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Abstract 
 

The distribution of fine roots in the soil profile has important implications related to water and nutrient uptake. The 
objective of this study was to compare the effects of different arbuscular mycorrhizal fungi (AMF) on the fine root dynamics 
of Medicago sativa L. cv. Sanditi. We used minirhizotrons to observe changes in fine root length density (FRLD, mm/cm2) 
and fine root surface area density (FRSAD, mm2/cm2) during the growing season. Fine root P concentrations and turnover 
rate were also measured. The colonization rate of fine roots varied depending on the AMF species. Colonization rates were 
highest when roots were inoculated with Glomus mosseae and lowest when roots were inoculated G. intraradices. 
Inoculation with AMF significantly increased both FRLD and FRSAD. G. versiforme increased FRLD and FRSAD most, 
whereas G. mosseae had the least effect. Inoculation with AMF also decreased fine root turnover rates. Inoculation with a 
mixture of AMF species increased fine root turnover and P concentrations more than inoculation with a single AMF species. 
Fine root length density increased to a maximum on Aug. 6 and then decreased. In comparison, FRSAD exhibited two peaks 
during the growing season. Overall, the results indicated that inoculation with AMF can significantly promote fine root 
growth and P uptake by alfalfa growing on soil with low P availability. The AMF may preserve fine root function late in the 
growing season.  
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Plant roots are important because of their involvement 
in (i) the absorption of water and nutrients from the soil, (ii) 
the synthesis of some organic compounds, and (iii) the 
transport and storage of carbohydrates and nutrients (Liu, 
2009; Wu et al., 2011). Fine roots (i.e., roots that are < 2 
mm in diam) make up only a small proportion of total plant 
biomass; however the investment of C in the development 
of fine roots has important implications related to water and 
nutrient uptake (Comas et al., 2002; Zangaro et al., 2008). 
Fine roots are also a major component of C and nutrient 
cycles in terrestrial ecosystems (Shi et al., 2007; Son & 
Hwang, 2003).  

Fine root function is affected by biotic and abiotic 
factors. The effects of soil microbial activity are 
especially important (Yao et al., 2009; Wu et al., 2010). A 
symbiotic relationship exists between arbuscular 
mycorrhizal fungi (AMF) and plant roots. Arbuscular 
mycorrhizal fungi promote the growth of their host plants 
by increasing water and nutrient uptake (Wu et al., 2011). 
The host plants aid AMF by providing energy in the form 
of carbohydrates. Many plant species in natural 
ecosystems rely heavily on AMF for water and nutrient 
uptake (Read & Perez-Moreno, 2003; Hinsinger et al., 
2005). The hyphae of AMF can acquire nutrients from 
well beyond the limits of the rhizosphere depletion zone 
(Li et al., 1991). Reports also indicate that AMF can 
reduce biological stresses on the host plant (Zangaro et 
al., 2008), increase plant tolerance to drought, and 
improve root longevity (Eissenstat et al., 2000) and 
decrease the fine root turnover rate. 

Arbuscular mycorrhizal fungi can modify the root 
architecture and morphology of their host plants; 
however, reports are inconsistent about the exact 

modifications. Studies have shown that plants with short 
roots and larger diameter fine roots benefit more from 
symbiosis with AMF than do plants with long roots and 
smaller diameter fine roots (Zangaro et al., 2007). 
Mycorrhizal root colonization is reported to be negatively 
correlated with fine-root diameter in fertile and in infertile 
soil (Zangaro et al., 2007). 

Alfalfa (Medicago sativa L.) has a large root system. 
Many lateral roots of alfalfa are colonized by AMF. These 
AMF improve both the persistence and the aboveground 
biomass production of the alfalfa. The physiological 
function of fine roots may be better reflected by fine root 
length density (FRLD, length of fine roots per unit area) 
and fine root surface area density (FRSAD, surface area 
of fine roots per unit area) than by biomass. 
Minirhizotrons permit the observation of roots in situ, 
with minimal disturbance to surrounding soil (López et 
al., 2001; Baslam et al., 2012). This makes it possible to 
observe temporal changes in the number, length, area, and 
diameter of fine roots without disturbing the soil or 
damaging the roots. The objectives of this experiment 
were (i) to compare the ability of different AMF species 
to colonize alfalfa roots, (ii) to measure seasonal changes 
in the FRLD and FRSAD of alfalfa inoculated with 
different AMF species and (iii) to determine the 
relationship between AMF and fine root P concentrations 
per unit surface area. 
 
