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Rhizosphere chemical dialogues: plant-microb~ interactions 
Dayakar V Badri 1 , Tiffany L Weir 1, Daniel van der Lelie

2 
and 

Jorge M Vivanco 1 

lntroduction 
Prokaryores and eukaryores have coexisred for millions of 
years on carrh. Ir is esrimared rhac humans have IO\.l 
human cells ami l 0 14 baccerial cells including rhe endogen­
ous bacrerial flora [l]. i\s a resulr of rhis long associarion, 
prokaryores ha ve developed borh beneficiai and derrimen­
ra l relarionships with eukaryoces. As aurocrophic organ­
isms, plancs play a cenrral role in susraining ali othe r life 
forms . Unlike mammals, planrs are sessile, rhus releasing 
Jn array of chcmical signals co interacr wirh orher organ­
isms. The roor sysrem, which was traditionally thought co 
provide anchorage and uptake of nutrienrs anJ wa ter, is a 
chemical factory that mediares numerous underground 
inreracrions. Thcse include mutualisric associacions with 
beneficiai microbes, such as rhizobia, mycorrhizae, endo­
phytcs and plant-growth prnmoting rhizobactertia ( PCPR) 
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and paras1t1c 111teracrions wirh orher planrs, parhogenic 
microbes and inverrebrate herbivores. Planrs release enor­
mous amounrs of chemicals through rheir roors, ar a sig­
nificanr carbon cosr, co combar parhogenic microorganisms 
and atrracr beneficiai ones. Rhizosphere inreractions are 
affecred by many differenr regulacorysignals, ofwhich only 
a few have been idenrified, recalling a quare by Leonardo 
da Vinci rhar 'We k11ow better the med1n11ics o/ celestial bodies 
rhan the fu11crio11i11g o/ rhe soil below our feet' [ZJ. Rhizosphere 
inceracrions are nor solely Jriven by roors bue are highly 
incegrared wirh and influenced by residing organisms 
and locai edaphic facrors. Soil-inhabiting murualists and 
parasites, borh prokaryoric and eukaryoric, are accively 
involved in signaling wich a host (Figure 1). Therefore, 
rhizosphere interacrions are very dynamic and can be 
alrered by addirion or loss of any uf che players. 

A large body of literature exisrs about rhizosphere inrer­
acrions [3-5]. In this review, we summarize rhe current 
knowledge of rhizosphere chemical communicarion be­
rween planr roots and their associateci microorganisms. 
Cenrral co rhis discussion is che recenr progress made in 
undersranding rhizosphere chemical dialogues becween 
planrs and different components of rhe microbial com­
munity. \Ve end wirh a discussion of how these chemical 
Jialogues may improve plant fitness at che community 
leve I and discuss rhe new challenges faced by researchers. 

Chemical signaling between plants and 
mutualists 
Piane roots release a wide range of compounds rhat are 
involved in arrracring beneficiai organisms and forming 
mutualistic associarions in rhe rhizosphere. These com­
pounds include sugars, polysaccharides, amino acids, 
aromatic acids, alipharic acids, farcy acids, sterols, phe­
nolics, enzymes, proteins, planr growth regulators and 
secondary metabolires. The most imporrane rhizosphere 
murualisms described are berween plants and mycorrhi-
Lae or rhizobacreria. ·~ 

:\.lycorrhizal associarions are present in almost ali land 
planrs andare essencial biologica[ consrituenrs ofthe rhizo­
~phere. l\ lycorrhizae are grouped inco two caregories: 
cndomycorrhizae (arbuscular, AM) and eccomycorrhizae. 
The Aivl sy mbiosis represents rhe most widespread and 
ancienr piane symbioses, originaring abour -J.50 million 
years ago [6]. Abouc 6000 species in rhe Glomeromycorina, 
.\scomyco rina and 11asidiomycotina familics have been 
recorded as mycorrhizal and wirh more se nsitive molecular 
rcchniques rhis numher is increasing [7]. Similarly, more 
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than 200 000 plant species host mycorrhizal fungi, but a 
relatively small numberof m ycorrhiza l types are known [8]. 
The biotrophic interfaces that are formed between plant 
roots and the fungus result from recognition of exchanged 
cues. There is an extensive list of plant genes thar are 
predicted to play a role in facilitating AM interactions 
[9",10"], but comparatively few identified in the fungus 
[ 11 ",12]. Thus little knowledge exists about signaling 
processes between symbionts, the pathways related to 
symbiosis-specific development of AM fungi in root tis­
sues, or mechanisms of nutrient exchange between them 
[12,13,14,15"]. 

The establishmene of A.M symbioses begins with the 
colonization of a compatible roor by hyphae produced by 
AM fungal soil propagules, asexual spores or mycorrhizal 
roots. This is followe<l by appressorium formation and 
entrance into the cortex to form specialized strucrures 
called arbuscles. Before colonization, ie is assumed that a 
continuous dialogue of signals is exchanged between rhe 
symbionts to establish colonizarion. Since rhis symbiosis 
lacks hose specificiey it has been suggested thae either the 
plant-derived signals are conserved throughoue rhe plant 
kingdom or that a broad range of related compounds are 
involved. Plant-released compounds like sugars and amino 
acids are potenrial funga! seimuli bue phenolic compounds, 
particularly flavonoi<ls. are known as key signaling com­
ponents in many plant-microbe ineeractions (16"]. There 
are vast quantities of data on the effect offtavonoi<ls un M l 
hyphal growth, differentiation, and root colonizarion [ 16"], 
and specific effects <lepend on the chemical structure ofthe 
compound [ 17). lt was recently found rhat flavonoi<ls 
exhibit a ge nus-specific and species-specific effect on 
AM fungi (18]. In a<ldition, strigolactones, a group of 
sesquirerpene lactont:s exu<le<l by lotus japonims roots, 
were shown to induce hyphal branching in A.vi fungi, a 
pre-requisi te for successful roor colonizarion fungi [ 19""]. 
Strigalactones present in rhe root exudares of a wide range 
of plants ac t display specificity as signals for AM fungi but 
<lid not affece other funga! spec ies such as Trichoderma, 
Piriformospom, /1otf)1tis cinerea an<l Cladospori11m sp. [ 19""). 
,\ further hypothesis is that strigolactones are not only 
involve<l in in<lucing AM hypha l branching factor but abo 
~1cr to amact AJ\I fungi to roors [20]. However, more srudies 
are nee<led to clarify both the spec ificity an<l roles of 
srrigolactones in csrablishing mycorrhizal associations. 
The producrion an<l cxudarion of s tri ,gulactones are <le­
pendent on nutrient availability. Recently, Yoneyama et al. 
[Z 1 J reported that nitrogen and phosphurus deficiency 
cnhanced the secretion of a strigolactone, 5-<leoxysatrigol 
in sorghum plants. Besides ~rrigolactones, some studies 
demunstrate that calc ium ions are an intracellular messen­
ger durin,g mycorrhizal signaling, a t least in a pre-contact 
~rage [ZZ""]. 

Even less understood than the signaling berween plants 
<md mycorrhizae is the intcraction of mycorrhizae with 
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orher soi l microbes. [t has been dcmonstrated that AM 
funga! exu<lates <lirecÙy impact soil bacterial community 
co mposition [2.3], and some bacteria associated with M l 
can improve colonization, root branching and antifungal 
properties [7,24] . Future goals should include i<lentifying 
ali players uf these signaling networks, particularly the 
signals and receptors that open the <loor to symbiosis 
formation. Other major challenges include unraveling the 
signaling events in tri-partite interactions (plant-AM­
bacteria) to better un<lerstand how soi l bacteria and 
Ai\! fungi associare. Although, so me structural properties 
that regulate interspecies interactions are known [.Z5 "1 the 
bacterial-mycorrhizal network stili remains to be eluci­
dated. 

