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A M E R I C A N  J O U R N A L  O F  B OTA N Y R E S E A R C H  A R T I C L E

                      Positive plant–plant interaction, i.e., facilitation, is the pro-
cess by which some plant species ameliorate stressful condi-
tions that would otherwise impede other species to colonize 
such environments ( Bertness and Callaway, 1994 ). The amelio-
ration of stressful conditions can result from the creation of 
novel habitats that lead to an increased number of species 
within a community ( McIntire and Fajardo, 2014 ). In this par-
ticular case, facilitator species have been given several names, 
such as ecosystem engineers, ecosystem constructors, or foun-
dation species ( Jones et al., 1994 ). Ecosystem engineers can 

alter the habitat conditions of a given community directly 
through the action of their own morphological structures (auto-
genic engineers, e.g., coral reefs, cushion plants, trees) or indi-
rectly through the conversion of inorganic or organic matter to 
forms more accessible for other plants (allogenic engineers) 
( Jones et al., 1994 ). 

 One plant group that may act as ecosystem engineers in 
southern South America are the species in the Proteaceae fam-
ily ( Lambers et al., 2012 ). Species of this family are typically 
nonmycorrhizal ( Brundrett, 2002 ) and form cluster roots, which 
are functionally important for plant nutrition by enhancing 
phosphorus (P) acquisition ( Neumann and Martinoia, 2002 ; 
 Lambers et al., 2006 ;  Delgado et al., 2013 ). Some evidence has 
also indicated that Proteaceae cluster roots may facilitate nitro-
gen (N) acquisition (e.g.,  Lamont, 1972 ;  Schmidt et al., 2003 ; 
 Paungfoo-Lonhienne et al., 2009 ;  Piper et al., 2013 ). In south-
western (SW) Australia and in South Africa––where Proteaceae 
mostly prevail––soil P availability is low because total P is low, 
and Proteaceae tend to conserve P through high P remobiliza-
tion (i.e., resorption effi ciency) from senescent leaves ( Lambers 
et al., 2006 ,  2012 ;  Denton et al., 2007 ). Consistent with a con-
servative strategy under low soil P content, foliar P concentra-
tions in Proteaceae are also very low (<0.05%,  Read et al., 
2005 ;  Denton et al., 2007 ). The ecological role of cluster roots 
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  •  Premise of the study:  Southern South American (SA) Proteaceae species growing in volcanic soils have been proposed 
as potential ecosystem engineers by tapping phosphorus (P) from soil through their cluster roots and shedding nutrient-
rich litter to the soil, making it available for other species. We tested whether  Embothrium coccineum  (Proteaceae) has 
effectively lower P nutrient resorption effi ciency and higher litter P concentrations than co-occurring, non-Proteaceae 
species. 

 •  Methods:  In southern Chile, we assessed the P and nitrogen (N) resorption effi ciency of senescent leaves and fresh litter of 
 E. coccineum  and co-occurring tree species in a soil fertility and moisture gradient (600–3000 mm of annual precipitation) in 
Patagonia, Chile. We determined P and N concentrations, leaf mass per area (LMA), and ratios of N/P and C/N in mature and 
senescent leaf cohorts and fresh litter. 

 •  Key results: Embothrium coccineum  showed signifi cantly higher P and N resorption effi ciency than co-occurring species; in 
fact,  E. coccineum  fresh litter had the lowest P-content. While  E. coccineum  showed signifi cantly lower fresh litter P concentra-
tions than the rest of the species, it showed signifi cantly higher N concentrations.  Embothrium coccineum  also had lower LMA 
and similar N/P and C/N ratios when compared with co-occurring tree species. 

 •  Conclusions:  We found that  E. coccineum  effi ciently mobilized P and, to a lesser extent, N before leaf shedding. We did not 
fi nd support for the ecosystem engineering hypothesis via shedding P-rich litter. We suggest that southern South American 
Proteaceae may be taking up other nutrients besides P, probably N, from the young, volcanic soils of this region.  

  Key words:  cluster roots;  Drimys winteri ; facilitation;  Nothofagus betuloides ; nutrient-rich litter; Patagonia; precipitation 
gradient; Proteaceae;  Raphithamnus spinosus ;  Schinus patagonicus . 
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1991 ). We believe then that new empirical tests should include 
such a site variation to examine how resorption effi ciency in 
these species is affected by soil nutrient availability. Finally, it 
is pertinent to examine whether nutrients other than P, such as 
N, play some role in the ecosystem engineer hypothesis. The 
southern SA Proteaceae  E. coccineum , for example, grows in 
soils with very low N availability ( Souto et al., 2009 ;  Piper 
et al., 2013 ) and increases cluster root formation in response to 
declining soil N concentrations ( Piper et al., 2013 ). 

 The general objective of this study was to evaluate the eco-
system engineer hypothesis about  Embothrium coccineum  
(Proteaceae) by determining its foliar P concentrations and sub-
sequent P resorption effi ciency from senescent leaves and fresh 
litter. For this, we identifi ed different leaf cohorts and fresh lit-
ter P concentrations and P resorption effi ciencies in  E. coc-
cineum  trees and co-occurrent, non-Proteaceae (i.e., without 
cluster roots), species across a pronounced precipitation and 
soil fertility gradient in Patagonia, Chile (from >3000 to ~600 mm 
of annual precipitation). Here, species composition changes 
signifi cantly, but  E. coccineum  occurs throughout the entire 
gradient. Because some evidence also suggests that cluster 
roots in Proteaceae are not exclusively associated with P nutri-
tion but also with N acquisition ( Lamont, 1972 ;  Schmidt et al., 
2003 ;  Paungfoo-Lonhienne et al., 2008 ,  2009 ;  Piper et al., 2013 ), 
we decided to include N in the evaluation as well. In this re-
spect, the southern SA region receives minimal atmospheric 
N pollution, making the study of plant N limitation suitable. 
We studied the N/P leaf ratio to assess whether N or P limitation 
affects these Patagonian tree species ( Koerselman and Meuleman, 
1996 ). The C/N leaf ratio was also considered. Support for the 
ecosystem engineer hypothesis for southern SA Proteaceae 
( Lambers et al., 2012 ) should be indicated by (1) lower nutrient 
leaf resorption effi ciency from senescent leaves and fresh litter 
in  E. coccineum  than in other common, non-Proteaceae, spe-
cies in the community and by (2) higher foliar P concentra-
tions in leaves, and particularly litter, of  E. coccineum  than in 
co-occurring species and SW Australian Proteaceae. Finally, 
we also aimed to expand the limited information on leaf nutri-
ent dynamics for southern SA tree species. 