Materials and Methods 
 
Preliminary survey: We isolated AMF fungi from the 
rhizosphere of alfalfa growing in 21 fields near Shihezi 
City, Xinjiang Province, China (44°18′N, 86°03′E, 399 m 
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a.s.l). Three AMF species (Acaulospora, Glomus and 
Scutellaspora) were observed most often in the samples. 
Among these three species, Glomus had the highest 
frequency of occurrence (Table 1). Therefore, we chose to 
use Glomus in the experiment described below.  
 

Table 1. Frequency of occurrence of arbuscular mycorrhizal 
fungi in the rhizosphere of alfalfa growing in 21 fields near 

Shihezi City, Xinjiang Province, China. 

Species Frequency 
(%) Species Frequency 

(%) 
A. foveata 50 S. pellucida 25 
A. laevi 25 S. calospora 25 
G. claroideum 25 G. versiforme 100 
G. mosseae 75 G. caledonium 25 
G. intraradices 75 G. etunicatum 50 
 
Greenhouse experiment: Five inoculation treatments 
were compared in this study. In four of the treatments, the 
alfalfa plants were inoculated with a single species of 
Glomus: G. mosseae (Gm), G. intraradices (Gi), G. 
etunicatum (Ge), or G. versiforme (Gv). In the fifth 
inoculation treatment, the alfalfa plants were inoculated 
with a mixture of six Glomus spp: G. mosseae, G. 
intraradices, G. etunicatum, G. cladoideum, G.. 
microagregatum and G. caledonium. The AMF species 
were provided by the Mycorrhiza Laboratory, Qingdao 
Agricultural University, Qingdao, China. 

Alfalfa seeds (cv. ‘Sanditi’) were surface sterilized in 
10% H2O2 for 10 minutes, washed five times in distilled 
water (2 min each time), and then cultured in an incubator 
at 25ºC. After germination, the seeds were sown in plastic 
pots (14 cm diam × 25 cm tall) containing 1.5 kg 
sterilized loam soil. Ten grams of inoculum was added to 
each pot along with the germinated seeds and then both 
the seeds and inoculum were covered with an additional 
60 g sterilized soil. Uninoculated plants were used as a 
control. The treatments were arranged in completely 
randomized design and replicated 28 times. The pots were 
kept in a greenhouse with maximum photosynthetic active 
radiation of 1,200 μmol m-2 s-1 and a temperature of 
25±2ºC. The soil water content of the pots was kept at 
65~75% (w/w) of field water capacity.  
 
Field experiment: The field portion of this experiment 
was conducted near Shihezi University. The average frost 
free period in the area is 170 d. The mean annual 
temperature is 6.9°C. Annual precipitation ranges 
between 125 and 208 mm. The soil at the site is a heavy 
loam soil with the following characteristics: pH, 7.79; 
organic C, 18.4 g·kg-1; alkali hydrolysable N, 75.3 mg·kg-

1; available P, 5.27 mg·kg-1; and available K, 195 mg·kg-1.  
The experiment site was divided into 1.5 m × 3 m 

plots. A transparent acrylic tube (1.00 m long and 6.4 cm 
diam) was installed at a 45° angle to the ground surface of 
each plot in 2012. A 10 cm section of each tube protruded 
above the ground surface. This section was covered with 
duct tape to exclude light. A rubber stopper was put in the 
top of each tube.  

The AMF-inoculated plants were transplanted to the 
plots in 4 May, 2013. Each treatment was replicated three 
times. The soil temperature in each plot was recorded at 
the 15 cm depth of plot throughout the growing season. 

Images of fine roots on the upper surfaces of the tubes 
were taken with a digital camera system (CI-600; In-Situ 
Root Imager, CID Bio-Science, Camas, WA, USA) on seven 
dates: 25 June, 19 July, 6 Aug, 22 Aug, 6 Sep, 24 Sep and 10 
Oct 2013. The images of the fine roots were traced manually 
using a mouse. The length, mean diameter, and surface area 
of the fine roots were determined using image-analysis 
software (WinRHIZO Tron MF; Regent Instruments, 
Quebec, Canada). The size of each observation window was 
21.59 cm × 19.56 cm. The FRLD and FRSAD were 
estimated using the following formulas:  
 

FRLD (mm·cm-2) = FRL (mm) / A (cm2) 
 

FRSAD (mm2·cm-2) = FRA (mm2) / A(cm2) 
 
where FRL is fine root length, FRA is fine root surface 
area, and A is the area of the observation window (421.71 
cm2). Only live roots were measured in this study.  
 

