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A B S T R A C T

The present study aimed to monitor the rhizobial population present in four “montado“ ecosystems from two different 
locations, Vaiamonte and Estremoz in the South of Portugal, with natural and sown pastures. The influence of tree ca-
nopy of Quercus suber was evaluated in relation to rhizobial population abundance, symbiotic effectiveness and genetic 
diversity. Results showed that the size of natural rhizobial population in the two older improved pastures analyzed, 
having more than 30 and 12 years, had the highest values outside the influence of cork tree canopy. However, under the 
canopy, the population size in these two improved pastures decreased. Also, rhizobial abundance in the youngest sown 
pastures (>5-years-old) had high values, either beneath the tree canopy or outside its influence. Concerning the effective-
ness of symbiotic fixation, results revealed the existence of N2 fixing strains in the four pastures, the highest values being 
observed in the youngest improved pasture and under the tree canopy. A high genetic diversity of rhizobial population 
was also found in all pastures, especially outside the influence of the tree canopy. 
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Does tree environment in agro-forestry ecosystems 
influence the population of N2 fixing soil bacteria?     
Em ecossistemas agroflorestais terão as árvores influência nas populações de 
bactérias do solo fixadoras de N2?

Ricardo Soares1, Concepción Fernandéz1, Corina Carranca2, Manuel Madeira3 and Isabel 
Videira e Castro1 
1	 Laboratório de Microbiologia do Solo, Unidade Estratégica de Investigação dos Sistemas Agrários e Florestais e de Sanidade Vegetal,  
	 (UEISSAFS), INIAV,I.P., Quinta do Marquês, Av. República, Nova Oeiras, 2784-159 Oeiras, Portugal, E-mail: isabel.castro@iniav.pt, author for  
	 correspondence
2	 Unidade Estratégica de Investigação dos Sistemas Agrários e Florestais e de Sanidade Vegetal (UEISSAFS), INIAV, I.P., Quinta do Marquês, Av.  
	 República, Nova Oeiras, 2784-505 Oeiras, Portugal; Biosystems Engineering (CEER), Instituto Superior de Agronomia/Universidade de Lisboa  
	 (ISA/UL), Tapada da Ajuda, Lisboa, Portugal; Mediterranean Institute for Agronomic and Environmental Studies (ICAAM), Universidade de Évora  
	 (EU), Apartado 94, 7002-554 Évora, Portugal  
3	 Centro de Estudos Florestais (CEF), Instituto Superior de Agronomia,Universidade de Lisboa, Tapada da Ajuda, Lisboa, Portugal

Recebido/Received: 2014.05.20
Aceite/Accepted: 2014.10.06

R E S U M O

O presente trabalho teve como objetivo a monitorização das populações rizobianas existentes em solos com pastagens 
naturais e semeadas, em quatro ecossistemas “montado”, de duas diferentes zonas, Vaiamonte e Estremoz, no Sul de 
Portugal. Foi avaliada a influência da copa das árvores de Quercus suber, na dimensão, eficácia simbiótica e diversidade 
genética destas populações. Verificou-se que a influência da copa das árvores, nas duas pastagens semeadas mais antigas 
(há mais de 30 e de 12 anos), teve um efeito negativo na dimensão da população rizobiana do solo, com valores mais 
elevados fora da influência da copa dos sobreiros. A abundância da população rizobiana nas pastagens mais jovens foi 
também muito elevada tanto fora como debaixo da copa das árvores. Relativamente à eficácia da fixação de azoto (N), 
os resultados revelaram a existência de estirpes fixadoras de N nas quatro pastagens. Os valores mais elevados foram 
obtidos na pastagem mais jovem, semeada há mais de 5 anos, em especial debaixo da copa das árvores. Verificou-se 
também que a diversidade genética das populações rizobianas nas várias pastagens foi elevada, principalmente fora da 
influência da copa das árvores.
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Introduction 