As mentioned, Aavonoids play a key role in che early 
signaling events of legume-rhizobia inreractions [26]. 
The legume rhizosphere chemically attracts rhizobia by 
secreting flavonoids and related compounds (27]. Sub­
sequently, the No<lD protein of rhizobia perceives 
specific flavonui<ls through one or two-component regu­
larory sys tems, initiating transcription of nod genes that 
encode che biusynthetic machinery for a bacteri<ll signal, 
the No<l factor. Nod factors are lipochirooligosaccharides 
cunsisting uf [3-1, -l-linked N-acetyl-glucosamine back­
bones wirh four or five resi<lues with an acyl chain at CZ in 
che non-re<lucing end an<l <lecorated with acetyl, sulfonyl, 
carbamoyl, fucosyl or arabinosyl moieries at defined pos­
itions depending on the rhizobial s train (28]. Perception 
of rhe No<l factors by the piane induces multiple signaling 
pathways rhat initiate root hair infection and nodule 
fo rmation. There are other nonftavonoid related com­
pounds like xanrhones, vanillin and isovanillin thac 
in<luce NodD gene expressiun, but they a re required at 
much higher concentrations than flavonoi<ls [29"], <ln<l 
thus their importance in natural environments is ques­
tionable. Recently, Cai et al. (30""] reported that canava­
nine, a compound present in che seed coae and rooc 
exudates of various legume plants, is toxic to many soi l 
bacteria but not to rhizobial strains that possess specific 
transporter to transpurt (deroxify) this compoun<l. They 
also suggested that host legumes secrete canavanine into 
the rhizosphere tu select beneficiai rhizobia. Further 
~tudies are warranted to i<lentify facto rs Jetermining 
host- rhizubium specificity. 

Molecular communication between host and 
pathogens 
There are four main groups of plant pathogens [3 l] bue 
on ly two of them are major players in the so il; fungi an<l 
nemato<les. Com parari ve ly fewer bacteria are considered 
to be ~oilborne plant pathogens; however, some wcll­
'>tll<lie<l exceptions include Ralsto11ia .wlr111acer11"11m (bac­
terial wi lt of tornato) and 1\J;17JVflc/t!JÙ1111 t11mefr1àe11s, the 
cas 11al agcnt of crown ga l! <lisease [.12,3.1]. fungi :rnJ 
oomycctes, physiologically :md morphologically similar 
llllt phylogcnctically disti net grnups of organisms, a re the 
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Pictorial illustration of the chemical communication thai exists between plani roots and other organisms in the complex rhizosphere. Plani roots 
secrete a wide range of compounds, among those sugars and amino acids are engaged in attracting (chemotaxis) microbes (1), flavonoids act as 
signaling molecules lo initiate interactions with mycorrhiza (AM fungi) (2), rhizobium (3) and pathogenic fungi (oomycetes) (4), aliphatic acids (e.g. malie 
acid) are involved in recruiting specific plani growth promoting rhizobacteria (Baci//us subti/is) (5), nematodes secrete growth regulators (cytokinins) 
thai are involved in establishing feeding sites in plani roots (6) and nematodes secrete other compounds (organic acids, amino acids and sugars) 
involved in attracting bacteria and in bacterial quorum sensing (7). Knowledge of the roles of other types of compounds, such as fatty acids (8) and 
proteins (9), secreted by roots in the rhizosphere and other multi-partite interactions (1 O) remains unknown. 

mosr predominanr soilborne parhogens. Like pbnr­
muwalist associations, parhogens abo utilize chemic.11 
signals in early sreps of hosr n:cognition an<l infecrion. 
Before rhe esrablishmenr of infecrion, Phytophthorrt .rnjr1e 
zoos pores are chemically attracre<l by daidzein and ge n­
istein secretc<l by soybean [.J.+j; however, rhe narure of 
the isoHavone receptor un the zoospores remains 
unknown. l\lost plants produce antimicrobial sccondary 
metabo l ites, eirher as p~ut of rheir normai program of 
growth an<l dcvelopmcnr or in rcsponse to parhogcn 
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attack and those anrimicrobial compounds prorecr plants 
from a wide range of parhogens [.\S ]. Preforme<l anri­
fungal compounds, called phytoanricipins, occur consri­
rurivcly in healrhy planrs an<l acr as chemical barriers for 
funga! parhogens. By conrrasr, phytoalexins are antimi­
crohial compounds induccd in rcsponse to pathogen 
attack but nor normally present in healthy plants. These 
two groups of compounùs havc proven very cffcctivc fora 
wide range of funga! pathogens. I lowever, most srudies 
pcrtaining to these compounds were conducted in leaves, 
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(Tral/TraR) responsible for regulation of QS in , l. t11111e­
ft1cie11s occurs on the Ti (or rnmor-inducing) plasmid, 
which is rcquired for gal! formation in host plants. An 
infection occurs when a segment of this plasmi<l is inte­
grated inro the nucleus of host plant cells, resulting in the 
production of opines that can then be utilized as a nove! 
source of nitrogen and carbon [5 l ]. The presence of 
opines, which are only found in the plant tumor, then 
upregulate expression of the bacterial TraR gene. Thus, 
che QS system, which allows for conjugation an<l replica­
rion of che Ti plasmid, is only effectively acrivaced after 
infection, resulting in a questionable role for QS in A. 
t11111efociens pathogenicity [52] . To complicate matters, , l. 
111111efr11iet1s also produces a protein BlcC (formerly Atri\[) 
that has lacconase accivicy, which it was suggesced may 
negatively regulate QS through signal <legradation 
[53,5.f], a phenomenon called 'quorum quenching'. 
Another stu<ly showed that che presence of rhe plant 
defense metabolire salicylic acid resulted in increased 
expression of chis lactunase and inhibition of virulence 
(vir) genes carried on the Ti plasmid [55]. However, the 
biologica! significance of this plant-induced lactonase co 
act as a quorum quencher was not subscanriate<l by i11 
pla111a data and appears to have only a cransient effect 
(56. ]. 

Quorum sensing has also been implicate<l as an import:rnt 
faccor in che symbiotic associarion between legumes and 
rhizobia, although many <letails of its involvement are stili 
cmerging. \lany rhizobia displaying mucacions of their 
QS systems have reduced ability to infect root hairs :rnd/or 
form nodules [57- 59]. A<lditionally. severa! lcgumcs 
have been shown to secrete compounds chat can interfere 
with bactcrial QS [60,61,62 .. ], ~md ,l/edicrtfiO tm11mt11/a 
respon<le<l diffcrentially with regar<ls to root exu<lacion 
and protein exprcssion to AHLs pro<luced by its symbiont 
Si11orhizobi11111111diloti and an opportunistic pathogen Psm­
do111011as oemgi11osa (63]. llowcver, among the planr-pro­
<luce<l QS agonists and antagunists that may play a role in 
legume/rhizobia intcractions, che only one that has 
chcmically i<lentifie<l is 1.-Canavanine, an arginine analog 
[62 .. ]; chus, it has been pre<licted that che observed QS 
inhibition may be an in<lirect effect potentially caused by 
protein misfolding of transcription regulacors [591. 

Endophytes as chemical factories 
In ad<licion to inceracting wich microorganisms in the 
rhizosphere, planrs are internall y colonized by en<loph ytic 
bacteria an<l fungi . EnJophytic bacteria can be Jetim:d as 
bacteria that reside wichin living plant tissue without 
causing substantive harm to their host. Diverse arra ys 
of bacteri al genera have been reporced to be endophytic 
[6.f,6.'i]. The community structure of endophytic bacteria 
was shown to be strongl y affecce<l by the plant specics, up 
co che lcvcl of thc culcivar [66], pointing to spccics­
specific associations becween cndophyces and cheir plant 
host [67J . On che cnncrary, some cndophycic bacteria 
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seem to be quite promiscuous when it comes to host 
plant colonizacion and plant beneficiai effects. such as the 
Burkholderia cepaàa Bu72, which was isolated from yellow 
lupine [68] but also significantly improved biomass pro­
duction of poplar DN-34 (67,69]. Therefore, before 
applying plant growth promoting endophycic bacteria 
preliminary studies to confirm che plant growth promot­
ing sy nergy of the selected en<lophytes and the plant 
species are required. 

A dose relationship exiscs becween en<lophycic and rhizo­
sphere bacreria and many facultative endophytic bacteria 
can also survive in the rhizosphere, where they can enter 
their host plant via the roocs. Root colonization by rhizo­
sphere bacteria involves severa! stages [70] and endophy­
tic bacteria are hypothesized to follow a similar process. In 
the initial stage, bacteria move to the plant roots ei ther 
passively via soil water Huxes or actively via specific 
induction of Hagellar activity by plant-released com­
puun<ls. In a second step, non-specific a<lsorption uf 
bacteria co the roots takes piace, followed by anchoring 
( thir<l step), and resulting in the firm attachment of 
bacteria to the root surface. Specific or complex inter­
acrions between the baccerium and che host plant, in­
cluding the secretion of root exudates, may arise chat can 
resulc in che induction of bacterial gene expression (fourrh 
step). En<lophytic bacteria can subsequenrly (fifch step) 
enter thcir host piane at sices of tissue damage, which 
naturally arise as the result of plant growth (lateral root 
formacion), or through root hairs and at l:pidermal con­
junctions [71]. In a<ldition, piane exu<lates leaking 
through these wounds provi<le a nurrienr source for che 
colonizing bacteria. 