Bulk root samples were collected on each sample date 
by excavating the soil around five plants to a depth of 15 
cm. The soil was washed from the roots by wrapping 
plastic mesh around the sample and gently massaging the 
sample under water until only roots and debris were left 
within the mesh enclosure (Julia et al., 2010). The fresh 
fine roots were picked by hand from the samples and 
washed with distilled water. The fine roots were cleared in 
10% KOH for 1 h at 80ºC, acidified with 1% HCl for 15 
min, and then stained with trypan blue in lactoglycerol 
(0.05%). Roots were left in clear lactoglycerol overnight, 
and then 1 cm pieces of the roots were placed on 
microscope slides. The percent colonization was measured 
using the gridline intersect method as described by Lutgen 
et al. (2003). 

Fine root P concentrations were determined using 
samples collected on 10 Oct. After washing the fine roots, 
they were dried in an oven at 60°C for about 12 h until they 
reached a constant weight. The P content of the fine root 
samples was measured with the molybdate blue method 
(Murphy & Riley, 1962). The dry weight of the alfalfa 
shoots was also determined on 10 Oct. 
 
Data analysis: One way analysis of variance was 
performed using SPSS 18.0 software (SPSS, Chicago, IL, 
USA). Multiple comparisons of means were performed 
using least significant difference tests at the 5% level. 
Results are presented as means ± SE. 
 
Results 
 
AMF colonization: No AMF were observed in the 
uninoculated treatment (Fig. 1a). Colonization rates in the 
inoculated treatments varied significantly across time. The 
colonization rates were lowest (14.2 to 29.8%) on 19 July. 
Colonization rates then increased to between 49.1 and 
86.2% on 24 Sep. Colonization rates decreased between 
24 Sep and 10 Oct. 

Colonization rates averaged across the entire growing 
season varied significantly among the AMF species (Fig. 
1b). The Gm-inoculated treatments had the highest 
average colonization rate (42.3%). The differences among 
the Gv, Ge, and mixed inoculum treatments were not 
significant. The Gi treatment had the lowest average 
colonization rate (31.3%). 
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Fig. 1. Colonization rates of fine alfalfa roots after inoculation 
with mycorrhizal Glomus. (a) Average colonization rate for the 
entire growing season. (b) Colonization rate on each sample 
date. Abbreviations: CK, uninoculated; Gm, G. mosseae; Gi, G. 
intraradices; Ge, G. etunicatum; Gv, G. versiforme. Plants in the 
mixed treatment were inoculated with six Glomus spp: G. 
mosseae, G. intraradices, G. etunicatum, G. cladoideum, G.. 
microagregatum and G. caledonium. Error bars represent SE. 

 
 
Fig. 2. Fine root length density (FRLD) of alfalfa roots after 
inoculation with mycorrhizal Glomus. (a) Average FRLD for the 
entire growing season. (b) FRLD on each sample date. 
Abbreviations: CK, uninoculated; Gm, G. mosseae; Gi, G. 
intraradices; Ge, G. etunicatum; Gv, G. versiforme. Plants in the 
mixed treatment were inoculated with a mixture of six Glomus 
spp: G. mosseae, G. intraradices, G. etunicatum, G. cladoideum, 
G.. microagregatum and G. caledonium. Error bars represent SE. 

 
Fine root length density: Inoculation with AMF 
generally increased FRLD (Fig. 2a). Among the 
inoculated treatments, FRLD was highest in Gv-
inoculated plants treatment (3.441 mm·cm-2) and lowest in 
Gm-inoculated   plants (2.181 mm·cm-2). There were no 
significant differences among the Ge, Gi and mixed 
inoculum treatments. The FRLD was lowest in 
uninoculated plants (2.035 mm·cm-2).  