 MATERIALS AND METHODS 

 Species and research site descriptions —    Embothrium coccineum  J.R. & G. 
Forster is a broadleaf evergreen, small-stature tree (5–8 m mean height) that has a 
broad latitudinal distribution throughout Chile and Argentina ( Rodríguez et al., 
1983 ;  Escobar et al., 2006 ). It is an early successional species that commonly 
grows on roadsides, glacier moraines, lahars (layers of volcanic scoria subjected 
to high radiation and low night temperatures), and recent volcanic depositions 
( Veblen and Ashton, 1978 ;  Grubb et al., 2013 ). In Chile, its distribution reaches 
from central Chile’s mediterranean climate (34 °  SL) to Tierra del Fuego’s sub-
Antarctic climate (55 °  SL); from very humid conditions (>3000 annual precipita-
tion) in the temperate rain forest to dry conditions (~500 mm) near the steppe, and 
from sea level to, on some occasions, the altitudinal treeline. In the Aysén Region 
(Patagonia, Chile), we selected our study sites along an abrupt west–east precipi-
tation gradient (>3000 to ~600 mm·yr –1 ,  Fig. 1 ,   Table 1 ) . The westernmost site 
was Exploradores (EXP, 46 ° 29  ′  S, 73 ° 12  ′  W, 75 m a.s.l.), the most humid site 
along our gradient with an annual precipitation that can reach >3000 mm·yr –1  
( Aniya et al., 2011 ). Precipitation ostensibly declines toward the east ( Hijmans 
et al., 2005 ). This fi rst site was in the Exploradores River valley, in an area covered 
by moraine deposits of glacial erosion originating from the Exploradores Glacier. 
Leaf samples were collected from a second-growth temperate rainforest, where, 
along with  E. coccineum , we selected  Drimys winteri  J.R. & G. Forster (Winteraceae) 
as the most common, co-occurring species. Other tree species at this location in-
clude  Luma apiculata  and  Amomyrtus luma  (Myrtaceae),  Laureliopsis philippiana  
(Atherospermataceae),  Lomatia ferruginea  (Proteaceae), and  Podocarpus nubigenus  

and P cycling in southern South American (SA) Proteaceae, on 
the other hand, could be fundamentally different ( Lambers 
et al., 2012 ). Proteaceae in southern SA often occur in young, 
volcanic soils, which are rich in total P ( Borie and Rubio, 2003 ; 
and references therein for uncultivated southern Chilean soils) 
but still poor in available P ( Diehl et al., 2003 ;  Souto et al., 2009 ; 
 Piper et al., 2013 ), since phosphate is mainly sorbed by par-
ticles containing aluminum or iron ( Borie and Rubio, 2003 ; 
 Redel et al., 2008 ;  Piper et al., 2013 ). With this in mind,  Lambers 
et al. (2012)  hypothesized that southern SA Proteaceae could 
act as ecosystem engineers by having P-rich litter (i.e., low P 
remobilization) and releasing large quantities of P to soils (a 
much more readily available P pool). They suggested that a fast 
rate of leaf turnover may enhance the process of enriching soils 
with P. This hypothesis is largely based on the facts that south-
ern SA Proteaceae species have cluster roots in soils with high 
total P and possess an apparently lower nutrient resorption ef-
fi ciency (see below) and leaf mass per area (LMA) than do the 
SW Australian Proteaceae. This potential conversion of a poorly 
available soil P pool into a more readily available soil P pool for 
other species in the community that are unable to acquire P in 
standard ways can be characterized as a type of allogenic eco-
system engineering, sensu  Jones et al. (1994) . 

 The hypothesis that southern SA Proteaceae are ecosystem 
engineers is very appealing considering that they thrive in 
young, volcanic soils, which could also help accelerate succes-
sion, i.e., benefi ting other species in the community by releas-
ing P into the system. There is still little empirical support for 
this hypothesis and new evidence should be gathered to criti-
cally test it. The ultimate test for whether Proteaceae are genu-
inely ecosystem engineers would be to verify that other species 
in the community are effectively facilitated (e.g., growth, sur-
vival, and reproduction) by the increase in available soil P, 
which is released by Proteaceae via litter decomposition. Nev-
ertheless, before this, we should assess whether the southern 
SA Proteaceae do indeed have lower foliar P resorption effi -
ciency than other non-Proteaceae species in the community and 
Proteaceae in SW Australia, and, of course, whether they are 
consequently releasing nutrient-rich litter as  Lambers et al. 
(2012)  proposed. Current support for the ecosystem engineer 
hypothesis comes from three very localized studies:  Diehl et al. 
(2003) , who worked with  Lomatia hirsuta  (Proteaceae) on the 
Argentine side of the Andes;  Wright et al. (2004) , who worked 
with data from GLOPNET, a major plant trait functional data set 
covering thousands of species (including records for  Emboth-
rium coccineum  and  Gevuina avellana  [Proteaceae] from Puye-
hue N.P., Chile); and unpublished data by A. Zúñiga-Feest 
(Universidad Austral de Chile, Valdivia, Chile) on  E. coccineum  
( Lambers et al., 2012 ). In all of these cases, particularly in 
 Diehl et al. (2003) , Proteaceae exhibited higher foliar P concen-
trations and lower P resorption effi ciencies than SW Australian 
Proteaceae ( Lambers et al., 2012 ). Knowing that some Prote-
aceae, such as  E. coccineum , occur across soils with very dif-
ferent P availabilities in southern Chile and Argentina (0.09–
44.38 mg·kg –1  of extractable P,  Souto et al., 2009 ), we would 
expect that the leaf traits underlying their litter decomposi-
tion––LMA, litter nutrient content, and C/N ratio––would also 
considerably vary at the intraspecifi c level, thus making per-
haps the ecosystem engineer’s scope of idiosyncratic value. 
Additionally, most southern SA Proteaceae are distributed 
along a pronounced precipitation gradient (500–4000 mm of 
annual precipitation), and soil water availability can affect nu-
trient availability and plant nutrient resorption ( del Arco et al., 
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 Sampling and tissue processing —   Sampling was conducted in February 
and March 2012. At each site, we set a sample line perpendicular to the slope 
(if any) and located six sampling points every 30 m along this line. At each 
sampling point, we sampled at least one individual of  E. coccineum  and one of 
the selected co-occurring species. We sampled 8–12 individuals of each species 
at each site. We restricted our sampling to adult, unshaded trees. In each sam-
pled tree, we identifi ed a terminal, fully expanded sun-exposed branch from the 
current growing season and selected leaves that were not browsed; given that 
we sampled at the end of the growing season, these leaves were labeled as ma-
ture. On the same branch, we also identifi ed branches from previous years that 
gave origin to the terminal branch and selected leaves on them; these were 
categorized as senescent leaves. Senescent leaves were identifi ed, for some spe-
cies, by the yellowish color and the most proximal position on the branch. In 
most studied tree species (not including  N. betuloides  and  S. patagonicus ), se-
nescent leaves were from the previous year. Leaf age distinction was satisfacto-
rily assessed in the fi eld for all species, based on the clearly distinctive annual 
cohorts, identifi able bud scars, and elongation of stems and new branches. Un-
der the canopy of each tree, we also collected recently dropped leaves, which 
we categorized as fresh litter. For this purpose, we collected nondecomposed 
litter with no signs of decomposition, deposited on the soil surface. We dis-
carded leaves attached to fallen branches because their fall may not correspond 
to natural leaf shedding. All sampled leaves were placed in plastic bags, la-
beled, and stored in a cooler for transportation. In addition, at each site we col-
lected six samples (one at each sampling point) of ca. 1 kg of the upper 20 cm 
layer of soil for chemical analyses. For this, we removed vegetation, gravel, and 
litter from the ground’s surface and collected soil with a shovel. We then trans-
ferred the samples to plastic bags that were immediately sealed and maintained 
fresh (in the shade below 15 ° C) for ca. 2 h until they were placed in a refrigera-
tor at 3 ° C. 