In the Mediterranean region of the Southern Ibe-
rian Peninsula a particular agro-forestry ecosystem 
(called “montado” in Portugal or “dehesa” in Spain) 
has been developed. This system is characterized, in 
general, by low soil fertility and by open oak for-
mations of Quercus suber L. and Quercus rotundifolia 
L., being the natural and sown pastures an essential 
element for an extensive livestock production asso-
ciated with the exploitation of cork and holm oaks. 
A model for improving pastures in the “montado” 
ecosystem started to be developed in Portugal in 
the late 1960s and was largely adopted since then, 
spreading all over the world throughout similar 
Mediterranean environments. The strategy is based 
on the establishment of biodiverse permanent pas-
ture including selected and improved plant species, 
in which inoculated legumes with high efficiency 
rhizobia are the dominant plant species (Castro and 
Ferreira, 2011; Castro et al., 2007; Ferreira and Cas-
tro, 2001). These biodiverse legume-rich mixtures 
are well adapted for semi-arid areas and provide 
a better pasture productivity than the natural flora 
and are able to renew themselves on a permanent 
basis (Crespo, 2006).
Biological nitrogen fixation (BNF) mediated by 
symbioses between soil bacteria, collectively known 
as rhizobia, and plant legumes is a major compo-
nent in the improvement of agricultural sustain-
ability, having pasture legumes an important role 
(Materon, 1988).
In the “montado” ecosystems the BNF is the main 
process of supplying N to the soil and is therefore 
a key component of a strategy for increase the pro-
ductivity of these ecosystems (Ferreira et al., 2010). 
Nodulation and N2 fixation in this symbiosis require 
that host and microorganisms are compatible, but 
also that the soil environment is appropriated for the 
exchange of signals that precede infection (Hirsch 
et al., 2003; Zhang et al., 2002). Also, in the Rhizo-
bium-legume symbiosis, the process of N2 fixation 
is strongly related to the physiological status of the 
host plant. In addition, environmental factors may 
affect the genetic and phenotypic characteristics of 
rhizobial populations present in the soil and can, in 
some cases, reduce rhizobial survival and diversity 
in soil or even affect the growth of the host plants. 
For example, low (<8 ºC) and high (>35 ºC) tem-
peratures may be considered one of major causes of 
nodulation failure, affecting all stages of the sym-
biosis and limiting rhizobial growth and survival 
in soil (Carranca, 2013; Hungria and Franco, 1993). 
Therefore, a competitive and persistent Rhizobium 

strain is not expected to express its full capacity for 
N2 fixation if limiting factors (e.g. inadequate pho-
tosynthesis, salinity, unfavorable soil pH, nutrients 
(e.g. P, K, Mo, B) deficiency, mineral (heavy metals) 
toxicity and contaminants, temperature extremes, 
insufficient or excessive soil moisture, plant dis-
eases, and intensive grazing impose limitations to 
the host (Brockwell, 1981; Brockwell et al., 1995; Car-
ranca, 2013; Peoples et al., 1995). 
It is known that tree canopy influences both the 
quality and quantity of light reaching the under-
story vegetation in a limited area of these systems, 
which has the effect of decreasing the density of 
the pasture sward (Wilson and Ludlow, 1991) and 
can also influence the composition of underlying 
soil microbial communities (Grayston et al., 2001). 
The identification of the structural and functional 
features of microbial communities, in particular of 
N2 fixing bacteria, inhabiting soils of agro-forestry 
ecosystems with different pasture composition and 
age, can be helpful in order to define the impact of 
the tree environment on the activity of these soil mi-
croorganisms (Marongiu et al., 2006). The present 
study aimed to monitor the rhizobial population 
present in soils of four different “montado” eco-
systems: one with a natural pasture and three with 
improved pastures. These systems were chosen 
to evaluate the influence of the cork oak (Q. suber) 
tree canopy in several parameters of soil rhizobial 
community, including the abundance, symbiotic 
effectiveness and genetic diversity, using subterra-
nean clover (Trifolium subterraneum L.) as host plant, 
which is one of the legume species more commonly 
used in the installation of upland pastures and suit-
able annual legume with self re-seeding capacity for 
soil conservation in these ecosystems.