Fine root length density changed significantly during 
the growing season (Fig. 2b). The FRLD of Gm- and Gv-
inoculated plants were highest on 19 Jul (2.976 mm·cm-2 
and 4.251 mm·cm-2). In comparison, the fine root length 
densities of Ge- and Gi- and uninoculated plants were 
highest on 6 Aug (4.470, 3.952, and 3.036 mm·cm-2, 
respectively). The FRLD of plants in the mixed inoculum 
treatment had two peaks (3.469 mm·cm-2 on 19 July and 
3.444 mm·cm-2 on 6 Sep). The FRLD decreased in all 
treatments between 6 Aug and 24 Sep. The FRLD of Gi-, 
and Gm-inoculated plants increased between 24 Sep  and 
10 Oct, whereas the FRLD of the other species remained 
the same or decreased. 
 
Fine root surface area density: The fine root surface 
area density was significantly affected by the AMF 
species (Fig 3a). Averaged across the growing season, Gv-
inoculated plants had the highest FRSAD (5.9381 
mm2·cm-2), whereas Gm-inoculated plants had the lowest 

FRSAD (3.7069 mm2·cm-2). There was no significant 
difference among the Ge-, Gi- and 6G-inoculated plants.  

The FRSAD was generally highest on 6 Aug (Fig. 
3b). The exception was Gm-inoculated plants, which 
reached their maximum on 19 July. The FRSAD 
decreased in all treatments between 6 Aug and early 6 
Sep and then generally increased during the remainder 
of the growing season (except for Gv- and Gm-
inoculated plants).  
 
Fine root turnover rate and P concentrations: Total 
fine root turnover rate was highest for in uninoculated 
plants (1.19 year-1), followed by the mixed inoculum 
treatments (0.99 year-1), Ge-(0.75 year -1), Gi-(0.56 year-

1), Gm-(0.39 year-1) and Gv-inoculated plants (0.18 year-

1) (Fig. 4). Fine root P concentrations per unit surface 
area were significantly highest in the mixed inoculum 
treatment (7.58±0.37 mg P/cm2) and lowest in the 
uninoculated treatment (3.77±0.02 mg P/cm2). The 
differences among the Gm, Gi, and Ge treatments were 
not significant (Fig. 5). 
 
Shoot biomass production: Shoot dry weight was less in 
the uninoculated plants than in the AMF inoculated plants 
(Fig. 6). There were significant differences among the AMF 
treatments, with 6G-inoculated plants having the greatest 
biomass and Gi-inoculated plants having the least biomass. 
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Fig. 3. Fine root surface area density (FRSAD) of alfalfa roots 
after inoculation with mycorrhizal Glomus. (a) Average FRSAD 
for the entire growing season. (b) FRSAD on each sample date. 
Abbreviations: CK, uninoculated; Gm, G. mosseae; Gi, G. 
intraradices; Ge, G. etunicatum; Gv, G. versiforme. Plants in the 
mixed treatment were inoculated with a mixture of six Glomus 
spp: G. mosseae, G. intraradices, G. etunicatum, G. cladoideum, 
G.. microagregatum and G. caledonium. Error bars represent SE. 
 

 
 
Fig. 4. Effect of mycorrhizal Glomus spp. on the fine root 
turnover rate of alfalfa. Abbreviations: CK, uninoculated; Gm, 
G. mosseae; Gi, G. intraradices; Ge, G. etunicatum; Gv, G. 
versiforme. Plants in the mixed treatment were inoculated with a 
mixture of six Glomus spp: G. mosseae, G. intraradices, G. 
etunicatum, G. cladoideum, G.. microagregatum and G. 
caledonium. Error bars represent SE. 
 
Discussion 
 

The colonization rates of fine roots differed 
significantly among the AMF species, with plants in the 
Gm and mixed inoculum treatments having the highest 
colonization rates in this study. The Gi treatment had the 
lowest colonization rate. A previous study indicated that 
colonization of bermudagrass were higher when plants 

were inoculated with a single AMF species rather than a 
mixture of AMF species (Ye et al., 2013). However, our 
results suggest that the symbiotic effects were best when 
alfalfa was treated with a mixed inoculum of AMF.  