 In the laboratory, for mature and senescent leaf cohorts, some of the col-
lected leaves were separately laid fl at and photographed with a reference 

(Podocarpaceae). The second site was at kilometer 30 (K30, 46 ° 31  ′  S, 72 ° 58  ′  W, 
191 m a.s.l.) on the road from Puerto Tranquilo to the Exploradores Glacier. Here 
the soil is derived from alluvial deposits. At this site, we sampled in a second-
growth forest where the most common co-occurring species was  Nothofagus 
betuloides  (Mirb.) Oerst. (Nothofagaceae). Lago Tranquilo was chosen as our 
third site (LTR, 46 ° 38  ′  S, 72 ° 47  ′  W, 286 m a.s.l.). The soil here is of volcanic ori-
gin. During the mid-20th century, the forests were disturbed by massive human-
set fi res. Since then, forest recolonization has occurred patchily, and the vegetation 
now is dominated by  E. coccineum ,  Nothofagus antarctica ,  N. betuloides , and 
 Rhaphitamnus spinosus  (Verbenaceae).  Embothrium coccineum  regenerates on 
bare soil and decomposing logs (remnant from the large fi res). The co-occurring 
species selected were  N. betuloides  and  R. spinosus  (Juss.) Mold. The fourth site 
was Alto Río Ib á�ñez (ARI, 46 ° 07  ′  S, 72 ° 30  ′  W, 357 m a.s.l.), where the soil is de-
rived from alluvial and aeolian volcanic-ash deposits. This area and others toward 
the east have been heavily and recurrently impacted by eruptions of the Hudson 
volcano, including the latest eruption in 1991, considered one of the two largest 
eruptions in the Andes during the 20th century ( Naranjo and Stern, 1998 ). We 
sampled  Nothofagus dombeyi  (Mirb.) Oerst. as the co-occurring species. The fi fth 
and sixth sites were Villa Cerro Castillo (VCC, 46 ° 08  ′  S, 72 ° 13  ′  W, 75 m a.s.l.) and 
Puerto Ib á�ñez (PIB, 46 ° 17  ′  S, 71 ° 56  ′  W, 326 m a.s.l.), respectively, which corre-
spond to the driest locations across the gradient with ca. 600 mm·yr –1  at PIB 
(Dirección General de Aguas,  Table 1 ). The soil is derived from aeolian volcanic-
ash deposits. Vegetation in the driest sites included more sclerophyll species such 
as  Schinus patagonicus  (Anacardiaceae),  Maytenus boaria  (Celastraceae), and 
 Discaria chacaye  and  Colletia hystrix  (Rhamnaceae). Among all of these species, 
we sampled  S. patagonicus  (Phil.) I.M. Johnst. as the most common and domi-
nant species along with  E. coccineum . Across this strong precipitation gradient, 
species turnover occurs, but  E. coccineum  prevails at all of the locations. All of the 
species included in this study are evergreen, and their leaf life span is no less than 
two growing seasons (e.g.,  Rodríguez et al., 1983 ;  Lusk and Contreras, 1999 ; 
 Wright et al., 2004 ). 

 Fig. 1. Map of a section of the Chilean Patagonia, where study locations appear in small squares: Exploradores (EXP, 46 ° 29  ′  S, 73 ° 12  ′  W, 75 m a.s.l.), which was 
the most humid along the gradient with an annual precipitation that can reach >3000 mm·yr –1 ; the second location was at kilometer 30 (K30, 46 ° 31  ′  S, 72 ° 58  ′  W, 191 
m a.s.l.) on the road from Puerto Tranquilo to Exploradores Glacier; the third location was Lago Tranquilo (LTR, 46 ° 38  ′  S, 72 ° 47  ′  W, 286 m a.s.l.); the fourth location 
was Alto Río Ib á�ñez (ARI, 46 ° 07  ′  S, 72 ° 30  ′  W, 357 m a.s.l.); fi nally, the fi fth and sixth locations were Villa Cerro Castillo (VCC, 46 ° 08  ′  S, 72 ° 13  ′  W, 75 m a.s.l.) and 
Puerto Ib á�ñez (PIB, 46 ° 17  ′  S, 71 ° 56  ′  W, 326 m a.s.l.), respectively, which corresponds to the driest locations across the gradient with ca. 600 mm·yr –1 .   
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and organic matter content was estimated with the rapid dichromate oxidation 
method ( Walkley and Black, 1934 ). 

