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Abstract
Vegetation cover is an important factor in soil microbial community 

composition and activity. We compared the effects of dominant plant-
species cover in a semi-arid scrub environment in northern Patagonia. 
We compared indicators of a microbial community and activity under 
areas of Panicum urvilleanumand Neosparton aphyllumin La Payunia 
Provincial Reserve, Argentina. Soil parameters differed in their 
physicochemical components, playing an important role determining soil 
biotic compartments. Microbial community biomass and CO2 evolution 
react to changes in substrate availability determined by plant cover and 
soil pedological components. Our study showed that soil heterogeneity 
– plant cover – grazing activity interplay may be a main factor affecting 
soil microbial community function and is accountable to nutrient supply 
and soil stability. The high utilization of carboxylic acids, carbohydrates, 
and amino acids, and the difference in the ratio between them - are 
difficult to explain. The effect of plant cover, water-holding capacity, 
organic matter, pH, and soil properties on a soil microbial community 
could improve our understanding of the latter in low-production grazing 
areas. Better understanding of the patterns of soil characteristics and 
activity can facilitate environmental monitoring of the effects of wild 
guanaco (Lama guanicoe) populations, enhancing effective reserve 
management practices.

Keywords: Grazing, Lama guanicoe, Pruning, Vegetation cover.

Introduction
Plants play an important role in the structure and composition 

of ecological communities as primary producers and by regulating 
the input and distribution of organic matter [1,2]. The decomposition 
of organic matter is regulated by soil microflora plus the soil micro/
mesofauna, which play an important role in determining the rates of 
nutrient immobilization and recycling, all of which are key processes 
that affect the primary productivity of ecosystems. The productivity 
of plants is related to climate, and primary production and plant 
species richness are typically enhanced by higher water availability. 
The association between plant species diversity, their below-ground 
organic matter dynamics, and the species richness of soil biota on local 
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scales across a broad gradient in the La Payunia semi-arid 
desert, has received very little attention. The La Payunia 
Reserve area contains the largest Lama guanicoe population 
(26,000 individuals) in the world [3].  That large population 
of herbivores consumes a large but unmeasured fraction 
of the net aboveground primary production.  According to 
Puig et al. [4], the L. guanicoe diet includes seventy-seven 
plant species, where the ratio between grasses and shrubs 
are changing with the altitudes. The proportion of grasses, 
mainly the Poa spp., are known to dominate (over 50%) 
in L. guanicoe diet consumption relative to shrub cover 
in a natural system. By grazing and pruning activity, the 
herbivory community affects the input of organic matter to 
the soil. Due to the great importance of soil microbes in key 
ecosystem processes, and their physiological complexity, 
which determines their ability to metabolize different 
organic compounds [5], basic knowledge of the functional 
diversity of soil microfloral communities over the entire 
range of the climatic gradients of two dominant perennial 
plants, i.e., Panicum urvilleanum (tupe) and Neosparton 
aphyllum (solupe) [6], is needed. 

Ecologists have long considered abiotic factors to be 
important drivers of the structure and function of biotic 
components. The distribution of nutrients, plant debris, and 
soil biota in soil systems is highly heterogeneous, especially 
when open spaces between plants are compared with 
microsites under plants. There is less microbial biomass in 
open-space soil due to low populations of microbes when 
compared to microbial biomass under plants.  However, 
soil communities in open-space soil might be more diverse, 
as shown by Huston [7], who reported that low population 
density can result in increased diversity. 

Herbivores, such as Lama guanicoe, reduce plant biomass 
by grazing and/or browsing and trampling. These activities 
affect decomposition and the activity of soil microbes. Many 
of the characteristics of the plant community are likely 
to influence microbial functional diversity, biomass, 
CO2 production, and vice versa [8-10].

We examined the effect of a perennial grass, P. 
urvilleanum, and a perennial shrub, N. aphyllum, on soil 
microbial functional diversity at the northwestern and 
northeastern portions the La Payunia Provincial Reserve, 
Patagonia. Three areas characterized by similar plant cover 
were selected at each site. The two sites were selected 
based on their geomorphological components. Vegetation 
at the northwestern site consists of high shrubland situated 
on sandy-soil grass steppe plains. At the northeastern site, 
vegetation is low shrubland and high grassland located on 
sandy soil and scoria (basaltic) plains.