Materials and Methods 

Sites description and layout of the experiment
The study was developed in four “montado” eco-
systems located at South of Portugal: a natural pas-
ture (>25 years old) and two improved pastures (re-
spectively 5 and 12 years old), at Estremoz, and an 
improved pasture (>30 years old), at Vaiamonte. In 
these sites the climate is characterized by dry hot 
summers and wet cool winters. The mean annual 
rainfall was about 800 mm at Vaiamonte and about 
600 mm at Estremoz. Soils had a loamy-sand texture 
and were classified as District Cambisols and Eutric 
Luvisols overlying granitic bedrock (IUSS, 2006), re-
spectively at Vaiamonte and Estremoz. Soils showed 
a slightly acid reaction (pH(H2O)=5.5) which did not 
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vary among pastures but increased outside the tree 
canopy (pH(H2O)=5.8). Total N and carbon (C) also 
did not differ significantly among pastures (1.3 and 
17 g kg-1, respectively for total N and C), but were 
significantly higher beneath the tree canopy (1.8 and 
23 g kg-1, respectively for total N and C) (data not 
shown).
Improved pastures were sown in the autumn with 
different species of Trifolium L. such as T. subterra-
neum, T. vesiculosum Savi, T. incarnatum L., T. resu-
pinatum L., T. michelanium Savi, and also with Or-
nithopus sativus Brot., Lolium multiforum Lam. and 
Dactylis glomerata L., at a rate of 25-30 kg seeds per 
hectare. Legume seeds were previously inoculated 
with Rhizobium strains (provided by Fertiprado®). 
In November 2010, several plots (1.2 m2) were ar-
ranged in annual rotational grazing pastures in the 
aforementioned “montado” ecosystems. The lay-
out of the experiment was a split-plot design with 
three replicates. Two sets of plots were randomly 
installed in each site. One set consisted of three 
plots randomly distributed under the tree canopy 
and another set consisted of three randomized plots 
distributed outside the tree influence. To restrict 
the access of cattle (cows, sheep, pigs) for grazing 
the herbage, experimental sites were protected with 
fences and cages during the study period.

Soil sampling
Soils samples were collected aseptically in Decem-
ber 2010, at 0-20 cm depth in each plot and stored in 
sealed plastic bags under cooled conditions. After-
ward, soil samples were thoroughly mixed, passed 
through a 2 mm sieve to remove stones and large 
pieces of organic matter and stored in the refrig-
erator (6 oC) till microbiological analyses were pro-
cessed.

Rhizobial abundance
The size of rhizobial population was estimated by 
indirect count, using the most-probable-number 
(MPN) method and a ten-fold dilution series. T. sub-
terraneum cv. ‘Clare’ growing in Jensen's agar medi-
um was used as host test plant (Vincent, 1970). Plants 
were grown for 8 weeks in a controlled environmen-
tal room (18-20 oC, 12 hours light/day). After this pe-
riod, plants were harvested and roots were examined 
for nodulation. The results were expressed as log10 of 
rhizobia bacteria number per gram of dried soil (So-
masegraran and Hoben, 1994).  

Symbiotic effectiveness
The "whole-soil inoculation technique" (Brockwell 

et al., 1988; Quigley et al., 1997) was used to assess 
the nitrogen fixing potential of the soil rhizobial 
population. Results obtained from shoot dry matter 
production (measured after oven drying at 70 oC) of 
subterranean clover nodulated plants, previously 
inoculated with 10-1 and 10-2 dilutions of each soil 
sample, allowed to differentiate the rhizobial resi-
dent populations according to their symbiotic effec-
tiveness.
The values of shoots dry weight (X) were used to 
calculate the index of effectiveness (E) following the 
criterion used by several authors (Beck et al., 1983; 
Ferreira and Marques, 1992) as follows: Ej (%) = (Xj-
XT0/XTN-XT0)x100, where j is the inoculated soil 
dilution, TN the nitrogen control (plants received 
0.05% KNO3) and T0 the uninoculated control (with-
out soil and without mineral nitrogen). Three levels 
of effectiveness were adopted by these authors: in-
effective (E<25%), effective (E≥25% and <74%) and 
highly effective (E≥75%).