 Statistical analysis —   To test the hypotheses that  E. coccineum  has low re-
sorption effi ciency and that foliar P and N concentrations are higher in  E. coc-
cineum  than in co-occurring species, we fi t linear mixed-effects model (LMM) 
regressions where we assessed the relationship between response variables 
(P and N concentrations, P and N resorption rates, N/P ratios or LMA), leaf 
cohorts (mature, senescent, and fresh litter) and species type ( E. coccineum  
and co-occurring species). Leaf cohorts and species ( E. coccineum  vs. non-
Proteaceae) were the fi xed factors, and site and sampling points nested within 
sites were the random factors. In testing whether there is a shift between foliar 
traits and the main factors involved, we assessed inference ( F  ratios and  P  val-
ues) for main factors and interaction effects using the ANOVA function on the 
lme object in the statistical software R ( R Development Core Team, 2013 ). We 
worked with planned contrasts using the esticon function in the doBy package 
to compute mean values, confi dence intervals, predicted differences between 
leaf cohorts and species types, and inferences ( t  and  P  values) ( Højsgaard et al., 
2012 ). Finally, soil chemical properties were also compared among sites using 
LMM, with site as a fi xed factor and sampling point as the random factor. Vari-
ables were log-transformed before statistical analyses to meet the requirement 
of normal distribution and equal variance. 

 RESULTS 

 Soil fertility gradient —    From the onset, we knew that annual 
precipitation greatly differed among sites ( Table 1 ); we were 
less sure how soil fertility varied along the precipitation gradi-
ent. We found that Olsen-P, sorbed-P, organic matter, total N, 
C/N ratio, and pH values all differed signifi cantly among sites 
( P  < 0.05,  Table 1 ). The Olsen-P, a measure of soil P avail-
ability, varied between 2.85 in EXP to 21.68 mg·kg –1  in PIB, 
these two sites were the two extremes of precipitation along the 
gradient. When sorbed-P was compared, the lowest and highest 
values were found in ARI (22.96) and in K30 (75.07 mg·kg –1 ), 
respectively. Total N was also highest in K30 (0.59%) and low-
est in ARI (0.03%). Only Olsen-P appeared to vary linearly 
with precipitation. Although soil fertility differed signifi cantly 
among sites, it did not vary according to the precipitation 
gradient. 

 Foliar nutrient concentrations —    When foliar nutrients 
were compared for each leaf age, we found that for mature 
leaves,  E. coccineum  had signifi cantly higher foliar [N m ] ( t  1, 209  = 
10.437,  P  < 0.001) and [N a ] ( t  1, 135  = 3.881,  P  < 0.001) than did 
the rest of the species ( Table 2 ).  Senescent leaves and fresh 
litter [N m ] ( t  1, 209  = 1.156,  P  = 0.249;  t  1, 209  = 1.892,  P  = 0.060, 
respectively) and [N a ] ( t  1, 135  = –1.907,  P  = 0.058, for senes-
cent leaves only), however, were not signifi cantly different 
between  E. coccineum  and co-occurring species ( Table 2 ,  Fig. 2 ) . 

square of known area using a Nikon Coolpix 5000 digital camera (Tokyo, 
Japan), then the total projected leaf area was calculated using SIGMAPROC 
image-processing software (Systat Software, Richmond, California, USA). 
All leaves were then dried in a forced-air stove (Memmert GmbH, Schwa-
bach, Germany) at 70 ° C for 72 h, and only the photographed leaves were 
subsequently weighed on a scale with 0.0001 g of precision to determine the 
leaf mass per area (LMA, g·m –2 ). We computed LMA as the oven-dried leaf 
mass divided by its total foliar surface. Finally, all leaves were ground to a 
fi ne powder using a coffee mill; they were then stored at 4 ° C until chemical 
analyses. 

 Foliar P was extracted from the tissue by combining 20 mg of dry leaf mate-
rial in 1 mL of 2% v/v acetic acid, and digesting this mixture for 30 min before 
centrifuging it at 6000 rpm ( Fredeen et al., 1989 ). Foliar P concentrations were 
determined using the procedure of  Murphy and Riley (1962) , which, briefl y, 
consists of the formation of an antimony–phosphomolybdate complex and its 
subsequent reduction to phosphomolybdenum blue, a bluish-purple color com-
plex. The absorbance of this complex is read at 880 nm and converted into a 
phosphate concentration using a calibration curve of potassium dihydrogen 
phosphate. Foliar N concentrations were determined by placing 200 mg of dry, 
ground leaf samples in a combustion analyzer (LECO TruSpec Micro CHN, 
Centro de Investigación en Ecosistemas de la Patagonia, Coyhaique, Chile). 
Phosphorus and N concentrations were expressed on both a dry leaf mass 
(mg·g –1  for P m  and N m ) and area basis (g·m –2  for P a  and N a ); the latter is the re-
sult of P and N concentrations on a mass basis multiplied by LMA. We deter-
mined the foliar nutrient resorption effi ciency––the amount of nutrients 
resorbed during senescence––as the percentage of the amount present in the 
leaves before senescence (mature leaves) ( Aerts, 1996 ). We determined sepa-
rately P and N resorption effi ciency as the difference between senescent and 
mature leaves and also as the difference between mature foliage and fresh litter. 
According to  Aerts (1996)  and  van Heerwaarden et al. (2003) , nutrient resorp-
tion effi ciency should be calculated on an area basis because LMA tends to vary 
with leaf senescence. We, however, present results on an area and mass basis 
for the mature-senescent leaves and only on a mass basis for the mature-litter 
comparison, given that for the latter we did not compute LMA for litter. We 
also computed leaf N/P and C/N ratios as the quotient between foliar N and P, 
and C and N concentrations, respectively. The N/P ratio (i.e., stoichiometry) 
has been increasingly proposed as a relevant indicator of nutrient limitation 
at both the species and community levels ( Koerselman and Meuleman, 1996 ; 
 Aerts and Chapin, 2000 ;  Diehl et al., 2008 ). The C/N ratio is indicative of the 
decomposition rate, particularly in litter ( Zhang et al., 2008 ). It has been stated, 
as a general criterion, that N/P ratios <10–14 are indicative of N limitation, 
between 14 and 16 N and P colimitation, and >16 as P limitation ( Koerselman 
and Meuleman, 1996 ;  Aerts and Chapin, 2000 ). Additionally, litter N to P ratio is 
an important determinant of its decomposability (e.g.,  Güsewell and Verhoeven, 
2006 ), where a ratio of N to P > 16 of fresh litter may also suggest P limitation 
( Wardle et al., 2004 ). 