En<lophytic bacteria can improve plant growth ancl de­
velopmene in a director inJirect way. Dircct planr growth 
promoting mechanisms uf endophytic bacteria may 
involve nitrogen fixation (65,72], the production of plant 
growth regulators such as auxins, cytokinins and gibber­
ellins [73- 7S], suppression of che production of stress 
ethylene by l-aminocyclopropane-1-carboxylace (ACC) 
deaminase ;ictivity [76, 77], an<l alteration of sugar sensing 
mechanisms in plants (78]. For instance, alteration of 
biosynrhesis and/or mecabolism of crehalose i11 plr111ta 
have been shown to increase tolerance to drought, salt 
anJ cold [79]. Ir is therefore noteworthy that severa) 
endophytic bacteria frnm , for example, poplar were able 
to efficiently metabolize trehalose [67] . Endophytic bac­
[eria can also indirectly benefit plant growch by prevent­
ing che growch or accivity of plant pachogens throu gh 
compecicion for ~pace and nutrienrs [80], antibiosis [81], 
production of hydrolytic enzymes [82], inhibicion of 
pachogen-produced enzymes or toxins [83] and through 
induccion of pl:rnt defense mechanisms [8.+J. 

.\ systems biology approach to better underst;ind che 
sy ncrgistic interactions bl:cwccn plants and chcir beneficiai 
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rhe area where rhe soil ami roors are in close prnximiry. 
Severa! lines uf evi<lence impli care rooc-secrece<l exu­
<laces as signali ng agenrs rhac play a key ro le in chese 
inceraccions. Researchers have alrea<ly i<lencifie<l some of 
rhe faccors iniciaring che <lialogues in che rhizosphere rhar 
drive rhese inceracrio ns. Huweve r, rhere are stili numer­
ous ocher faccors/dererminants yec co be i<lencitìed to 

be tre r un<lerstan<l rhese ince raccions ac an ecologica! 
leve!. The rhi zosphere is considered CO be common 
groun<l fo r ecolugists, molecu lar biolugiscs an<l pi ane 
biologiscs co furcher explore rhese nove! inceraccions 
occurring in chis complex zone. Recenc techno logy <le­
velopmenc in che areas of 'om ics' such as pro teomics, 
mecabolomics, transcriptomics and secretomics allow us 
to furthe r underpin rhese ince rac tions e ftì ciently for 
agricultural benefit. A cumbinatiun of data analyses 
obcained from these 'omics' scudies wi ll furche r 
strengthe n uur ca pabiliry to visua lize a complete picture 
of these complex mu lti -species interactions. 
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is much wider; for example, a system can be unsustainable 

because of negative impacts on human health, animai 
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of functioning, and morality of action (Broom, 201 4 

modified after Broom 200 I, 20 I O). Tlie development of 

new, sustainable systems is urgently needed because of 

industriai and livestock production practices. Consumers 

now include the ethics of food production in their evaluation 

of product quality (Broom, 2010). The opinion of the 

public is based on a range of components of sustainability, 

described briefiy below. 

What might make an animai usage system 

unsustainable? A consequence of the definition above is 

that any effect which the generai public find unacceptable 

makes a system unsustainable. Members of the public in 

ali parts of the world, particµlarly in developed countries, 

are now insisting on transparency in commerciai and 

govemmental activities and on changes in methods of 

producing various products (Broom, 201 7). A production 

system might be unsustainable because of: inefficient usage 

of world food resources ; adverse effects on human health; 

poor animai welfare; harmful environmental effects, such as 

low biodiversity or insufficient conservation; unacceptable 

genetic modification; not being "fa ir trade", in that 

producers in poor countries are not properly rewarded; or 

c.lamage to rural communities. Any of these inadequacies 

could result in the quality of the product being judged 
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as poor. In the future, consumers are likely to demand 

that sustainable systems are used . If they are not, retail 

companies, production companies, and countries that do 

not produce good quality, sustainable products are likely 

to be boycotted and, hence, forced to change (Bennett et al., 

2002, Broom, 2014 ). 

The following subsections briefly describe components 

of unsustainable systems that are also factors leading to 

animai products being regarded as of poor quality. The section 

headed "Sustainable systems and welfare" summarises data 

on sustainability concerning some silvopastoral systems. 

Efficient use of world resources 

At present, some food for humans and for farmed 

animals is wasted. Much food that humans could eat is 

given to animals that will be eaten by people, a much less 

efficient process than for the humans to eat the food directly. 

What can be done in animai production to exploit existing 

resources better (Herrero et al. , 20 I O)? The most important 

animals for food production are those that eat food that 

humans cannot eat. Hence, herbivores eating forage plants, 

not cereals, are much more important than pigs or poultry, 

which compete with humans for food (Broom et al., 2013). 

Similarly, herbivorous fish are more important than those 

fish that eat other fish. 

Land used for agriculture is sometimes not exploited 

efficiently and too much energy from fossi! fuels is used in 

cultivation and transport offeed and products . Maintaining 

resources, such as soil with good structure, and retaining 

water that might be lost from the soil are important 

objectives, as is minimising usage of carbon-based energy 

and imported fertilisers. Soil is often damaged by tillage 

and greenhouse gases emitted (Pagliai et al., 2004). 

Adverse effects on human health 

Some foods are regarded as being better for the health 

ofthe consumers because ofthe nutrients present in them. A 

major effect of attempts to provi de a healthy diet on animai 

production in recent years has been the dramatic increase in 

the production of farmed fish , in part because they contain 

poly-unsaturated fats (Wall et al., 2010). As open-water 

fìsh management has failed in most parts of the world, 

fish-farming has increased and is likely to increase further. 

In the future, it is suggested for resource-usage reasons 

that herbivorous fish are likely to be the most important 

species and the welfare of fish and impact of farms on the 

environment will have to be fully considered for there to be 

public acceptance of the products . 

Broom 

In ali aspects of farming, antibiotic use will have to 

decrease in most countries via legislation. This is because 

of the development of antibiotic resistance, largely because 

of misuse of antibiotics in human medicine, but paiily 

because of widespread rather than just therapeutic use in 

livestock farming (Ungemach et al., 2006). 

Negative impacls on animai weljare 

Poor animai welfare is probably the third most 

important reason for unsustainable livestock production. 

Welfare is the state of the individuai as regards its attempts 

to cope with its environment (Broom, 1986), so it can be 

measured scientifically. Measures of animai disease are 

often important, because health is a key part of welfare. 

Other measures, for example of behaviour, physiology, 

immune system function, and body damage, are described 

by Broom (2014) and Broom and Fraser (2015). Close 

confinement of animals, individuai rearing of socia! animals 

such as pigs and cattle, and other systems for housing and 

managing animals that do not meet the needs ofthe animals 

are so much disliked by many consumers that they will not 

buy the animai products. Hence, some widely-used animai 

housing systems are unsustainable (Broom, 2017). The 

welfare of animals kept on pasture-only systems can be 

poor because of heat-stress, parasitic and other infectious 

disease, and low nutrient availability with associated 

competition (Petherick, 2005). The welfare of animals in 

feedlots is often worse than that of ani mais on pasture. 

Harmful environmental ejfects 

Agricultural methods that result in low biodiversity and 

the need for conservation are a consequence ofwidespread 

herbicide and pesticide use and perceived to be the norm 

by many farmers and some ofthe generai public. However, 

biodiversity on farmland can be much increased in some 

systems. Livestock production can also result in pollution, 

locally and on a world-wide scale, e.g., via greenhouse gas 

production. Greenhouse gas production should be reduced 

and may have to be balanced against efficiency of use of

world resources (Broom et al., 2013). 

Unacceptab/e genetic modification 

Many people in the world are unwilling to accept the 

use of genetically modified plants and few people accept the 

use of genetically modified or cloned animals. One reason 

for this is dislike of modifying what is natural. Another is 

that modified organisms may have allergenic proteins and 
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many ofthe public do not believe that proper checks on such 

possibilities are in piace. Genetically modified animals may 

be more likely to have welfare problems so there should be 

checks using a wide range ofwelfare indicators before they 

are used for any purpose (Broom, 2008, 2014 ). 