Genetic diversity
ERIC (Enterobacterial repetitive intergeneric 
consensus)-PCR technique (De Brujin, 1992; Versa-
lovic et al., 1994) was used to study the genetic di-
versity of the rhizobial population. This technique 
is used to distinguish strains taxonomically very 
close and has been successfully applied in studies 
of Rhizobium sp. diversity (Lorite et al., 2012; Castro 
and Ferreira, 2006). About 80 isolates of Rhizobium 
leguminosarum biovar trifolii obtained from nodules 
of subclover plants grown under laboratorial condi-
tions were used in the PCR reactions, after extrac-
tion of total DNA, and the respective fingerprint-
ings were visualized by horizontal electrophoresis 
on agarose gels. Results were analyzed using the bi-
nary system related to the presence/absence of frag-
ments. Matrices of the Dice coefficient were calcu-
lated, and cluster analysis was performed using the 
UPGMA (Unweighted Pair Group with Arithme-
tic Average) algorithm and the program Free Tree 
(Efron et al., 1996; Pavlicek et al., 1999). The program 
Tree View (PHILIP) was used for the construction 
of dendrograms and evaluation of the respective ge-
netic relationships.
Genetic diversity was evaluated by calculating the 
Simpson’s index (D) (Simpson, 1949), which var-
ies between 0, when all isolates belong to the same 
genomic group, and 1, when each isolate corre-
sponds to a different genomic group.
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side the influence of tree canopy, where an average 
value of 3.06 x 104 bacteria g-1 soil in both pastures 
was quantified. In the other Estremoz pastures 
(sown for more than 5 years, and natural stand old-
er than 25 years / under the influence of the canopy 
of oaks) the size of rhizobial population was always 
high and superior to 104 bacteria g-1 soil, except for 
the natural pasture outside the tree influence with 
low value (Figure 1).

Results

Rhizobial population size
The results of rhizobial population abundance 
showed a decline in this population in the plots that 
were under the influence of cork oaks canopy, with 
mean values of 1.3 x 103 and 8.16 x102 bacteria g-1 
soil, respectively in Vaiamonte (> 30-years-old) and 
Estremoz (> 12-years-old), compared with plots out-

Figure 1 – Rhizobial population size (expressed as log of rhizobia bacteria number per gram of dried soil) in four pastures of the 
“montado” ecosystems, analyzed under and outside the influence of cork tree canopy, using subterranean clover as host plant.

Figure 2 – Dry weight of subterranean clover plants inoculated with soils from pastures of four “montado” ecosystems, analyzed 
under and outside the influence of cork tree canopy. Controls: TN – plants only with nitrogen (KNO3) and T0 - plants without 
soil dilutions and without mineral N.

Nitrogen fixing capacity
Results obtained from dry weight of sub clover 
plants inoculated with soil samples dilutions col-
lected in the four pastures were always higher than 
the control T0 (uninoculated plants), but lower than 

the control with mineral nitrogen (TN) (Figure 2). 
These results indicated the existence of N2 fixing 
bacteria in the four pastures, although rhizobial 
population in each pasture had different nitrogen 
fixing capacity.
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Values of shoots dry weight were used to calculate 
the index of effectiveness. The results showed the 
inexistence of ineffective (E<25%) rhizobial popu-
lation in all the pastures (Figure 3). Results also 
showed that soil rhizobial population from younger 
pasture sown for more than 5 years had the high-

est index of effectiveness (E= 88%), under the tree 
canopy, and was the unique pasture having a highly 
effective population (E ≥75%). Inversely, the lowest 
index of effectiveness (E=32%) was obtained in the 
natural pasture for the rhizobial population outside 
the tree canopy.

Figure 3 – Dry weight of subterranean clover plants inoculated with soils from pastures of four “montado” ecosystems, analyzed 
under and outside the influence of cork tree canopy. Controls: TN – plants only with nitrogen (KNO3) and T0 - plants without 
soil dilutions and without mineral N.

