have a rare overall  
occurrence with only a 9% of the world’s woods having this characteristic (Wheeler  

et al. 2007). A quick check of 834 species with wide bands (InsideWood database: 
Wheeler et al. 2007) showed a much higher incidence of wide parenchyma bands 
with growth rings absent or indistinct (748 species out of the total) indicating that in 
the absence of growth rings, parenchyma may be taking on a defensive role. When the  

wide bands run via vessels, they intergrade with confluent AP, a pattern under the  
umbrella of paratracheal. A term was in use to describe this as ‘banded confluent’  
(Jane 1970), which acknowledged that bands are not always circumferentially contin- 
uous, but can be as a result of there being a considerable amount of confluent paren- 
chyma that form together to appear as bands. There are, of course, gradations in the 

continuity of the bands and they can appear independent of vessels or extend from 

vessel to vessel where then the distribution of the bands appears related to the position 

of the vessel.

 Marginal AP, coined by Hess (1950) is banded, but laid out at the beginning or at 
the end of a growth ring, termed, respectively, initial and terminal. Usually only one 

type is present in a species, although some species have both, for example Robinia 

pseudoacacia, although this rarely occurs (Carlquist 1980). We do know that in a num- 
ber of temperate species apotracheal terminal parenchyma participate actively in de-

fence, particularly against brown rot fungi (Schwarze & Fink 1998, Schwarze et al.  

2000, 2003; Schwarze 2007). However, this anatomical trait has a worldwide distribu-

tion, from temperate to subtropical and tropical biomes, and studies conducted were 

biased to species of temperate origin. The InsideWood database (Wheeler et al. 2007) 
reports 1782 from a total of over 5000 species to have marginal parenchyma.
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From a descriptive to a functional terminology

 Braun (1970, 1984) tried to include both gymnosperms (with the exception of the 
Gnetales) and angiosperms (not including vesselless genera) by referring to RAP in 
association with either tracheids or vessels as ‘accessory tissues’ of his hydrosystem, 

a term now mostly discontinued in modern publications. This was a very specific 
functional term used by Braun (1984), where he makes a distinction between tropical 
and temperate trees. Braun suggested that in tropical trees accessory tissue tends to 

have little or no starch because the sugars are in a state of constant remobilisation. 

By contrast, temperate trees have starch in the accessory tissues, but it is broken 

down earlier than in surrounding parenchyma (Sauter 1966; Braun 1984; Essiamah &  

Essiamah 1985). The accessory tissues further included the functional terms ‘para-
tracheidal parenchyma’ and ‘paratracheal contact parenchyma’, two terms referring 

specifically to AP of both gymnosperms and angiosperms, respectively. Braun’s (1984) 
usage of the term ‘paratracheidal’ was perhaps to make a distinction between the tra-

cheids of conifers and the vessels of angiosperms, particularly for tropical conifers, 

which have, on average, more AP than their temperate counterparts, such as in many 

genera of the Podocarpaceae (Morris et al. 2015). The contact cells of the rays were 
also included in Braun’s accessory tissues (Braun 1964, 1970, 1984).
 The term ‘contact cell’ (see Fig. 1) was also coined for any parenchymatous cell 
in contact with a vessel (Sauter 1966, 1973). More recent papers have been using the 
original Sauter (1966) application of the term ‘contact cell’ (Bonsen & Kučera 1990; 
Améglio & Cruiziat 1992; Sokołowska 2013; Zwieniecki & Holbrook 2009; Secchi  
& Zwieniecki 2012). Isolation cells, from a functional and spatial perspective, not  
only apply to the ray structure; vessel-distant cells (see Amherstia nobilis; Fig. 1d) 
within a large group of paratracheal AP (surrounding a vessel) are in effect isolated  
to the same degree as those of the ray system, and may have similar functions.