Noi being "fair /rade" 

In recent years, consumers in many countries 

have been appalled to find that food producers in poor 

countries are often not properly rewarded for their work. 

Most profits from the sale of some basic products bought 

by many people are found to go to large companies. As a 

consequence of publicity about unfaimess to poor producers, 

products like coffee, cocoa, and fruit are among those that are 

independently checked and have a Fair Trade label (Nicholls 

and Opal, 2005). Hence, the producers receive a larger part 

ofthe money paid by shoppers in relatively rich countries. 

Damage lo rura/ communities 

When small-scale rural farmers are out-competed by 

large-scale production, locai communities may disappear. 

The generai public often find this unacceptable; so, 

schemes are introduced by governments to safeguard such 

communities. Consumers may also buy locally produced 

products, regarding this as a part of product quality. In the 

European Union, subsidies to preserve rural communities 

have prevented large cities from increasing in size (Gray, 

2000; Broom, 20 I O). 

Sustainable systems and welfare 

livestock in woodland 

Agroforestry allows the use of spaces or clearings in 

woodland for livestock. The animai production is additional 

to woodland production and may have benefits when dung 

components are utilised by the plants (Mcadam et al., 2007). 

Animai welfare and other aspects of sustainability are better 

than the average in animai production, for example, when 

Andalucian or Portuguese pigs exploit woodland (Castro, 

2009). TI1e trees may be chestnut or oak (Table 2) and the 

pigs eat the fruits ofthe trees, either when these are produced 

or later. Agroforestry produces wood, as well as meat or other 

animai products (Tirapicos Nunes, 2007; Santos Silva and 

Tirapicos Nunes, 2013), and often provides an environment 

that results in good welfare for the animals. 

The woodland may itself be made up of trees planted 

for production of a human resource. For example, in 

Malaysia cattle can utilise areas between trees in oi l-palm 

plantations. Agropastoral combinations of soya or other 

crops and cattle can have various benefits. However, we 

have little knowledge of the effects on animai welfare. 

Silvopastora/ three leve/ systems 

Three-level plant production, including pasture, shrubs 

with edible leaves, and trees that may also have edible 

leaves, are an example of a silvopastoral system. A cattle 

production system whose characteristics and objectives

include using three-level or other multi-leve! production o

edible plants; managing the soil, taking account of worms

and water retention; encouraging predators of harmful

animals; minimising greenhouse gas emissions; improving

job-satisfaction for stock-people; reducing injury and stress

in animals and maximising good welfare; considering how

to encourage biodiversity using native shrubs and trees;

and utilising the potential for obtaining wood from trees

is explained by Murgueitio et al. (2008, 2011 ), Giraldo et al. 

(2011 ), Naranjo et al. (2012), and Broom et al. (2013 ). 

Some of the species used as food for livestock in tropica!

and temperate silvopastoral systems are listed in Table I

and Table 2. Some of the trees are used as " live fences"

(Nahed-Toral et al. , 2013; Vil.lanueva-L6pez et al., 2014 ). 

Table I - Tropical and sub-tropical shrubs and trees that are eaten
by sheep, goats, and cattle in South America 

Species 

Gliricidia sepium 
Gua=uma 11/mifolia 
Morus alba 
Leucaena leucocephala 
Brosimwn a /icastrum 
Tithonia dil'ersifolia 
Trichanthera gigantea 
E1)'thrina edulis E. poeppigiana 
Boehmeria nil'ea 
Craty/ia argentea 
Afafraviscus penduliflorus 

Common name(s) 

quickstick, mala rat6n 
bay cedar, guacimo 

white mulberry, morera 
leucaena 

Maya nut, ram6n 
tree marigold, bot6n de oro 

tricanthera, nacedero 
poroto, bucaro 
ramie, ramio 

veranera 
mazapan 

Table 2 - Shrubs and trees that are used as forage for ruminants
and pigs in temperate countries 

Species 

Castanea sativa 
Castanea 1110/liss1111a 
Quercus pyrenaica 
Quercus i/ex 
Quercus suber 
O/ea europea 
Alnus nepa/ensis 
Sesbania sesban 
Chamaecytisus prolifer 
Robinia pseudoacacia 
Sambucus canadiensis 
I leliant/111s tuberosum 

Common name(s) 

sweet chestnut 
Chinese chestnut 

Pyrenean oak 
evergreen oak 

cork oak 
olive 

Nepalese alder 
sesban 

tagasaste 
black locust/frisia 
American elder 

Jerusalem artichoke (herb) 
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There are also poss ibilities for feeding tree and shrub pasture-only systems (Tabi e 4) (Broom, 2015 ; 2016). The 

leaves to pigs, poultry, or farmed fish . Where shrubs and beneficiai effects of shade are substantial in hot weather with 

trees are too high for animals to reach, branches can be cut cattle skin temperatures up to 4 °C lower than in pasture-

and offered to the animals. only systems. High temperature increases water and energy 

The production of leaves and other materials that can loss and reduces foraging times in paddocks fully exposed 

be eaten by the animals is much greater in silvopastoral to the sun (Améndola, 2013; Améndola et al. , 2016). Less 

systems than in pasture-only systems. Results from tropica! sun exposure results in less sun-burn, less cancer, and less 

and sub-tropica! studies show that cattle production can be photosensitisation (Rowe, 1989). 

better. Three-level forage production produces more usable Anxiety and fear, including fear of humans, can be 

plant materiai than pasture only. Pasture plus leucaena reduced when partial concealment is possible. This leads 

produced 29% more mass and 64% more protein than 

monoculture herbage-layer only systems. Nitrogen-fixing 

plants are used ; so, less artificial fertiliser is needed. 

Animai production yields can be greater on silvopastoral 

systems than on semi-intensive silvopastoral systems 

than on monoculture systems (Table 3) (Murgueitio et al., 

2011 ). Three-level silvopastoral systems generally ha ve 

better soil structure, better water retention, and less soil 

loss (Murgueitio et al., 2008; Broom et al. , 2013 ). 

Three-level silvopastoral systems have much greater 

biodiversity than monoculture, single-leve! systems. The 

number of bird species increased by 200%, that of ants 

by 30%, and there were also increases in the numbers 

of butterflies. There was less pollution run-off because 

of water-holding properties of soil, 30% less methane 

production per kg meat, and better carbon sequestration. 

Workers on silvopastoral farms reported better job 

satisfaction (Broom et al., 2013 ). 

The animai welfare in silvopastoral systems has been 

demonstrated to be better in various ways than that on 

to better human-animal interactions and easier handling

(Ocampo et al., 2011; Mancera and Galindo, 2011 ). More

choice of food in silvopastoral systems results in more contro! 

by each individuai animai of its environment and thus socia! 

behavio•.tr is more normai (Améndola et al., 2016). 

The ii1crease in predators lowers the populations of

ticks and injurious insects, such as horn flies , and hence

reduces the incidence of diseases such as anaplasmosis,

which has been shown to drop from 25 to <5% (Murgueitio

and Giraldo, 2009). Reduction in diseases also leads to 

reduced antibiotic use. The presence of nitrogen-fixing

shrubs, such as Leucaena, improves animai nutrition and 

this, together with the better water-retention by the soil, 

reduces the likelihood of thirst and starvation. Feeding

behaviour is improved at high temperature and humidity 

if the ani mais are in a silvopastoral system (Ceballos et al., 

2011 ). It may be that the improvement in dietary choice

contributes to this beneficiai effect (Manteca et al., 2008). 

A study of welfare in three intensive silvopastoral 

systems was carried out in Colombia with l eucaena 

Table 3 - Summary of comparisons between monoculture and semi-intensive silvopastoral systems 

Metabolisable energy (Mcal.ha-1) 

Crude plani protein (tonne ha- 1
) 

Milk per cow (kg day-') 
Meat (kg ha-1 year-1) 

Methane (tonne of meat-1
) 

Bird species 
Anaplasmosis (% of herd) 
Fights (% difference) 
Socia! licking (% difference) 
Socia! interactions in shade (% difTerence) 

" Improved" monoculture pasture 

56.9 
2.5 
3.5 
183 
208 
24 
25 

+37 

Semi-intensive silvopastoral system 

70.2 
4.1 
4.1 
82 1 
128 
75 
<5 

+65 
+57 

Re-analysed data from Murgueitio et al. (2008), Broom et al. (20 13) and Améndola et al. (20 13, 20 16). 