Results of genetic diversity of rhizobial population 
in the different pastures, represented in the form 
of dendrograms (Figure 4) showed the existence of 
multiple clusters in the studied population. Many of 
the Rhizobium isolates produced a single and com-
plex fingerprinting demonstrating the existence of a 
great diversity within the population.
The Simpson’s diversity index (D) of ERIC-PCR 
profiles of rhizobial population in each pasture was 
determined at 85% minimum similarity (Figure 5). 
Presented results confirmed the existence of high 
diversity especially in rhizobia population outside 
the influence of the tree canopy and from sown pas-
tures where D≥0.9 was close to the maximum limit 
(D=1.0). Under the influence of cork oak canopy, the 
values of diversity index in improved pastures were 
lower (between 0.8 and 0.7). In natural pastures, val-
ues under and outside of the influence of tree cano-
py were similar and high (Figure 5).

Discussion

Soil microorganisms are critical to the maintenance 
of soil functions, in both natural and managed ag-
ricultural ecosystems. This explains the importance 
of evaluating a particular group of microorganisms, 
such as legume root nodule bacteria. In this one-
year study, the influence of cork oak trees in rhizo-

bial communities associated with clovers present 
in different pastures was investigated. Rhizobial 
population size was one of the studied parameters 
more negatively affected, particularly in the older 
and sown pastures under the effect of the tree cano-
py. The importance of rhizobial population in soils 
in which legumes are either present or have been 
recently cultivated has been reported by several re-
searchers. The size of these populations has been re-
ported to vary between < 10 and 107 bacteria g-1 soil, 
although rhizobial populations fluctuates through 
the year with higher numbers in spring and lower 
numbers in autumn (sowing time), after a dry sum-
mer (Bottomley, 1992; Ferreira et al., 2010; Pryor and 
Crush, 2006; Vincent, 1974). Results obtained in our 
study showed a decrease in the abundance of rhizo-
bial populations in the older and sown pastures, 
under the influence of tree canopy, when compared 
with the results obtained outside the influence of 
tree canopy. In the remaining pastures the results 
indicated a rhizobial population size greater than 
104 bacteria g-1 soil, in the autumn, which could 
be considered enough for an efficient nodulation. 
These results are in agreement with those reported 
by Ferreira et al. (2010) which showed that the size 
of rhizobial population in similar ecosystems was 
around 5 x 104 bacteria g-1 soil in the autumn.
Besides the abundance of the nodulating rhizobial 
populations, their symbiotic effectiveness with the 
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Figure 4 – Dendrograms constructed after the analysis of rhizobia isolates fingerprinting patterns obtained by ERIC-PCR, 
showing the genetic relationships among rhizobial population in each pasture: (A) Vaiamonte, sown for more than 30 years, 
(B) Estremoz, sown for more than 12 years, (C) Estremoz, sown for more than 5 years and (D) Estremoz, natural pasture older 
than 25 years. 

