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Abstract 

Rootlets, covered in long root hairs, are aggregated into distinct clusters in many groups of Australian 
plants. They are almost universal in the family Proteaceae, and some members  of the Papilionaceae, 
Mimosaceae,  Casuarinaceae, Cyperaceae,  Restionaceae and Dasypogonaceae.  These families have their 
centres of distribution in the oldest, most leached sands and laterites of the continent. Root clusters are 
almost confined to the uppermost  100 mm of the soil profile, often penetrating into the raw litter. These 
horizons are the major sources of mineral nutrients which are mobilized when these soils become moist. 
I argue that root clusters are an ideal solution for maximizing nutrient uptake in extremely impoverished 
soils, especially in seasonal climates. 

Introduction 

Root clusters were first recognized in the large 
Australian family,  Proteaceae,  where they were 
given the name of proteoid roots (Purnell, 1960). 
Proteoid roots consist of clusters of longitudinal 
rows of cont iguous ,  ex t r eme ly  hairy root lets .  
All but a few primitive members  of this family 
of  about  1 800 species are now considered  to 
produce them, including those in South Africa 
and South A m e r i c a  (Gr insbe rgs  et al., 1987; 
Lamont,  1981; 1983a). Homologous  structures 
have  been  i den t i f i ed  in a r ange  of  l e g u m e s ,  
including Acacia (Mimosaceae) ,  nine genera in 
the tribe Podalyrieae of the Papilionaceae, some 
Casuarinaceae and the related (non-Australian) 
Betulaceae and Myricaceae (Louis et al., 1990; 
P a t h a m a r a n e e ,  1974; Redde l l ,  1986; Sward ,  
1978). These  root  c lus te r s  are not as t igh t ly  
packed as proteoid roots. 

Analogous root clusters have been recognized 
in other families.  This includes most  members  
e x a m i n e d  in the  t r i b e s  C a r i c e a e  and 

R h y n c h o s p o r e a e  of  the C y p e r a c e a e  bo th  in 
Aust ra l ia  and e l sewhere  (Davies  et al., 1973; 
Lamont,  1974; Phillips and Weste, 1984). The 
root lets  are swollen (dauci form)  with obvious  
gaps between them but appear even hairier than 
proteoid roots. Another grass-like family well- 
represented in the Southern Hemisphere  is the 
Restionaceae.  Although not as well known, its 
surface rootlets are similar  to dauci form roots 
but are not swol len (Campbel l ,  1964; Gullan,  
1975; Lamont ,  1982). The grass- t ree ,  Kingia 
australis (Dasypogonaceae),  has concealed aerial 
roots whose root clusters proliferate among the 
persistent leaf-bases (Lamont, 1981 a). 

I will explore the hypothesis that root clusters 
exploit nutrients in the humus and decomposing 
litter layers and provide an adaptive advantage in 
n u t r i e n t - i m p o v e r i s h e d  soi l s  on wh ich  l i t t e r  
accumulates. 

Soil profile distribution 

The first task is to show that root clusters are 
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d i s t r i b u t e d  where  o rgan ic  ma t t e r  l eve l s  are 
greatest.  While roots are absent from the raw 
litter in Hakea laurina, proteoid roots account 
for over  80% of the roots in the decomposing 
litter (A0 horizon), followed by the humus layer 
(A0 and are absent from the depositional layers 
(B) (Lamont,  1984). The compound proteoid 
roo t s  ( g roups  o f  c l u s t e r s )  of  the i m p o r t a n t  
genera, Banksia and Dryandra, in scrub-heath 
and wood land  are so dense  that they form a 
c o n t i n u o u s  mat ,  20-50  mm wide ,  e n m e s h e d  
among the l i t ter and humus particles (Jeffrey,  
1967; Low and Lamont, 1990). A similar pattern 
exis ts  for  o ther  p ro t eaceous  genera  and root  
cluster types (Davies et al., 1973; Lamont, 1974, 
1982, 1983, 1984; Lamont et al., 1984). 