Table 4 - Summary of benefits of si lvopastoral systems for animai welfare 

Nutritional improvement because of shrub and tree intake 
Thermal comfort resulting from more shade 
Less fear because of concealment 
Better health because ofmore predators of ti cks and flies 
Better body condition because of nutrients, shade, and Jess disease 
lmproved food intake and socia! behaviour 
Better human-ani mal interactions 

Murgueiti o et al. , 2011 
Mancera and Galindo, 2011 

Ocampo et al. , 20 11 
Murgueitio and Giraldo, 2009 

Ocampo et al. , 2011 ; Tarazona Morales et al. , 20 17 
Améndola, 20 13 ; Améndola et al., 20 13, 2016 

Mancera and Galindo, 201 1 
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leucocepha/a and Guazuma ulmifolia as shrubs for 

browsing at more than 8,000 shrubs/ha and severa) tree 

species (Tarazona Morales et al., 2017). The needs of 

the cattle were met, there being good food and water 

availability, effective body temperature contrai and 

physical comfort, good social behaviour, and low parasite 

levels. Some respiratory infection occurred on one farm, 

but this might be expected by chance. 

When the social behaviour of cattle was compared 

in a silvopastoral system and a pasture-only monoculture 

system in the region of Merida, Yucatan, Mexico, there 

was more affiliative social behaviour in the silvopastoral 

system (Améndola, 2013; Améndola et al., 2013, 2016). 

Social licking was the main affìliative behaviour and was 

shown by 78% of the heifers in the silvopastoral system, but 

only 47% in the monoculture system. In the silvopastoral 

system, 57% of interactions occurred in the shade. Head­

butting and chasing occurred in the silvopastoral system, 

but often did not develop into a fight. Social licking is 

known to occur after the animals have obtained food and 

shelter (Sato et al., 1991 ), but it does reduce the heart rate of 

the participants (Laister et al., 2011) and contributes to the 

stability of social relationships in cattle (Sato et al., 1993). 

Conclusions 

In relation to animai production throughout the world, 

there will be increasing demand from consumers far more 

efficient use of world resources and the avoidance of 

adverse effects on human welfare, animai welfare, and the 

environment. 

lndustry has to rapidly change policies relating to 

animai welfare and other aspects of sustainability. The 

animai production industry should be proactive. 

Tropical and temperate livestock production should 

consider three-level silvopastoral systems, with shrubs and 

trees with edible leaves. 

Animai welfare has been developing rapidly as a 

scientific discipline and the benefits of silvopastoral systems 

for animai welfare have been studied. 

The animai welfare benefits ofthree-level silvopastoral 

systems include nutritional improvement because of shrub 

and tree intake; thermal comfort resulting from more shade; 

less fear because of concealment; better health because of 

more predators of ticks and flies; less risk of cancers and 

other diseases caused by too much direct sunlight; better 

body condition because ofnutrients, shade, and less disease; 

improved food cl10ice, food intake, and social behaviour; 

and better human-animal interactions. 
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1. lntroduction 

Most elasto-mechanical and rheological properties of wood are closely relateci to wood density 
and are therefore rather easily predictable. However, the anatomica! features of wood, which can 
be wood species-specific, further affect especially dynamic strength properties such as the impact 
bending strength and shock resistance [1-3]. For instance, the large earlywood pores in ring-porous 
hardwoods such as English oak (Quercus robur L.), Sweet chestnut (Castanea sativa L.), Black locust 
(Robinia pseudoacacia L.) or Wych elm (Ulmus glabra Huds.) can serve as predetermined breaking points. 
Further deviations from an ideal homogeneous xylem structure such as large rays in European beech 
(Fagus sylvatica L.) or Alder (here: false rays, Alnus spp.), distinct parenchyma bands in Bongossi 
(Lophira alata Banks ex C. F. Gaertn.) or agglomerates of resin canals in Red Meranti (Shorea spp.), also 
have the potential to either strengthen or reduce the structural integrity of wood. 

Similarly, wood celi wall modification affects different mechanical properties including the wood 
hardness and abrasion resistance, but also its brittleness and consequently its structural integrity. 
This has been shown previously with the help of High-Energy Multiple Impact (HEMI)-tests, where 
small wood specimens are subjected to thousands of dynamic impacts by steel balls in the bowl of a 
heavy vibratory mili. The fragments obtained are analyzed afterwards [4]. Far instance, the weakening 
of celi wallq by h,eat during thermal modification processes, especially in the middle lamella region, 
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leads to a steady decrease in the structural integrity of wood with increasing treatment intensity. 
The HEMI-test has further been used to detect funga! decay by soft rot, brown rot and white rot fungi 
(even in very early stages), the effect of gamma radiation, wood densification, wood preservative 
impregnation, wax and oil treatments, and different chemical wood modification processes [5]. 

lt has previously been shown that the Resistance to lmpact Milling (RIM), which serves as a 
measure of wood's structural integrity is very insensitive to varying densities, natural ageing, and 
the occurrence of larger cracks [5]. Furthermore, the RIM varies only little within one wood species, 
as shown far Scots pine sapwood (Pinus sylvestris L.) samples from trees in six Northern European 
countries [6]. However, the results from previous studies indicated that the structural integrity 
determined in HEMI-tests is not well correlated with wood density, since further variables such 
as wood species-specific anatomica! characteristics of the xylem tissue interfere with the effect of 
density [7]. 

Objective 

The aim of this study was to analyze the results from HEMI-tests of a wide range of softwood and 
hardwood species with an average oven-dry wood density in a range between 0.25 and 0.99 g/ cm3 

and with multifaceted anatomica! features. 

2. Materials and Methods 

One hundred replicate specimens of 10 (ax.) x 5 x 20 mm.3 were prepared from a total of 40 

different wood species and separated between sapwood and heartwood, as listed in Tables 1 and 2. 

To determine the oven-dry density (ODO), n = 10 replicate specimens of 10 (ax.) x 5 x 20 mm.3 

per wood species were oven dried at 103 °C until a constant mass, weighed to the nearest 0.0001 g; 
the dimensions were then measured to the nearest 0.001 mm. The oven dry density was calculated 
according to the following equation: 

mo [ -3] 
Po= Vo gcm 

where: 

Pois the oven-dry density, in g·cm- 3; 

mo is the oven-dry mass, in g; 

Vo is the oven-dry volume, in cm3 . 

(1) 

Table 1. The oven-dry density (ODD), Resistance to Impact Milling (RlM), degree of integrity (I), 
and fine percentage (F) of different softwood species. The standard deviation (SD) is in parentheses. 

Name 1 
ODD RIM F 

Botanica} Name [g cm- 3) [%] [%] [%] 

Scots pine sw Pinus sylvestris 
0.41 (0.02) 88.2 (0.9) 67.4 (1.1) 13.5 (1.1) 

Scots pine hw 0.58 (0.04) 84.5 (0.8) 41.9 (3.1) 1.3 (0.4) 
Radiata pine sw Pinus radiata 0.43 (0.02) 88.8 (0.5) 55.4 (2.1) o.o (O.O) 

Carribean pine hw Pinus carribaea 0.39 (0.04) 87.3 (0.4) 52.4 (1.8) 1.1 (0.3) 
European Larch sw 0.56 (0.02) 85.2 (0.4) 44.5 (2.2) 1.2 (0.3) 

· European Larch hw Larix decidua 0.51 (0.02) 80.8 (1.5) 35.5 (4.8) 4.1 (0.4) 
Douglas fir sw Pseudotsuga menziesii 

0.63 (0.02) 86.3 (0.4) 45.6 (1.8) 0.2 (0.2) 
Douglas fir hw 0.51 (0.02) 82.2 (0.5) 34.8 (1.3) 1.9 (0.3) 
Norway spruce Picea abies 0.43 (0.03) 82.9 (1.7) 35.9 (6.1) 1.5 (0.4) 

Coastal fir Abies grandis 0.40 (0.06) 80.6 (0.5) 26.5 (1.3) 1.4 (0.4) 
Western hemlock Tsuga heterophylla 0.42 (0.03) 83.8 (0.7) 40.0 (2.1) 1.6 (0.3) 

Yew Taxus baccata 0.60 (0.03) 84.5 (0.9) 43.9 (3.2) 1.9 (0.3) 

1 sw = sapwood, hw = heartwood; heartwood if not otherwise indica ted. 