 We additionally determined soil organic matter content, total N, pH, Olsen-P 
(as a surrogate of readily available P), sorbed-P, and C/N ratio (Laboratorio de 
Suelos, Universidad de Concepción, Chill á�n, Chile). We quantifi ed sorbed-P 
(%), which is thought to drive cluster root formation and growth in volcanic 
soils ( Lambers et al., 2012 ). The analysis of sorbed-P is based on the quantifi ca-
tion of the P fraction that cannot be extracted with Olsen extractant (0.5 M 
NaHCO 3 , pH 8.5) after the addition of 100 mg P·kg –1  ( Vistoso et al., 2009 ). 
Olsen-P and sorbed-P are not necessarily correlated. Total N was analyzed us-
ing the direct nesslerization semimicro-Kjeldahl method ( Middleton, 2007 ), 

  TABLE  1. Climatic and mean ( ± 1 SE) soil characteristics for the six sites considered in this study. For site codes and details on site locations, see  Fig. 1 . Soil 
property comparisons among sites were conducted using linear mixed–effects models (LMM), and inferences are presented as  F –ratios and  p –values. 

Site Annual precipitation (mm) Olsen-P (mg kg –1 ) Sorbed-P (%) Organic matter (%) Total N (%) C/N pH

EXP 3000 i 2.85 (0.23) 46.23 (4.01) 4.07 (0.97) 0.10 (0.02) 22.70 (2.30) 5.43 (0.13)
K30 2000 ii 10.55 (4.60) 75.07 (4.43) 20.14 (7.10) 0.59 (0.02) 20.85 (2.52) 5.32 (0.23)
LTR 1000 iii 14.88 (3.51) 49.72 (10.81) 40.39 (7.78) 0.40 (0.05) 56.73 (6.53) 4.81 (0.48)
ARI 800 ii 10.13 (5.13) 22.96 (10.73) 0.79 (0.23) 0.03 (0.01) 17.03 (0.91) 6.37 (0.22)
VCC 685 iv 8.45 (3.17) 38.94 (6.12) 6.21 (1.47) 0.15 (0.03) 23.00 (2.28) 6.80 (0.08)
PIB 600 iii 21.68 (12.15) 27.22 (3.36) 3.90 (0.66) 0.14 (0.01) 16.28 (0.43) 7.02 (0.09)
 F  5, 22 3.859 5.040 22.120 17.276 4.931 9.252
 P 0.012 0.003 <0.001 <0.001 0.003 <0.001

 Sources for precipitation: (i)  Aniya et al. (2011) , (ii) estimated from WorldClim ( Hijmans et al., 2005 ), (iii) Dirección General de Aguas (Servicio 
Meteorológico Nacional), (iv)  Luebert and Pliscoff (2006) . 



 212    •    V O L .   1 0 2  ,  N O.   2    F E B R UA R Y    2 0 1 5    •     A M E R I C A N  J O U R N A L  O F  B OTA N Y 

 E. coccineum  had signifi cantly lower LMA values than the rest 
of the species ( Tables 2, 3 ), with values ranging between 151.33 
and 175.29 g·m –2 . 

 Foliar resorption effi ciency —    Regarding the resorption ef-
fi ciency index (%),  E. coccineum  exhibited higher values than 
the rest of the species for both N and P on a mass and area basis 
for mature and senescent leaves. A similar result was found for 
[P m ] when mature leaves and fresh litter were compared ( F  1, 80  = 
33.83,  P  < 0.001); for [N m ], resorption in  E. coccineum  was 
high, only slightly lower than that of  N. dombeyi  ( F  1, 80  = 11.71, 
 P  = 0.001). Notably, among the six species examined  E. coc-
cineum  had the highest P ( F  1, 80  = 27.45,  P  < 0.001) and N ( F  1, 80  = 
62.05,  P  < 0.001) resorption effi ciency on an area basis, which 
is the best way to express resorption effi ciency given that LMA 
signifi cantly increases with leaf age (see Methods) ( Fig. 3 ,  
 Table 2 ). The lowest values for N and P resorption effi ciency on 
an area basis were found in  N. dombeyi . For this species, the re-
sorption effi ciency was, in fact, negative. In general, we found 
that P resorption was higher than N resorption. 

 DISCUSSION 

 Embothrium coccineum proves not to be an ecosystem 
engineer —    We found that, contrary to our main hypothesis, 
 Embothrium coccineum  showed signifi cantly higher P and N 
resorption rates when it was compared with the dominant tree 
species at each site. Among the six studied tree species,  E. coc-
cineum  had the highest P resorption effi ciency and shed litter 
with the lowest P-content per unit mass and leaf area. Species 
that shed nutrient-rich litter included  R. spinosus ,  N. dombeyi , 
and  D. winteri  ( Table 3 ). According to  Denton et al. (2007) , 
similar values were found for  Banksia attenuata  ([P m ] = 27%) 
and  B. prionotes  ([P m ] = 33%) in SW Australia (P resorption 
effi ciency values were as high as 82% for  B. chamaephyton .). 
Thus, our results show that  E. coccineum  effi ciently mobilizes 
P and—to a lesser extent––N from senescent leaves, which 
does not agree with the ecosystem engineering hypothesis, 
which includes the shedding of nutrient-rich litter.  Embothrium 
coccineum  also showed relatively low foliar P concentrations 
when compared with the other tree species. In contrast,  E. coc-
cineum  had the highest foliar N concentration for mature leaves 
and the third highest value for senescent leaves. These fi gures 
also highlight that, contrary to our hypothesis, differences be-
tween  E. coccineum  and co-occurring species’ leaf nutrients are 
more related to N than to P (discussed later). Our P and N con-
centrations for leaves and fresh litter of  E. coccineum  are none-
theless higher (5-fold) than those reported for Proteaceae 
species growing in SW Australia ( Denton et al., 2007 ;  Lambers 
et al., 2012 ), but so are the values for the other non-Proteaceae 
species we examined, e.g.,  Nothofagus  species. 