The colonization rates of fine alfalfa roots by AMF 
declined between 25 June and 19 July, and then rose 
steadily until 24 September. A previous report indicated 
that AMF colonization of fine grape roots increased after 
budbreak and generally remained high until the end of the 
growing season (Schreiner et al., 2007). In contrast, 
Bohrer et al. (2004) observed that AMF colonization rates 
in a wetland ecosystem were highest in March and April 
and lowest in August and September. The different 
seasonal patterns may be related to either plant species or 
environmental factors. The colonization rates in our study 
declined during the last weeks of the growing season. 
This is probably related to soil temperature, which 
declined from 24ºC on 30 Aug to 11ºC on10 Oct. 

 

 
 
Fig. 5. Fine root P concentration of alfalfa roots on Oct 10. 
Abbreviations: CK, uninoculated; Gm, G. mosseae; Gi, G. 
intraradices; Ge, G. etunicatum; Gv, G. versiforme. Plants in the 
mixed treatment were inoculated with a mixture of six Glomus 
spp: G. mosseae, G. intraradices, G. etunicatum, G. cladoideum, 
G.. microagregatum and G. caledonium. Error bars represent SE. 
 

 
 
Fig. 6. Effect of mycorrhizal Glomus spp. on the above ground 
dry weight of alfalfa on Oct 10. Abbreviations: CK, 
uninoculated; Gm, G. mosseae; Gi, G. intraradices; Ge, G. 
etunicatum; Gv, G. versiforme. Plants in the mixed treatment 
were inoculated with six Glomus spp: G. mosseae, G. 
intraradices, G. etunicatum, G. cladoideum, G.. microagregatum 
and G. caledonium. Error bars represent SE. 
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Both FRLD and FRSAD were significantly higher in 
AMF-inoculated plants than in uninoculated plants. This 
meant that AMF promoted root extension and increased 
fine root surface area. Similarly, Zangaro et al. (2008) 
reported that AMF root colonization was correlated with 
root morphology. In our study, FRLD and FRSAD were 
highest in plants inoculated with either Gi, Ge, or Gv. In 
contrast, Gm-inoculated plants generally had the lowest 
FRLD and FRSAD. The ability of AMF to promote root 
growth depends on many factors, including the ability of 
the AMF to colonize the roots, the AMF metabolic 
activity, and the length and spatial distribution of the 
AMF hyphae. 

Our study indicated that FRLD and FRSAD varied 
significantly during the growing season. Both variables 
increased from late June until early August. This was 
expected because it was a time of vigorous plant growth. 
The two variables exhibited different patterns after 6 
August. The FRLD decreased steadily from 6 August  
until the end of the growing season. In contrast, FRSAD 
generally increased on the two last two sample dates.  

The decline in FRLD may be attributed to a decrease 
in the amount of photosynthate available to the root 
system at the end of the growing season and the shedding 
of small fine roots (Pregitzer et al., 2000). We observed 
that many leaves began to drop from the alfalfa plants in 
mid- to late September. Soil temperatures also declined 
rapidly after 30 August and this would also contribute to a 
decline in FRLD (Pregitzer et al., 2000). It is important to 
note that FRLD during the last part of the growing season 
was still significantly higher in inoculated plants than in 
uninoculated plants. This suggested that the AMF either 
increased the longevity of the fine roots or promoted new 
fine root growth.  

The increase in FRSAD on the last two sample dates 
may be attributed to an overall shortening and thickening 
of roots that occurs in fall (Kaspar & Bland, 1992). These 
changes may help the roots adapt to lower temperatures 
by reducing root respiration (Pregitzer et al., 2000; 
Hendrick & Pergitzer, 1993). Another explanation for 
thickening is that carbohydrates are being stored in the 
roos to meet plant needs in early spring before the leaves 
fully expand (Pregitzer, 2003).  

In our study, AMF colonization significantly 
decreased the turnover rate of fine alfalfa roots. 
Furthermore, the turnover rates of fine roots differed 
significantly among the AMF treatments. In contrast, 
Hodge et al. (2000) found that AMF colonization did not 
affect the longevity of P. lanceolata roots. This suggests 
that the effect of AMF colonization on root turnover 
depends upon the species. The rapid turnover of fine 
alfalfa roots in the uninoculated treatment suggests that 
plants must continually produce new fine roots to replace 
the old ones in order to maintain vigorous growth. One 
hypothesis is that fine root turnover rate increases with 
nutrient availability (Pregitzer et al., 1995). Our results 
showed that the turnover rate of AMF inoculated roots 
increased as fine root P concentrations per unit surface 
area increased. A previous study by Son & Hwang, (2003) 
indicated that longevity of fine L. leptolepis roots 
decreased as soil nutrient availability increased.  