Forests 2019, 10, 199 3of 12 

Table 2. Tue oven-dry density (ODD), Resistance to Impact Milling (RIM), degree of integrity (I), and 

fine percentage (F) of different hardwood species. Tue standard deviation (SD) is in parentheses. 

Name 1 
ODD RIM F 

Botanical Name [g cm- 3 ] [%] [%] [%] 

English oak sw 
Quercus robur 

0.49 (0.02) 83.3 (0.5) 44.2 (1.7) 3.7 (0.4) 
English oak hw 0.59 (0.01) 87.3 (1.2) 59.0 (4.3) 3.3 (0.4) 

Black locust Robinia pseudoacacia 0.68 (0.05) 83.5 (1.2) 41.0 (3.9) 2.3 (0.2) 
Sweet chestnut Castanea sativa 0.50 (0.03) 78.1 (2.3) 36.0 (4.2) 7.9 (1.8) 

Ash Fraxinus excelsior 0.62 (0.02) 83.1 (0.8) 40.4 (2.6) 2.7 (0.3) 
Locust Gleditsia sp. 0.66 (0.02) 86.7 (1.1) 52.6 (3.4) 1.9 (0.4) 

Common walnut ]uglans regia 0.63 (0.02) 85.2 (0.5) 49.8 (2.1) 2.9 (0.3) 
Wild cherry Prunus avium 0.55 (0.01) 86.7 (0.7) 53.0 (2.2) 2.0 (0.3) 
Black cherry Prunus serotina 0.64 (0.04) 87.7 (0.6) 54.9 (2.1) 1.4 (0.2) 

Beech Fagus sylvatica 0.66 (0.02) 88.0 (0.4) 55.9 (2.2) 1.4 (0.3) 
Maple Acer sp. 0.61 (0.01) 89.1 (0.6) 58.0 (2.3) 0.5 (0.1) 
Lime Tilia sp. 0.44 (0.01) 90.1 (0.8) 61.1 (2.6) 0.2 . (0.3) 
Birch Betula pendula 0.57 (0.02) 87.9 (0.4) 54.2 (1.6) 0.8 (0.1) 
Hazel Corylus avellana 0.68 (0.02) 86.9 (1.0) 52.8 (3.9) 1.8 (0.2) 

Boxwood Bu:xus sempervirens 0.96 (0.01) 90.3 (0.9) 64.1 (3.7) 0.9 (O.O) 
Poplar Populus nigra 0.39 (0.02) 86.3 (0.3) 50.5 (0.9) 1.8 (0.3) 
Alder Alnus glutinosa 0.48 (0.01) 86.9 (0.9) 54.6 (3.3) 2.3 (0.5) 
Kiri Paulownia tomentosa 0.25 (0.02) 80.9 (1.5) 40.0 (4.0) 5.5 (0.9) 

Shining gum Eucalyptus nitens 0.74 (0.11) 83.2 (1.5) 46.7 (4.5) 4.6 (0.9) 
Teak Tectona grandis 0.63 (0.09) 84.l (0.7) 48.0 (2.1) 3.9 (0.8) 
Ipe Handroanthus sp. 0.93 (0.02) 86.0 (0.5) 51.8 (1.2) 2.6 (0.7) 

Merbau Intsia spp. 0.74 (0.03) 68.1 (2.4) 27.9 (1.8) 18.6 (2.7) 
Bangkirai Shorea laevis 0.79 (0.05) 87.7 (0.7) 54.9 (1.9) 1.4 (0.4) 

Balau Shorea spp. 0.92 (0.03) 84.3 (1.1) 51.7 (2.8) 4.8 (1.0) 
Bongossi Lophira alata 0.97 (0.03) 85.9 (1 .0) 51.9 (2.7) 2.8 (0.7) 

Amaranth Peltogyne sp. 0.88 (0.01) 88.6 (0.7) 57.9 (2.7) 1.1 (O.O) 
Basralocus Dicorynia sp. 0.81 (0.02) 84.8 (0.6) 50.9 (1.9) 4.0 (0.4) 

Garapa Apuleia sp. 0.76 (0.04) 86.7 (1.1) 53.0 (3.3) 2.1 (0.5) 
Limba Terminalia superba 0.50 (0.03) 83.2 (1.2) 45.1 (2.7) 4.1 (0.9) 

Kambala Milicia sp. 0.62 (0.03) 79.7 (0.7) 45.2 (2.7) 8.8 (0.4) 
Massaranduba Manilkara bidentata 0.99 (0.04) 85.9 (0.6) 53.2 (2.5) 3.2 (0.2) 

Greenheart Chlorocardium rodiei 0.96 (0.02) 85.9 (1.5) 49.9 (5.3) 2.1 (0.8) 
1 sw = sapwood, hw = heartwood. 

Afterwards, selected density specimens were cut with a traversing microtome and used for digita} 
reflected-light microscopy with a Keyence Digita} microscope VHX 5000 (Keyence Corporation, Osaka,
Japan). Cross section photographs were taken at a magnification of 30 x , and the diameter of the 
earlywood vessels, the vessel density, and the wood ray density were determined at a magnification of
200x for both the soft- and hardwoods. For the tropica! species, the listed anatomica} features were
determined at a magnification of 100 x . Therefore, n = 10 replicate measurements were conducted per
wood species to determine the ray density and vessel density. The earlywood vessel diameter was
determined on n = 30 vessels. 

Five tirnes 20 specimens of 10 (ax.) x 5 x 20 mm3 were submitted to High-Energy Multiple
lmpact (HEMl)-tests. The development and optimization of the HEMl-test have been described by [4]
and [8]. In the present study, the following procedure was applied: 20 oven-dried specimens were
placed in the bowl (140 mm in diameter) of a heavy-impact ball mili (Herzog HSM 100-H; Herzog
Maschinenfabrik, Osnabriick, Germany), together with one steel ball of 35 mm diameter for crushing
the specimens. Three balls of 12 mm diameter and three of 6 mm diameter were added to avoid small
fragments from hiding in the angles of the bowl, thus ensuring impact with smaller wood fragments .
The bowl was shaken for 60 s at a rotary frequency of 23.3 ç 1 and a stroke of 12 mm. The fragments of

the 20 specimens were fractionated on a slit sieve according to [9], with a slitwidth of 1 ~' using""
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orbitai shaker at an amplitude of 25 mm and a rotary frequency of 200 min- 1 for 2 min. Tue following 
values were calculated: 

where: 

I = mw x 100 [%] 
mail 

I is the degree of integrity, in %; 

m20 is the oven-dry mass of the 20 biggest fragments, in g; 

mau is the oven-dry mass of ali the fragments, in g. 

where: 

F is the fine percentage, in %; 

F = mfragments<lmrn X lOO [%] 
mail 

mfragments<lmm is the oven-dry mass of fragments smaller than 1 mm, in g; 

ma11 is the oven-dry mass of ali the fragments, in g. 

where: 

RIM = (I - 3 x F) + 300 [%] 
400 

RIM is the Resistance to Impact Milling, in %; 

I is the degree of integrity, in %; 

F is the fine percentage, in %. 

3. Results and Discussion 

3.1. Structural Integrity 

(2) 

(3) 

(4) 

The Resistance to Impact Miliing (RIM) varied between 68.1 % (Merbau) and 90.3% (Boxwood) . 
In contrast, the degree of integrity (I) varied significantly more, i.e., between 26.5% (Coastal fir) and 
67.4% (Scots pine sapwood), as did the fine percentage (F): i.e., between 0.0% (Radiata pine) and 18.6% 

(Merbau). The data for the RIM, I, and F are summarized in Table 1 for the tested softwood species 
and in Table 2 for the hardwood species. Besides differences between the wood species, the three 
indicators showed differences in the variation within one species, here expressed as the standard 
deviation (SD). Tue highest variation was obtained for F, foliowed by I and RIM. This supports previous 
findings pointing out the benefit of using the combined measure RIM, which is of higher sensitivity 
to differences in the structural integrity paired with less scattering of data compared to I and F [4,7]. 
In tota!, the SD of the RIM was between 0.3% (Poplar) and 2.4% (Merbau), corresponding to coefficients 
of variation (COV) between 0.4% and 3.5%, which is very low compared to mechanical properties such 
as the bending or impact bending strength (e.g., [7]). 