 The LMA is an important trait according to the ecosystem 
engineer hypothesis for southern SA Proteaceae, as a low LMA 
would promote faster litter decomposition ( Santiago, 2007 ; 
 Cornwell et al., 2008 ). We found that the LMA of  E. coccineum  
was indeed lower than in the rest of the species and much lower 
than values reported for its SW Australian counterparts (>400 
g·m –2 ,  Lambers et al., 2012 ). However, the C/N ratio of  E. coc-
cineum  in fresh litter, another predictor of litter decomposition, 
was not signifi cantly different from other species. Additionally, 
due to the higher P resorption in  E. coccineum , its litter had a 

Contrary to [N m ] and [N a ], differences in foliar [P m ] and [P a ] 
between  E. coccineum  and co-occurring species were entirely 
driven by senescent leaves ( Tables 2, 3 );   E. coccineum  showed 
signifi cantly lower values than the rest of the species ([P m ]: 
 t  1, 239  = –4.376,  P  < 0.001; [P a ]:  t  1, 135  = –5.875,  P  < 0.001, 
 Fig. 2 ). The highest foliar [N m ] and [N a ] for senescent leaves 
and fresh litter were found for  R. spinosus  ( Table 3 ) in LTR 
(Appendix S1; see Supplemental Data with the online version 
of this article). The highest values of [P m ] and [P a ] for mature 
and senescent leaves were found in  S. patagonicus  from the 
driest sites (VCC and IBN,  Table 3 ; Appendix S1), whereas 
for fresh litter, the highest value of [P m ] was for  N. dombeyi  in 
ARI (1.36 mg·g –1 ) and [P a ] was again highest in  S. patagoni-
cus  from PIB (2.19 g·m –2 ). When leaf nutrient concentrations 
were compared as a whole, i.e., independent of leaf cohort, 
foliar [N m ] was signifi cantly higher for  E. coccineum  than for 
all co-occurring species ( Tables 2, 3 ; for more details on leaf 
nutrient concentrations across species and sites, see Appendix 
S1). This signifi cant difference, however, vanished when [N a ] 
was considered ( Tables 2, 3 ). When foliar [P m ] and [P a ] were 
analyzed, in general, we found that  E. coccineum  showed sig-
nifi cantly lower concentrations than the rest of the species 
( Tables 2, 3 ). 

 Similarly, we found that the foliar N/P ratio was signifi cantly 
higher for  E. coccineum  than for the rest of species ( Tables 2, 3 ). 
We found no signifi cant difference between N/P ratio of 
 E. coccineum  and co-occurring species for mature ( t  1, 209  = 0.596, 
 P  = 0.552) and senescent ( t  1, 209  = 0.961,  P  = 0.338) leaves 
( Table 2 ); however, fresh litter of  E. coccineum  showed a sig-
nifi cantly higher N/P ratio than did the rest of the species ( t  1, 209  
= 11.847,  P  < 0.001). For mature and senescent leaves, the N/P 
ratio was always <10, suggesting N limitation. As for fresh litter, 
the N/P ratio was >16 for  E. coccineum , implying that P may 
limit decomposition. On the other extreme,  N. betuloides ,  N. 
dombeyi  and  S. patagonicus  had fresh litter N/P ratios <10, sug-
gesting N limitation of litter decomposition. When all leaves 
were analyzed the foliar N/P ratio was signifi cantly lower for 
 E. coccineum  than for the rest of the species ( Table 2 ). On the 
contrary, no signifi cant differences were found ( t  1, 209  = 1.924, 
 P  = 0.056) when only fresh litter was considered. Finally, 

  TABLE  2. Summary of  F -ratios and inferences for the effects of leaf age 
(LA, current and previous year leaves, and fresh litter), species comparison 
(SP,  E. coccineum  and co-occurring species), and their interaction on 
foliar traits: nitrogen (N m , mg·g –1 ) and phosphorus (P m , mg·g –1 ) 
concentrations on a mass basis, the nitrogen and phosphorus ratio 
(N/P), the carbon and nitrogen ratio (C/N), nitrogen (N a , mg·m –2 ) and 
phosphorus (P a , mg·m –2 ) concentrations on an area basis, and leaf 
mass per area (LMA, mg·m –2 ). 

Source of 
variation df P m N m N/P C/N

LA 2, 209 328.59*** 220.42*** 233.89*** 138.28***
SP 1, 209 27.05*** 61.74*** 79.73*** 15.77***
LA  ×  SP 2, 209 14.46*** 26.04*** 9.38*** 8.343***

df P a N a LMA

LA 2, 135 4.622* 62.42*** 30.93***
SP 1, 135 14.99*** 1.888 ns 73.86***
LA  ×  SP 2, 135 6.053* 16.99*** 0.05 ns

  Notes:  Inferential signifi cance is given by ns = nonsignifi cant with  P  > 
0.05, * P  < 0.05, *** P  < 0.001. 
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measured monthly for a complete year (A. Fajardo, unpublished 
data). The sites we sampled are particularly N-poor, meaning 
that  E. coccineum  may be acquiring N with some advantage when 
compared with other co-occurring species. Similarly,  Diehl et al. 
(2008)  found that  L. hirsuta  was the only species that was not 
N-limited when compared with other species in an Andean for-
est in Argentina. Few studies have examined the infl uence of low 
soil N concentrations, instead of P availability, on the formation 
of cluster roots in Proteaceae species ( Lamont, 1972 ;  Schmidt et 
al., 2003 ;  Paungfoo-Lonhienne et al., 2009 ). Increased cluster 
root formation in response to low soil N availability has indeed 
been observed in species of  Hakea  ( Lamont, 1972 ), where clus-
ter roots may be involved in N mobilization and acquisition from 
organic sources through the exudation of proteolytic enzymes 
( Schmidt et al., 2003 ;  Paungfoo-Lonhienne et al., 2008 ,  2009 ). 
Coincidently,  Piper et al. (2013)  found that low soil N, and not P, 
was correlated with cluster root formation in  E. coccineum . 
Working with the same species,  Zúñiga–Feest et al. (2010)  also 
found that pure water promoted higher biomass investment in 
cluster roots of  E. coccineum  than a Hoagland solution without 
P, suggesting that nutrients other than P stimulate the growth of 
cluster roots. Thus, given that southern Andean soils are often 
very N poor ( Huygens et al., 2008 ;  Souto et al., 2009 ;  Piper 
et al., 2013 ), we suggest that the ecological role of cluster roots 
for southern Andean Proteaceae may be related to N rather than 
P cycling. Experiments examining cluster root formation in  E. 
coccineum  or other SA Proteaceae species in response to water-
ing with different concentrations of N and P could help to dis-
cern this possibility. 