Figure 5 – Simpson’s diversity index of rhizobial population in soil pastures of four “montado” ecosystems, analyzed under and 
outside the influence of cork tree canopy.
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hosts is fundamental in satisfying the N require-
ments of the legume plants, particularly when soil N 
is depleted. However, an ample range of symbiotic 
effectiveness can be found and several authors have 
shown that soil rhizobial populations can present a 
great variability for N2 fixation (Gibson et al., 1975). 
Furthermore, ineffective symbioses are considered a 
natural phenomenon, in most agro-ecosystems, due 
to legume infection by ineffective Rhizobium strains 
(Vincent, 1981). For example, Ferreira and Marques 
(1992) estimated that 15% of rhizobia isolates of sub-
terranean clover, collected from several Portuguese 
soils were ineffective or poorly effective in N2 fixa-
tion. In the present study the symbiotic efficiency in 
all pastures had higher values than the uninoculated 
controls, indicating the presence of N2 fixing Rhizo-
bium strains. As a general trend, the age and type 
of pastures (sown and natural) as well as the influ-
ence of the cork oak canopy did not affect the ability 
of N2 fixation by rhizobial population, although the 
highest values were obtained in the youngest pas-
ture (sown for more than 5 years). This pasture was 
the unique having a highly effective population (E 
≥75%), probably due to relatively recent inoculation 
of subterranean clover seeds with R. leguminosarum 
bv. trifolii. Inversely, the minor index of effective-
ness (E=32%) was obtained for rhizobial population 
in the natural pasture. 
In a recent study, the role of BNF on a large number 
of long term natural pastures in Portuguese “mon-
tado” ecosystems covering different edaphoclimat-
ic conditions was investigated (Ferreira and Castro, 
2011). Although the amount of N2 fixed was highly 
variable among sites, the results showed that N2 
fixation was closely linked to the legume biomass 
production. This study also confirmed that the 
legume productivity in natural pastures was very 
low, as a result of poor natural flora. Present re-
sults showed that, in general, symbioses were well 
adapted to these environmental conditions and the 
introduction of improved pastures legumes, pre-
viously inoculated with selected rhizobia strains 
represents an effective way of increasing pastures 
productivity, particularly noticed in the youngest 
pastures.
Various tools have been used to explore the geno-
typic variation among the rhizobial population and 
to assess their diversity (Castro et al., 1997; Durán 
et al., 2013; Laguerre et al., 1994; Lorite et al., 2012; 
Thies, 2007). In the present study, ERIC-PCR was 
used to assess whether the influence of tree can-
opy lead to changes in rhizobia diversity. Results 
indicated the existence of multiple molecular fin-
gerprinting patterns among rhizobia isolates, dem-

onstrating that there was no selection for a single 
genotype, even in younger improved pasture in-
oculated with Rhizobium, where no single rhizobia 
genotype appeared to have established dominance 
over the other genotypes. These results can be ex-
plained by the existence of horizontal gene trans-
fer among rhizobial population, which is generally 
recognized as an important factor in rhizobial di-
versity and occurs frequently among native and in-
troduced population (Wernegreen et al., 1997). This 
is also one of the important reasons why changes in 
the genetic structure of soil populations of rhizobia 
can occur within a decade (Graham, 2009). These 
data reveal a high genetic diversity found in the 
rhizobial population isolated from subterranean 
clover from all pastures, although genetic diversity 
was, in general, smaller under the cork oak canopy 
and are in agreement with those reported by other 
authors (Garbeva et al., 2004).
Results of the present study indicate that tree envi-
ronment might have a negative impact especially in 
the oldest improved pastures, which may not be as 
productive under the influence of the tree canopy 
due to the degree of shade suffered over several 
years after its installation. This trend is in agreement 
with that reported by several authors (Ouma and Je-
ruto, 2010; Shelton et al., 1987; Sogbedji et al., 2006), 
who pointed out the level of shade as one the most 
significant factor determining the pastures output, 
suffering legumes more from shading than grasses 
and being also affected N2 fixation process. There-
fore the decision to install improved pastures in 
“montado” areas may take into account the degree 
of canopy cover.

Conclusions

Plant species are a major determinant of the struc-
ture of microbial communities in soil, as plants 
are the main providers of specific carbon and 
energy sources and in the particular case of leg-
ume plants, they influence the composition of un-
derlying soil microbial communities, mainly the 
rhizobial population. Cork oak canopy also influ-
ences directly the development of pastures and so 
exerting its effects on rhizobial population. The 
four agro-forestry “montado” ecosystems under 
study, including pastures with different ages and 
composition (improved and natural) showed the 
influence of cork oak tree in N2 fixing bacterial 
population, mainly in the size, which was nega-
tively affected, particularly in older and sown 
pastures. Also, soil rhizobial population diver-
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sity was, in general, smaller under the effect of 
the cork oak canopy. These N2 fixing soil bacteria 
were particularly efficient in the symbiosis with 
the youngest sown pasture legumes, whereas the 
lowest symbiotic efficiency was observed in the 
natural pasture. Nowadays, legumes are consid-
ered important components of the strategy for 
increasing production and sustainability of the 
“montado” ecosystem and symbiotic N2 fixation 
is a major process of providing N to the soils. 
Thus, factors affecting this process should be take 
in account and avoided.
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