3.2. Impact of Oven-Dry Density on Structural Integrity 

A clear relationship between the ODD and structural integrity did not become evident, as shown 
forali the examined wood species and separately for the softwoods, ring- and semi-ring-porous 
hardwoods and diffuse-porous hardwoods in Figure l. Tue RIM seemed to be at least superposed by 

further parameters such as structural features and anatomica! characteristics. This coincides with the 
data for the Ash, Scots pine and Beech previously reported by [8], who showed that the density and 
RIM were not even correlated within one wood species. More recently, [7] reported that the density and 

RIM were also poorly correlated when considering ten different wood species representing a range of 

ODD between 0.37 and 0.77 g/ cm3. However, according to [7] the RIM was fairly weli correlated with 

the impact bending strength (IBS, R2 = 0.67) and modulus of rupture (MOR, R2 = 0.56), as determined 
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on axially matched specimens, which indicates that these strength properties are also at least partly 
affected by similar anatomica! characteristics as the RIM is. 
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Figure 1. Tue relationship between the average oven-dry density and Resistance to Impact 

Milling (RIM): (a) ali wood species (y = 3.1629x + 82.887); (b) softwoods (y = 1.1035x + 83.791); 

(e) ring- and semi-ring-porous hardwoods (y = 19.634x + 72.545); and (d) diffuse-porous hardwoods 

(y = 1.8475x + 84.086). 

3.3. lmpact of Anatomica[ Characteristics on Structural Integrity 

I 
I 

The tested softwood species had a rather homogeneous and uniform anatomica! appearance 
compared to the different hardwood species. However, even within this group the RIM varied 
between 80.6% and 88.8%. As summarized in Table 3, the softwood species differed also in the average 
tracheid diameter and in wood ray density. Nevertheless, the fracture pattems observed during the 
HEMI-tests were rather uniform, and fractures occurred predominantly along the growth ring borders 
in a tangential direction and along the wood rays and resin canals in a radial direction. The wood 
species showing an abrupt transition between the earlywood and latewood, such as the Larch and 
Scots pines, did not show a lower structural integrity compared to the species with a more gradual 
transition, such as the Norway spruce and Douglas fir, as one might expect due to a more sudden 
change of density within the tracheid tissue of one annual ring. Consequently, no fractures were 
observed along the transition line between the earlywood and latewood. In conttast to other softwood 
species, the Carribean and Radiata pines showed fractures in a tangential direction not only at the 
growth ring borders, but also where the resin canals ran in an axial direction. 

As exemplarily shown for the heartwood of the Scots pine and Douglas fu in Figure 2, the major 
weak points, where fractures predominantly occurred, were the following: . (a) the growth ring borders, 
where the less dense earlywood follows the dense latewood, and (b) the wood rays, which (1) consist 
of parenchyma cells, and (2) are running orthogonal to the main celi orientation in the tracheid tissue. 
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Table 3. Tue anatomica! characteristics (tracheid diameter, ray density) and description of fractures 

during the HEMI-tests of different softwood species (standard deviation in parentheses). 

Tracheid 0 
WoodRay Fracture 

Wood Species Density Behaviour Remarks 
[µm] [mm-1 ] tang. rad. 

Scots pine sw 29 (6) 4.6 (1.2) GR RC wider rings compared to hw 
Scots pine hw 25 (5) 3.7 (1.5) GR RC 

Radiata pine sw 22 (4) 4.4 (1.3) GR R,RC 
Carribean pine hw 28 (4) 5.2 (1 .2) GR R,RC 
European larch sw 35 (7) 5.9 (1.7) GR R wider rings compared to hw 
European larch hw 35 (6) 4.4 (1.1) GR R 

Douglas fir sw 25 (6) 4.3 (1.2) GR R,RC 
Douglas fir hw 23 (5) 3.9 (1.2) GR R 
Norway spruce 25 (5) 4.5 (1.0) GR R 

Coastal fir 28 (5) 5.7 (1.3) GR R 
Western hemlock 25 (5) 5.0 (1.3) GR R 

Yew 10 (3) 7.1 (1.4) (GR) (R) Irregular fracture pattern 

GR = along growth rings, R = along rays; RC = along resin canals; tang. = tangential growth direction; rad. = radia! 
growth direction. 

(a) (b) 

Figure 2. The fracture pattern in the softwoods: (a) Cross section of the Scots pine heartwood, fracture 

along a growth ring border; (b) The radiai fracture section of the Douglas fir heartwood, fracture along 

the rays. 

The fractures in the ring-porous hardwood species often followed the wide-luminous earlywood 
vessels, such as in the English oak, Sweet chestnut, Ash, Locust, and Black locust (Table -1:). 
The specimens consequently broke apart in a tangential direction. In addition, the fractures occurred 
along the latewood vessel fields where high portions of paratracheal parenchyma were present 
(Figure 3). The ring-porous hardwoods with broad wood rays, such as the English oak, also showed 
fractures running parallel to the latter. Finally, the average diameters of the earlywood vessels were not 
correlated with the structural integrity, although, in the earlywood of ali the ring-porous hardwoods, 
the fractures occurred preferentially in a tangential direction following the vessel rings. 
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Table 4. Tue anatomica! characteristics (earlywood vessel diameter, vessel density, ray density) and 

description of fractures during the HEMI-tests of different hardwood species (standard deviation 

in parentheses) . 

Wood Species 
Earlywood Vessel WoodRay 

Fracture Behaviour 1 
Vessel 0 Density Density 

[µml [mm - 2] [mm-1] tang. rad. 

English oak sw 2 247 (51) 7.7 (1.6) 8.4 (2.0) EW p 
English oak hw 202 (49) 10.1 (2.0) 10.7 (1 .8) EW p 

Black locust 190 (40) 11 .5 (1.0) 6.9 (1.1) EW R* 
Sweet chestnut 209 (30) 7.7 (1.5) 11 .8 (1.5) EW V-V 

Ash 3 169 (21) 13.8 (1.7) 6.6 (0.8) EW n.a . 
Locust 165 (25) 16.1 (2.0) 4.4 (1.2) EW R,P • 

Common walnut 134 (32) 7.7 (2.0) 5.7 (1.3) V-V V-V 
Wild cherry 33 (8) 171.6 (31.3) 6.1 (1.4) GR R 

Black cherry 4 33 (9) 67.9 (22.9) 5.6 (1 .3) n .a. R 
European beech 40 (8) 131.9 (15.4) 3.0 (1.3) GR* n.a. 

Maple 5 46 (7) 54.5 (3.4) 7.9 (1 .7) GR R * 
Lime 6 39 (9) 104.7 (14.0) 4.8 (1.1) n.a. n .a. 
Birch 54 (13) 45.2 (8.5) 8.3 (2.4) n .a. R 
Hazel 28 (6) 98.9 (20.2) 11.6 (2.5) GR n.a. 

Boxwood 6 10 (4) 213.9 (14.0) 11.0 (2.5) n.a. R* 
Poplar 7 58 (13) 33.7 (6.4) 11 .0 (1 .5) n.a. R 

Alder 41 (10) 108.0 (16.7) 11 .7 (2.0) GR* R 
Kiri 164 (55) 5.2 (2.0) 2.4 (0.8) V-V V-V, R • 

Shining gum 2 144 (25) 7.6 (3.2) 11.3 (1.1) V-V V-V 
Teak 8 184 (57) 6.3 (1.7) 4.1 (0.7) V-V R * 
lpé 2 103 (9) 23.2 (2.7) 7.8 (0.9) p• V-V 

Merbau 250 (40) 4.0 (1.4) 4.2 (0.9) V-V, P • V-V, p • 
Bangkirai 207 (32) 7.3 (1.7) 3.7 (1.3) p V-V, R • 

Balau 137 (13) 11 .9 (2.9) 9.1 (1.2) p V-V, R • 
Bongossi 232 (41) 2.9 (1 .1) 9.9 (1.2) p V-V, P • 

Amaranth 109 (16) 4.4 (1.7) 6.9 (1.7) P, v• R 
Basralocus 2 190 (33) 2.8 (1.0) 7.9 (1 .0) p• V-V 

Garapa 121 (19) 15.2 (3.0) 8.3 (1 .3) p V-V 
Limba 139 (28) 4.4 (1.7) 10.2 (1.0) n.a. R 

Kambala 193 (41) 2.8 (0.8) 4.4 (1 .0) (P) R 
Massaranduba 113 (18) 13.1 (3.3) 10.5 (1.5) (P) R 
Greenheart 2 90 (16) 14.0 (2.0) 7.5 (0.9) n.a. V-V 

1 n.a. = not available (no dear pattern evident), GR = along growth rings, R = along rays, RC = along resin canals, 
EW = along earlywood vessels, P =in parenchyma tissue, V-V= vessel to vessel, V= at vessels, • = characteristic 
plays minor raie; remarks related to fracture patterns: 2 radiai, parallel to rays; 3 no dear radial pattern; 4 very often 
parallel to rays; 5 parallel to growth rings; 6 irregular fracture pattern; 7 samples often compressed; 8 often at growth 
ring border. 