 Could southern South American Proteaceae still prove to 
be ecosystem engineers? —    Proteaceae species could ultimately 
be considered ecosystem engineers if the non-Proteaceae spe-
cies occurring together increased in fi tness as a result of the 
Proteaceae action. However, there is still not enough evidence 
from natural vegetation patterns to show such an increase. 
Though, if there is a site where  E. coccineum  or any other 
southern SA Proteaceae is virtually the only pioneer species 
and it effectively adds accessible P to the mineral substratum, 
which could then be used by (and affect the growth of) later-
successional species, then they could possibly be considered 
ecosystem engineers. Our study included six sites where  E. coc-
cineum  prevails along a pronounced precipitation and soil 

signifi cantly higher N/P ratio than its co-occurring species 
(>16), i.e., it was presumably P-limited ( Koerselman and 
Meuleman, 1996 ;  Aerts and Chapin, 2000 ), giving less support 
to the idea that this species provides P to the soil through P-rich 
litter. It is noteworthy that green leaves of  Lomatia hirsuta  
and  L. ferruginea  (Proteaceae) were likely to be P-limited 
(i.e., N/P > 16) along a chronosequence of volcanic substrates 
( Gallardo et al., 2012 ). 

 How then do we explain that  E. coccineum  does not have a 
low P resorption effi ciency rate, relative to co-occurring non-
Proteaceae species, knowing that the total soil P is high? We sug-
gest two nonmutually exclusive explanations. First, we think that 
the ample and heterogeneous site conditions where  E. coccineum  
and other southern SA Proteaceae occur ( Escobar et al., 2006 ) 
make a difference from SW Australian Proteaceae.  Embothrium 
coccineum  occurs on a variety of soils including some that are not 
volcanic as in the Costal Cordillera in Chile with metamorphic 
and sedimentary soils ( Veit and Garleff, 1995 ), the steppe land-
scape in Tierra del Fuego with sedimentary old soils, or in glacial 
moraines (as for site EXP in the present study). Thus, contrary 
to the SW Australian Proteaceae that are mostly distributed in 
P-poor soils, sites where  E. coccineum  and  L. hirsuta  are found in 
southern Chile and Argentina range between 0.09 and 44.38 ppm 
in their Olsen-P values ( Diehl et al., 2003 ;  Satti et al., 2003 ; 
 Souto et al., 2009 ;  Gallardo et al., 2012 ;  Piper et al., 2013 ; the 
present study). This rather wide range of available P in southern 
SA contrasts with a much narrower range of available P values in 
SW Australia, from <2 ppm for many  Banksia  species ( Denton 
et al., 2007 ), 0.22–0.29 ppm (compiled by  Lambers et al., 2010 ) 
and values of 0.1 for  Banksia attenuata  and 7.2 ppm for  Hakea 
lissocarpha  ( Read et al., 2005 ). This differentiation may imply 
that in southern SA P could be as limiting as in SW Australia or 
not limiting at all (although this would need to be evaluated with 
data on tree growth). 

 A second explanation for why the ecosystem engineering hy-
pothesis may not hold for southern SA Proteaceae is that these 
species, with cluster roots, may be extracting N and not P from 
the soil. Our results indicate that all of the species, except  E. coc-
cineum , were probably N limited (N/P ratios < 10 for mature and 
senescent leaves). Among all species,  E. coccineum  showed the 
highest foliar [N] on a mass and area basis; foliar [N] was also 
much higher than foliar [P] on a mass and area basis––this difference 
was also found for  E. coccineum ’s leaf N and P concentrations 

 Fig. 2. Phosphorus and nitrogen foliar concentration values (mean  ±  confi dent intervals) on a mass basis for mature (leaf age 1), senescent leaves (leaf age 2), 
and fresh litter (leaf age 3) of  Embothrium coccineum  (dashed line) and co-occurring species (continuous line) across several sites along a precipitation gradient in 
the Chilean Patagonia. NS, no signifi cant differences in phosphorus and nitrogen foliar concentrations between treatment levels; *** P  < 0.001.   
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mirror spatial association patterns between Proteaceae species 
and their co-occurring species on a larger scale (e.g., commu-
nity, ecosystem) must be the subject of future studies. Finally, 
the ecosystem engineering nature of southern SA Proteaceae 
could be related to high litter production ( Lambers et al., 2012 ). 
Even though  E. coccineum  sheds litter that is not richer in nutri-
ents than other co-occurring species (as we demonstrated), 
 Lusk and Contreras (1999)  documented that saplings of  E. coc-
cineum  proportionally shed more litter than other species. Know-
ing that  E. coccineum  reaches a height up to 15 m ( Hoffmann, 
1994 ) and its common associated species typically reach >20 m 
( Parada et al., 2003 ) (e.g.,  N. dombeyi  can reach 49 m), this 
short-stature (i.e., small crown) tree species is not likely to pro-
duce more litter than co-occurring species. 

 Conclusions —    We studied foliar nutrient concentrations and 
resorption effi ciency of  Embothrium coccineum , one of the six 
Proteaceae species distributed in southern SA, along with co-oc-
curring species in the community. We found no empirical evi-
dence for nutrient-rich litter in  Embothrium coccineum . However, 
we focused on a single Proteaceae species, and extrapolations for 

fertility gradient. Nonetheless, in all of the sites,  E. coccineum  
was not the dominant species but only one more in the local 
species assemblage. In principle,  Lambers et al. (2012)  did not 
consider the possibility of Proteaceae species sharing nutrients 
in the rhizosphere. Some preliminary experiments have found 
evidence for Proteaceae species facilitating other species 
through their cluster roots. For example, under greenhouse con-
ditions,  Banksia attenuata  (Proteaceae) was recently found to 
facilitate, very likely via their cluster roots, the acquisition of P 
and Mn by  Scholztia involucrata  (Myrtaceae), which conse-
quently increased its growth ( Muler et al., 2014 ). Also under 
controlled conditions, a complementary nutrient-acquisition as-
sociation between  Banksia menziesii  (Proteaceae) and other 
sympatric species, including  Eucalyptus marginata  (Myrta-
ceae), indicates a possible synergistic relationship between 
plants with cluster roots and others with mycorrhizae ( Teste 
et al., 2014 ). Interestingly, F. I. Piper (unpublished data) found 
fi eld evidence for bidirectional facilitation between  E. coc-
cineum  (Proteaceae) seedlings and  Acaena integerrima  (Rosa-
ceae) cushions, where the mechanism involved in the interaction 
may be the exchange of nutrients. How these recent fi ndings 

  TABLE  3. Mean ( ± 1 SE) concentrations for P and N concentrations on a mass, and area basis, N/P ratios, and leaf mass per area (LMA) in mature and 
senescent leaves, fresh litter and the respective resorption effi ciency (%; mature–senescent [m–s], mature–litter [m–l]) of  Embothrium coccineum  and 
co-occurring species, including  Drimys winteri ,  Nothofagus betuloides ,  Raphithamnus spinosus ,  N. dombeyi , and  Schinus patagonicus  at several sites 
across a precipitation gradient in the Chilean Patagonia. Total concentrations refer to the mean value of the two leaf ages of  E. coccineum  and the 
mean value of all the other species. 