By shifting the position of the organically-rich 
layer through the profile it was shown that there 
is a causal relationship for H. laurina (Lamont, 
1973): A~ soil placed at a depth of 240-360 mm 
resulted in 227 proteoid roots per gram of root 
whereas normally there would only be 8. This 
pat tern was even more ex t reme for the South 
African Leucadendron laureolum (Lamont et al., 
1984). This could be due to the well-established 
ef fec t  of  local nutr ient  enr ichment  but it may 
o c c u r  even  in the a b s e n c e  o f  a s u b s t a n t i a l  
increase in general root growth (Lamont, 1973). 
A more likely cause is the effect of the abundant 
soil bacteria: in a way still not understood, these 
s t i m u l a t e  the p r o d u c t i o n  o f  p r o t e o i d  roo t s  
(Gardner  et al., 1982; Lamont  and McComb,  
1974;  M a l a j c z u k  and B o w e n ,  1974) .  The  
ant ibiot ic ,  ch lo romyce t in ,  decreased  pro teo id  
root  number s  subs t an t i a l l y  w i thou t  a l t e r ing  
normal root growth or nutrient availability in L. 
laureolum (Lamon t  et al., 1984). The causal  
o r g a n i s m s  do not  i n v a d e  the roo t s  and 
m y c o r r h i z a l  fungi  are not  n o r m a l l y  p re sen t  
(Lamont ,  1972a ,1982) .  There  have been no 
experimental studies for other cluster types but 
a e r o b i c  c o n d i t i o n s  at the s u r f a c e  may  be 
important, especially in waterlogged soils. 

Inorganic nutrient effects 

I f  roo t  c lus ters  enhance  nu t r ien t  uptake  as a 
r e s p o n s e  to p o o r  so i l s  t hey  shou ld  fo rm  
p r e f e r e n t i a l l y  in those  soils.  P rov ided  base 
l eve l s  o f  n u t r i e n t s  are s u f f i e n t l y  low,  the 

contribution of proteoid and dauciform roots to 
the plant rises from nil as the external supply of 
N or P is increased from zero, peaking before 
total plant growth is at a maximum (Gardner et 
al., 1982; Handrick, 1991; Lamont, 1972b, 1974; 
Louis et al., 1990). Cluster root production falls 
away to nil again as total root and then shoot 
growth peak.  At higher  base levels  of  o ther  
nutrients, proteoid roots may be present only in 
the absence of added N or P (Lamont ,  1986). 
Seedlings grown in fertile soils (high in clay or 
humus) may attain maximum shoot size but they 
lack proteoid roots (Lamont, 1972b; Siddiqi and 
Carolin, 1976). In Banksia ericifolia, proteoid 
roo t s  are e l i m i n a t e d  at abou t  0 .5% l ea f  P 
(Handreck, 1991). 

Function of root clusters 

S u p p o r t  fo r  my h y p o t h e s i s  r e q u i r e s  
demonstration that root clusters have a superior 
capacity over unmodified roots for absorption of 
nutrients from the soil surface horizons. Early 
work showed that uptake of  32p and Rb from 
solution by proteoid roots may be up to 13 times 
greater than by unclustered roots ( reviewed in 
Lamon t ,  1982).  The  aer ia l  roo t  c lus t e r s  of  
Kingia readily absorbed 32p inserted among the 
dead leaf bases (Lamont, 1981b). Calculations 
show the surface area to weight ratio may be up 
to 25 times that of  the parent root (Dell et al., 
1980; Lamont,  1983b). More importantly,  the 
clusters of L. laureolum may explore 32.5 times 
the volume of  soil as an equivalent  weight of 
pa r en t  roo t  ( L a m o n t ,  1983b) .  In a d d i t i o n ,  
proteoid roots have a strong reducing, acidifying 
and chelating capacity for poorly-soluble sources 
of  P, Fe and Mn (Gardner  et al., 1982, 1983; 
Grierson and Attiwell,  1989). Secreted citrate 
appears to have a central role in enhanced Fe and 
P uptake in the non-native Lupinus albus. These 
effects can be attributed to the greater surface 
a rea  and c o m p a c t i o n  wh ich  ra i se  the 
concent ra t ion  of  exudates  in the rh izosphere .  
Further, uptake is facilitated by adhesion of the 
long, abundant root hairs to soil particles and the 
presence of copious mucigel (Davies et al., 1973; 
Dell  et al., 1980; Lamont  et al., 1984). The 
u n s u b s t a n t i a t e d  e v i d e n c e  o f  e n h a n c e d  
phosphatase activity by proteoid roots (Lamont, 



1982) indicates a possible role in organic matter 
decomposition. 