This stands to some extent in contrast to findings by [2], who studied the perpendicular-to-grain 

properties of eight North-American hardwood species and found that the earlywood vessel area 

fraction negatively influenced the radial maximum stress and strain, whereas the ray width and area 

fraction were positively related to the maximum radiai properties. The rays also affected the transverse 

stiffness significantly. 

Studies conducted by [ 1 O] showed that wood rays ha ve a positive effect on the tensile strength of 

English oak and European ash wood. However, as shown for the fragments obtained in the HEMI-tests, 

the latewood vessel fields tumed out to be weak spots when it comes to dynamic loads in different 

anatomica! directions . Therefore, the potentially positive effect of the wood rays on the structural 

integrity might be superposed by other anatomica! features. 

Finally, the RIM of the heartwood of the English oak (87.3%) was significantly higher than that 

of its sapwood (83.3%), which is to some extent surprising since sapwood is often considered to be 

less brittle than heartwood [11 ]. While the fine percentage (F) of both English oak materials was 

almost equal, the degree of integrity (I) of the heartwood was remarkably higher than that of the 
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sapwood, which might be related to the potential 'gluing' effects of the tylosis which were present in 
the earlywood vessels in the heartwood (Figure 3b), but were absent in the sapwood. Whether and 
to what extent the formation of tylosis has a positive effect on structural integrity would need to be 
further investigated using different generally tylosis-forming wood species. 

Figure 3. Tue fracture pattern in the ring-porous hardwoods: (a) Cross section of the Ash, fracture 
within a ring of the earlywood vessels; (b) Cross section of the English oak heartwood, fracture along 
the field of the latewood pores and the adjacent parenchyma cells. 

By far, the Sweet chestnut showed the lowest RIM among the ring-porous hardwoods, which 
might be related to its high wood ray density (Table 4), but no clear correlation between the ray density 
and structural integrity became evident (Figure 4). Furthermore, the radia! fractures in the Sweet 
chestnut were also running from one vessel to the next. More likely, the higher percentage of vessels 
and axial parenchyma leads to a higher number of weak points within the xylem of the Sweet chestnut 
compared to the other ring-porous species within this study. 

The group of semi-ring-porous hardwood species, which was represented by the Teak, Wild cherry 
and Walnut in this study, takes an intermediate position between the ring- and the diffuse-porous 
species. This also became evident when analyzing the fracture pattems obtained through the HEMI-test. 
As shown in Figure 5a for the Wild cherry, the fractures occurred along the growth ring borders but 
did not run through the earlywood vessel rings. 

In the diffuse-porous hardwoods, the RlM varied most, i.e., between 80.9% (Kiri) and 90.3% 
(Boxwood), respectively. Although these two species also represent the extremes in ODO, the latter 
was not correlated with the structural integrity, as shown in Figure 1. Nevertheless, in contrast to the 
ring-porous hardwood species, the average earlywood vessel diameter of the diffuse-porous hardwood 
species was correlated with the RlM (R2 = 0.4704), as shown in Figure 6. [12] studied angiosperm wood 
species and concluded that the tissue density outside the vessel lumens must predominantly influence 
wood density. Furthermore, they suggest that both the density and the vessel lumen fraction affect the 
mechanical strength properties. 

It became also obvious that in different wood species such as the Kiri, Walnut, Shining gum and 
further tropica! species, the fractures occurred between the vessels, both in the radiai and tangential 
directions (Table 4). Consequently, the vessels turned out to be generai weak points in the fiber 
tissue of the hardwoods, where the weakness increases with an increasing vessel diameter. Figure ì a 
shows, as an example for the Bongossi, that the vessels served as a starting point for the fractures 
independently from its anatomica! orientation. Tropica! species with comparatively small vessels 
such as the Amaranth, Bangkirai, Garapa, and Ipé showed a rather high RIM. On the extrerne end of 
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the scale, the Merbau showed the lowest RIM and also the largest vessel diameters of all the species. 
Furthermore, distinct parenchyma bands and wood rays appeared to be weak (and therefore starting 
points for fractures) in tropica! species as well, as also shown in Figure 7. The fractures cutting the wood 
rays appeared only where the rays were deflected by the vessels from their straight radial orientation. 

Resistance lo impact milling [%) 
95 

90 

85 

80 

75 

70 

65 

95 

90 

85 

80 

75 

70 

65 

- I I 

- ~ - - r 

;~ ~ 
A "Y l R' • 0.0293 

Y > V 

I 
-,,.- .,._ 

V --- -
J 

R' = 0.2295 l 

- r-
(a) (e) 

- f-0---
- ~-

T . 
~ 

-T 

~ R'= 9E-05 
l 

_ ;.:_- R' = o.on8 I I 

T 

6 8 10 12 14 16 18 20 10 12 14 16 18 20 

Average ray density [mm·'] Average ray density [mm·'] 

(b) (d) 

Figure 4. The relationship between the average ray density and the Resistance to Impact Milling 

(RIM): (a) ali wood species (y = 0.2354x + 83.247); (b) softwoods (y = -0.0252x + 84.454); (e) ring­

and semi-ring-porous hardwoods (y = - 0.5083x + 87.875); (d) and diffuse-porous hardwoods 

(y = 0.4365x + 81.997). 

Figure 5. The fracture pattern in semi-ring-porous and diffuse-porous hardwoods: (a) the cross section 

of the Wild cherry, the fracture along a growth ring border; (b) the radiai fracture section of the Alder, 

the fracture along the rays. 
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Figure 6. The relationship between the average earlywood vessel diameters and the resistance to impact 

milling (RIM): (a) all wood species (y = - 0.0213x + 86.982); (b) softwoods (y = - 0.0814x + 86.425); 

(e) ring- and semi-ring-porous hardwoods (y = - 0.0213x + 87.857); and (d) diffuse-porous hardwoods 

(y = - 0.0445x + 90.309). 
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Figure 7. The fracture pattern in the diffuse-porous hardwoods: (a) the cross section of the Bongossi, 

the tangential fractures; (b) the cross section of the Amaranth-the radiai fractures along the rays. 
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4. Conclusions 

In this study, we showed that the differences in the structural integrity of wood and thus in the 
brittleness are predominantly affected by anatomica! characteristics. The size, density and distribution 
of the vessels as well as the ray density of the wood were found to have a significant impact on the 
structural integrity of the hardwoods. The structural integrity of the softwoods was, on the other hand, 
affected by the number of growth ring borders and the occurrence of resin canals. The density affected 
the Resistance to Impact Milling (RIM) of neither the softwoods nor the hardwoods. 

Consequently, for applications where the brittleness of wood is more relevant than 
its elasto-mechanical properties, which are generally strongly correlateci with wood density, 
other anatomica! characteristics need to be considered for assessing wood quality. In particular, 
where dynamic loads impact on wooden components, the brittleness of wood becomes a critica! issue. 
Dynamic loads paired with long-term wear and abrasion can be expected, for instance, on outdoor 
flooring. Furthermore, during wood processing, machining and handling during industria! processes, 
numerous dynamic impacts occur and affect the structural integrity of wood. 

Wood quality is consequently strongly purpose-specific and cannot be simply derived from 
wood density data. Anatomica! features showed a high potential to serve as better indicators for the 
structural integrity of wood. Additional influences such as the occurrence of reaction wood, altemating 
rotational growth and other types of fiber deviations likely affect the structural integrity of wood to 
a similarly extent. In summary, the findings from this study confirmed the need for test methods 
other than standard strength tests. As long as the conunon knowledge about wood anatomy and its 
effects on mechanical wood properties is incomplete, methods are needed that are sensitive, reliable, 
and accurate enough to characterize the structures of wood in a comprehensive manner. As shown 
with the HEMI-method applied in this study, indicators can be delivered for instance of the structural 
integrity of wood. However, further tests are needed, paired with more detailed analyses of the 
anatomica! and chemical constitution of the wood samples being tested, to achieve a fully satisfactory 
insight on the relationship between wood anatomy and its structural integrity. 
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