Fine root P concentrations per unit surface area and 
shoot biomass were both significantly higher in AMF-
inoculated plants than in uninoculated plants. Plants 
inoculated with mixed inoculum or Gm had the highest 
fine root P concentrations and shoot biomass. These 
plants also had the highest AMF colonization rates in our 
study. This suggests that the AMF promoted shoot growth 
by taking up P from the soil and transporting it to the 
alfalfa roots. Interesting, plants in the mixed inoculum 
and Gm treatments did not have the highest FRLD and the 
FRSAD in this study. Previous reports have emphasized 
the importance of fine roots, and especially fine root 
surface area, on nutrient uptake (Marschner, 1998). This 
may be true, but our results suggest that that the AMF 
were more important to P uptake than fine roots.  
 
Conclusion 
 

Our results indicate that mycorrhizal Glomus spp 
differ significantly both in their ability to colonize 
alfalfa roots and in their ability to promote alfalfa root 
growth and P uptake. The beneficial effects were greater 
when plants were inoculated with a mixture of Glomus 
spp rather than a single species. The AMF decreased 
root turnover rates; however, the highest root P 
concentrations were observed in alfalfa plants with 
slightly lower FRSAD. This suggests that the AMF are 
more important than fine root surface area to P uptake. 
The FRLD at the end of the season was higher in AMF 
inoculated plants than in uninoculated plants, suggesting 
that AMF preserved the function of fine roots late in the 
growing season.  
 
Acknowledgement 
 

This work was financially supported by the Research 
Fund for the Doctoral Program of the Xinjiang Production 
and Construction Corps Number: 2012BB017, and China 
Forage and Grass Research System and Construction 
Corps Number: CARS-35. 
 
Reference 
 
Baslam, M., G. Erice and N. Goicoechea. 2012. Impact of 

arbuscular mycorrhizal fungi (AMF) and atmospheric CO2 
concentration on the biomass production and partitioning in 
the forage legume alfalfa. Symbiosis., 58: 171-181. 

Bohrer, K.E., C.F. Friese and J.P. Amon. 2004. Seasonal 
dynamics of arbuscular mycorrhizal fungi in differing 
wetland habitats. Mycorrhiza., 14: 329-337. 

Comas, L.H., T.J. Bouma and D.M. Eissenstat. 2002. Linking 
root traits to potential growth rate in six temperate tree 
species. Oecologia., 132: 34-43. 

Eissenstat, D.M., C.E. Wells, R.D. Yanai and J.L. Whitbeck. 
2000. Building roots in a changing environment: 
implications for root longevity. New Phytol., 147: 33-42. 

Hendrick, R.L. and K.S. Pregitzer. 1993. Patterns of fine root 
mortality in two sugar maple forests. Nature, 361: 59-61. 

Hinsinger, P., G.R. Gobran, P.J. Gregory and W.W. Wenzel. 
2005. Rhizosphere geometry and heterogeneity arising 
from root-mediated physical and chemical processes. New 
Phytol., 168: 293-303. 



AITIAN REN ET AL.,  798

Hodge, A., D. Robinson and A.H. Fitter. 2000. An arbuscular 
mycorrhizal inoculum enhances root proliferation in, but 
not nitrogen capture from, nutrient-rich patches in soil. New 
Phytol., 145: 575-584. 

Julia, M.B., L.W. Fran and J.S. Steven. 2010. Arbuscular 
mycorrhizal fungi colonization and phosphorus nutrition in 
organic field pea and lentil. Mycorrhiza., 20: 541-549. 

Kaspar, T.C. and W.L. Bland. 1992. Soil-temperature and root-
growth. Soil Sci., 154: 290-299. 

Li, X.L., E. George and H. Marschner. 1991. Extension of the 
phosphorus depletion zone in VAM white clover in a 
calcareous soil. Plant Soil, 136: 41-48. 

Liu, W.K. 2009. Correlation between specific fine root length 
and mycorrhizal colonization of maize in different soil 
types. Frontiers of Agriculture in China, 3: 13-15. 