Soil nutrient levels 

It is now necessary to show that species with root 
c l u s t e r s  are be s t  r e p r e s e n t e d  in the  m o s t  
impoverished soils and that the most fertile part 
of  these soils is in the organical ly-r ich surface 
horizons. For the non-arid parts of Australia, the 
least  fert i le  soils are the deeply  leached,  acid 
sands,  sands tones  and la ter i tes  widespread  in 
southern Austral ia.  Agricul tural  crops require 
the addition of P, N, K, S and trace elements (Cu, 
Zn,  Mn,  Mo)  to these  so i l s  ( W i l l i a m s  and  
Raupach,  1983). There is increasing evidence 
that some of these, especial ly  in south-western 
Australia, may be among the world 's  least fertile 
soils (Lamont, 1993; Lindsay, 1985). It is here 
(and to a lesser extent, the sands and sandstones 
of the Cape, South Africa) that species with root 
c l u s t e r s  h a v e  t he i r  c e n t r e s  of  d i s t r i b u t i o n  
(Lamont ,  1982; Lamont ,  et al., 1985). This is 
e s p e c i a l l y  so for  the P r o t e a c e a e ,  r e s t ios  and 
sclerophyllous legumes which are concentrated 
in the p o o r e s t  sands  and  l a t e r i t e s  o f  sou th -  
western Australia (Lamont et al., 1984). Given 
adequate mois ture ,  these soils are sub-opt imal  
for growth of species normally restricted to them 
(Lamont ,  1972a). It is in these soils that most  
nutrients derive from the decomposing litter, so 
that their  concent ra t ion  is grea tes t  at the soil 
surface (Froend, 1987 for N; Lamont,  1973 for 
N, Mg,  Ca,  K).  P is m o r e  l i k e l y  to be an 
exception: although it is stored in, and released 
from, the litter and humus, it is sorbed in the B 
horizon.  The dead leaf  bases  of  Kingia  are a 
much  be t te r  source  of  nu t r ien ts  than the soil 
(Lamont, 1981b). 

Discussion 

I have demonstrated that root clusters contribute 
m o s t  to the  r o o t  s y s t e m  u n d e r  s u b - o p t i m a l  
nutrient condit ions and that species possessing 
root clusters are most likely to occur naturally in 
such soils. As nut r ien t - impover i shed  soils are 
characteristic of much of temperate Australia, we 
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f ind that  spec ie s  wi th  these  s t ruc tu res  of ten  
dominate the landscape. Root clusters enhance 
the release and uptake of nutrients and they form 
preferentially in that part of the profile which is 
the main source of nutrients in leached soils: the 
decomposing  litter. The highly sclerophyllous 
vegetation and prolonged summer drought ensure 
substantial litter build-up between fires (Low and 
Lamont, 1990). Nevertheless, evidence that root 
clusters assist the decomposition process has yet 
to be obtained.  Certa inly,  the dense cover  of  
long root hairs ensures good contact with the soil 
and litter particles, enabling immediate uptake of 
nutrients as they are released. The A o horizon is 
most prone to sudden and prolonged drying out, 
an e n v i r o n m e n t  m o r e  su i t ed  to roo t  ha i r  
f o r m a t i o n  than to m y c o r r h i z a l  fungal  growth  
(Bayl i s ,  1972; Reid and Bowen,  1979). The 
s t r eng th  of  the roo t  ha i r s  and the a b u n d a n t  
mucigel may even provide a better link with the 
n u t r i e n t  s o u r c e  u n d e r  f l u c t u a t i n g  m o i s t u r e  
condi t ions  than fungi and compe t i t i ve  uptake 
between the partners, an important issue only in 
extremely poor soils, is irrelevant. In this respect 
it is worth noting that species with root clusters 
are rarely mycorrhizal  (though legumes are still 
nodu l a t ed )  which  imp l i e s  a s imi l a r  func t ion  
(Lamont,  1982). There may therefore be some 
s ignif icance in the character is t ic  c luster ing of 
e c tomycor rh i za s .  Never the le s s ,  root  c lus ters  
appear to have an adaptive advantage in the least 
fertile, seasonally dry soils. 
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