Leaf tissue traits  E. coccineum  D. winteri  N. betuloides  R. spinosus  N. dombeyi  S. patagonicus 

P: mass basis
 Mature (mg·g –1 ) 5.34  ±  0.31 2.07  ±  0.21 3.98  ±  0.43 4.50  ±  0.60 4.54  ±  1.06 7.51  ±  0.47
 Senescent (mg·g –1 ) 3.12  ±  0.19 1.61  ±  0.16 3.58  ±  0.57 3.67  ±  0.24 4.43  ±  1.05 7.30  ±  0.67
 Total (mg·g –1 ) 3.22  ±  0.44 3.78  ±  0.57
 Recent litter (mg·g –1 ) 0.51  ±  0.08 0.72  ±  0.12 0.74  ±  0.15 1.03  ±  0.22 1.36  ±  0.09 1.00  ±  0.12
 Resorption, m–s (%) 41.24  ±  4.41 18.98  ±  10.11 10.51  ±  10.97 16.31  ±  9.13 1.35  ±  10.33 2.78  ±  7.37
 Resorption, m–l (%) 90.36  ±  1.18 64.81  ±  6.45 83.62  ±  2.40 74.93  ±  4.82 68.50  ±  5.11 85.69  ±  2.59
N: mass basis
 Mature (mg·g –1 ) 15.98  ±  0.49 9.67  ±  0.80 11.72  ±  0.76 13.73  ±  0.25 12.21  ±  0.72 9.63  ±  0.32
 Senescent (mg·g –1 ) 9.59  ±  0.31 7.63  ±  0.40 9.01  ±  0.41 11.49  ±  0.31 10.91  ±  0.88 7.71  ±  0.41
 Total (mg·g –1 ) 11.33  ±  0.65 8.78  ±  0.87
 Recent litter (mg·g –1 ) 7.52  ±  0.59 7.80  ±  0.61 5.69  ±  0.72 10.54  ±  0.31 4.32  ±  0.31 6.71  ±  0.48
 Resorption, m–s (%) 39.23  ±  1.36 19.93  ±  4.58 20.96  ±  5.06 16.26  ±  2.92 9.17  ±  9.47 19.58  ±  3.98
 Resorption, m–l (%) 55.37  ±  2.97 30.07  ±  3.35 53.60  ±  5.72 24.00  ±  2.45 64.41  ±  2.49 30.63  ±  4.36
N/P
 Mature 3.39  ±  0.18 4.71  ±  0.18 3.19  ±  0.34 3.17  ±  0.45 3.91  ±  1.11 1.36  ±  0.11
 Senescent 3.47  ±  0.22 4.89  ±  0.47 3.16  ±  0.78 3.16  ±  0.23 2.35  ±  0.38 1.09  ±  0.15
 Total 8.39  ±  0.88 4.62  ±  0.67
 Recent litter 21.45  ±  1.92 11.89  ±  1.65 8.90  ±  0.68 11.62  ±  2.19 3.33  ±  0.44 7.68  ±  0.97
C/N
 Mature 33.25  ±  1.25 55.73  ±  4.63 46.30  ±  2.75 33.72  ±  1.36 41.56  ±  2.53 52.66  ±  1.61
 Senescent 55.06  ±  2.03 68.87  ±  3.80 59.29  ±  2.71 40.32  ±  1.04 47.73  ±  3.22 65.00  ±  3.33
 Total 60.81  ±  12.34 64.96  ±  14.18
 Recent litter 104.64  ±  16.87 68.96  ±  6.47 104.34  ±  11.17 42.49  ±  2.19 122.63  ±  11.06 75.94  ±  4.36
P: area basis
 Mature (g·m –2 ) 0.79  ±  0.04 0.45  ±  0.04 0.63  ±  0.06 0.72  ±  0.10 0.63  ±  0.15 1.74  ±  0.13
 Senescent (g·m –2 ) 0.55  ±  0.03 0.32  ±  0.07 0.53  ±  0.10 0.68  ±  0.10 0.72  ±  0.18 1.74  ±  0.22
 Total (g·m –2 ) 0.67  ±  0.05 1.10  ±  0.17
 Resorption, m–s (%) 30.44  ±  4.07 24.48  ±  17.37 17.51  ±  9.50 3.99  ±  9.25 −15.72  ±  15.56 2.99  ±  6.71
N: area basis
 Mature (g·m –2 ) 2.37  ±  0.06 2.12  ±  0.16 1.86  ±  0.11 2.19  ±  0.02 1.71  ±  0.11 2.24  ±  0.12
 Senescent (g·m –2 ) 1.68  ±  0.06 1.73  ±  0.05 1.58  ±  0.11 2.11  ±  0.16 1.88  ±  0.17 1.92  ±  0.09
 Total (g·m –2 ) 2.03  ±  0.21 1.93  ±  0.18
 Resorption, m–s (%) 28.29  ±  2.65 16.35  ±  7.39 11.72  ±  5.65 3.29  ±  7.74 −11.14  ±  10.57 12.24  ±  5.17
LMA
 Mature (g·m –2 ) 151.33  ±  3.23 220.09  ±  9.08 159.25  ±  4.05 159.49  ±  2.46 139.91  ±  4.11 233.75  ±  10.90
 Senescent (g·m –2 ) 175.29  ±  4.13 227.95  ±  7.36 177.04  ±  4.99 184.29  ±  14.43 171.68  ±  4.89 259.62  ±  6.88
 Total (g·m –2 ) 163.31  ±  18.23 201.59  ±  21.33
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the other fi ve species in the region may be premature, i.e.,  L. hir-
suta , for example, could act as an ecosystem engineer (see  Diehl 
et al., 2003 ). However, the possibility that some (and not all) Pro-
teaceae species have low foliar nutrient resorption levels in some 
sites, but high resorption in others, makes the positing of the eco-
system engineering hypothesis for southern SA Proteaceae spe-
cies very idiosyncratic and calls for a reformulation of the 
ecological implications of cluster roots at the ecosystem level. 
Two aspects seem to represent fruitful explorations for future 
studies. First, cluster roots of Proteaceae species may be involved 
in facilitation processes at the rhizosphere level. Second, cluster 
roots may play a role in the uptake of other nutrients such as N 
from the young volcanic soils of the southern Andes. 
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