 Irrespective of the difference in cambial origin between RP and AP, there is a  

striking analogy between them as both have contact cells and vessel-distant cells, and  

many common functions are shared. For instance, contact cells from RP and AP  

(1) both have different pits, which are either half-bordered or simple, possibly function-

ing in the hypothetical release of sugar into vessels as opposed to those that just store 

NSCs (Sauter 1972, 1973; Braun 1984), (2) both can form tyloses during heartwood 
formation when the pit aperture exceeds 10 µm, or gums when the width falls below 

this figure, although tyloses occur largely from the RP during the transition to heart- 
wood (Chattaway 1949), while elsewhere in the sapwood, in response to pathogens 
etc., tyloses can occur where pits exceed 3 µm (Bonsen & Kučera 1990), (3) both have 
a protective layer (Schmid 1965), also referred to as the amorphous layer when refer-
ring to vessel-associated RP and AP (Fujii et al. 1980, 1981), and (4) both have simi- 
lar enzymatic activity marked by high mitochondrial counts and carbohydrate storage/ 

mobilisation cycles (Sauter 1973; Essiamah & Eschrich 1985; Alves et al. 2001).  
While, on the other hand, isolation cells (see Ceiba pentandra; Fig. 1f) of the ray struc-

ture, and paratracheal vessel-distant AP have: (1) no pit-mediated direct contact asso-
ciations with vessel elements, (2) high plasmodesmatal densities, as no plasmodesmata 
are at the interface between a contact cell and a vessel (Bonnemain & Fromard 1987; 
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Czaninski 1987), and (3) long-term storage capacities (large vacuoles) with generally 
slow mobilisation cycles, most evidently in temperate species (Braun 1984). In fact, 
during autumn, RAP that does not have contact with vessels accumulate oxalate, tan-

nins, or large quantities of starch, a trend not shown in contact cells (Buvat 1989).
 Czaninski (1964, 1977, 1987) in the 1960s coined the term ‘vessel-associated cells’ 
(VACs) as a term for AP and RP in contact with vessels that share common functions. 
It was first used in the case of Robinia pseudoacacia for the small ‘specialised cells’ 

surrounding the vessels, and represented a more precise description than just ‘contact 

cells’. The VACs were used as a means to further divide cells from those with a com-

mon function, such as storage of NSCs, into those with more ‘specialised’ functions,  

like the production of tyloses, or the secretion of defensive compounds into the  

vessel. Czaninski (1970) also coined the term ‘storage cells’ for vessel-distant AP, 
which are distinguished from VACs (or contact cells) by their larger lumen and vacu-

ole size.

 Another term, ‘transfer cells’, as coined by Gunning et al. (1968, 1974) and nor-
mally used in unison with the phloem, had its use extended to xylem parenchyma in 

association with vessels. Chafe (1974) stated that the contact cells might function as 
transfer cells owing to a similar structure as those in the phloem. While as useful an 

analogy as it may have sounded, the term used in this context seems to have expired, 

because vessel-contact cells lack the elaborate wall invaginations typical of true transfer 

cells. These days, the terms VACs and contact cells can be used interchangeably for 

angiosperms, while contact cells is a suitable term when also referring to conifers.

Conclusion and outlook

 Terms we coin and define for RAP are critically important for how we interpret 
them, and therefore use them in the right context, especially in relation to xylem 

function. Rather than a revision of terms, the main message here is that it is important 

to be mindful of what term to use and where correctly to use it, whether it be from a 

functional or structural perspective.

 More attention should be paid to the three-dimensional structure and arrangement 

of RAP, which remains poorly explored despite the development of novel techniques 

such as high resolution computed tomography and image analysis tools (e.g., alignment 

and stitching tools; Huggett & Tomlinson 2010; Brodersen 2013). Moreover, precise 
descriptions in combination with exact quantification are highly desired to make progress 
in the field of functional and ecological wood anatomy (Scholz et al. 2013; von Arx 

et al. 2013, 2015). We also hope that training of new students will be offered in such 
a way that they will develop a special eye for detail and accuracy, which is required 

to capture the maximum information available in wood. Many of us would indeed be 

surprised by how many details are presented in old literature such as the works by  

Moll & Janssonius (1909–1936).
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