López, B., S. Sabaté and C.A. Gracia. 2001. Vertical distribution 
of fine root density, length density, area index and mean 
diameter in a Quercus ilex forest. Tree Physiol., 21: 555-560. 

Lutgen, E.R., D. Muir-Clairmont, J. Graham and M.C. Rillig. 2003. 
Seasonality of arbuscular mycorrhizal hyphae and glomalin in 
a western Montana grassland. Plant Soil, 257: 71-83. 

Marschner, H. 1998. Role of root growth, arbuscular 
mycorrhiza, and root exudates for the efficiency in nutrient 
acquisition. Field Crop Res., 56: 203-207. 

Murphy, J. and J.P. Riley. 1962. A modified single solution 
method for the determination of phosphate in natural water. 
Anal. Chim. Acta., 27: 31-36. 

Pregitzer, K.S. 2003. Woody plants, carbon allocation and fine 
roots. New Phytol., 158: 421-424. 

Pregitzer, K.S., D.R. Zak, P.S. Curtis, M.E. Kubiske, J.A.Teeri 
and C.S. Vogel. 1995. Atmospheric CO2, soil nitrogen and 
turnover of fine roots. New Phytol., 129: 579-585. 

Pregitzer, K.S., J.S. King, A.J. Burton and S.E. Brown. 2000. 
Responses of tree fine roots to temperature. New Phytol., 
147: 105-115. 

Read, D.J. and J. Perez-Moreno. 2003. Mycorrhizas and nutrient 
cycling in ecosystems-a journey towards relevance? New 
Phytol., 157: 475-492. 

Schreiner, R.P, J.M. Tarara and R.P. Smithyman. 2007. Deficit 
irrigation promotes arbuscular colonization of fine roots by 
mycorrhizal fungi in grapevines (Vitis vinifera L.) in an arid 
climate. Mycorrhiza., 17: 551-562. 

Shi, J.W., M.B. Wang, L.H. Yu, Y.P. Zhang and G.M. Zhang. 
2007. Effects of soil available nitrogen and related factors 
on plant fine root. Chinese J. Ecol.., 26: 1634-1639.  

Son, Y. and J.H. Hwang. 2003. Fine root biomass, production 
and turnover in a fertilized Larix leptolepis plantation in 
central Korea. Ecol. Res., 18: 339-346. 

Wu, Q.S., Y.N. Zou and X.H. He. 2010. Contributions of 
arbuscular mycorrhizal fungi to growth, photosynthesis, 
root morphology and ionic balance of citrus seedlings 
under salt stress. Acta Physiol Plant., 32: 297-304. 

Wu, Q.S., Y.N. Zou, X.H. He and P. Lou. 2011. Arbuscular 
mycorrhizal fungi can alter some root characters and 
physiological status in trifoliate orange (Poncirus trifoliata 
L. Raf.) seedlings. Plant Growth Regul., 65: 273-278. 

Yao, Q., L.R. Wang, H.H. Zhu and J.Z. Chen. 2009. Effect of 
arbusuclar mycorrhizal fungal inoculation on root system 
architecture of trifoliate orange (Poncirus trifoliata L. Raf.) 
seedlings. Sci. Hortic., 121: 458-461. 

Ye, S.P., X.H. Zeng, G.R. Xin, C.J. Bai, R.F. Luo and X.L. Liu. 
2013. Eeffect of arbuscular mycorrhizal fungi (AMF) on 
growth and regrowth of bermudagrass under different P 
supply levels. Acta Prataculturae Sinica., 22: 46-52. 

Zangaro, W., B.L. Assis, L.V. Rostirola, P.B. Souza, M.C. 
Gonçalves, G. Andrade and M.A. Nogueira. 2008. Changes 
in arbuscular mycorrhizal associations and fine root traits in 
sites under different plant successional phases in southern 
Brazil. Mycorrhiza, 19: 37-45. 

Zangaro, W., F.R. Nishidate, J. Vandresen, G. Andrade and M.A. 
Nogueira. 2007. Root mycorrhizal colonization and plant 
responsiveness arerelated to root plasticity, soil fertility and 
successional status of native woody species in southern 
Brazil. J.  Trop. Ecol., 23: 53-62. 

 
(Received for publication 8 November 2014) 