The objective of this study was to determine the changes 
in soil microbial-community-level physiological profiles 
(CLPPs) at the upper soil layer (0-10 cm) in the vicinity 
of P. urvilleanum, the most widespread grazed grass, and  
N. aphyllum, an abundant browsed and endemic shrub in 
a desert system, representing two geomorphological and 
phytogeographical regions. We hypothesized that (1) the 
perennial grass and perennial shrub will have different 
effects on soil microbial functional diversity due to their 

different ecophysiological adaptations; and (2) microbial 
functional diversity will be correlated with the abiotic soil 
parameters. 

Study Sites
The study area is located in northern Patagonia, central-

west Argentina (between 36º00’ and 36°36’ S, and 68°34’ 
and 69°23’ W), and includes part of the 664,100 hectares 
of the La Payunia Reserve area. A gently undulating relief 
and vast flatlands, combined with areas of steeper hills 
and volcanic outcrops, dominate this area. The climate is 
continental desert, with mean temperatures of 6ºC in winter 
and 20ºC in summer, mean multi-annual precipitation of 198 
mm, and an elevation range between 1400 and 1700 a.s.l. 
According to Carretero [11], the vegetation is xerophytic, 
with 58% of the site coverage belonging to La Payunia 
phytogeographical province in the Andean-Patagonian 
domain. The herbaceous communities in the plains are 
dominated by Panicum urvilleanum, Stipa speciosa, and 
Sporobolus rigens, while slopes and basaltic scoria are mainly 
represented by Neosparton aphyllum and Ephedra ochreata 
shrub communities, which cover sandy plains as well. 

This study was carried out at the end of summer at two 
study sites chosen according to the different landscape 
physiognomies at the north of the reserve, i.e., sandy plains 
and basaltic scoria. Our goal was to select plots representative 
of the natural landscape in this region. 

Methods
The soil samples were collected along a 180-km transect. 

At each sampling site, soil samples from the 0-10 cm depth 
were collected beneath the canopy of P. urvilleanum and N. 
aphyllum, and placed in individual plastic bags (n=4). All 
soil samples were placed in an isolated cooler box during 
transport to the lab. At the lab, the samples were kept at 
-4°C and sieved over a 2-mm sieve in order to remove stones 
and plant residue before chemical, physical, and biological 
analysis.  

Soil moisture (SM) content was determined 
gravimetrically by drying soil samples for 72 h at 105ºC [12]. 

Soil water-holding capacity (WHC): One-hundred-gram 
dry soil samples were flooded with tap water in a bottom-
perforated vessel for five min. The WHC was inferred from 
the amount of residual water remaining following the 
infiltration of gravitation water.

Organic-matter content was determined by igniting 
samples at 490ºC for 8 h.

Soil pH was measured with a glass electrode using a 1:2 
soil:water ratio.

Microbial biomass and CO2 evolution were detected 
using the MicroRespTM plate method [13]. CO2 evolution 
was measured by dye plates – a colorimetric reaction using 
absorbent alkali with the ability to measure carbon dioxide 
evolution. The plates were read twice in a spectrophotometer 
at 590 nm: at Time 0 and one hour after that (Time 1). During 
that time, the plates were incubated in the dark at 27ºC. The 
result for each well was calculated compared to the 16th well, 
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sampling locations (Figure 1). The SM in the samples from 
all the NE sites collected beneath P. urvilleanum was (p<0.5) 
higher compared with the SM in soil collected in the vicinity 
of N. aphyllum. In contrast, at the three sampling locations 
at the NW site, the soil samples collected in the vicinity of 
the plants were found to show a strong heterogeneity.  A 
comparison between the two sampling sites indicated a 
non-significant difference between the SM in the vicinity of 
P. urvilleanum, while the SM in the vicinity of N. aphyllum 
demonstrated significant (P<0.5) differences between the 
two sites. No significant effect of plant species, sampling 
location, and the interaction between them was found on 
soil moisture (Table 2). 

The OM pattern was different from the SM pattern, 
where soil OM values under P. urvilleanum were significant 
(p<0.5) in most cases at both sites compared with the values 
found under N. aphyllum (Figure 1), leading to significant 
(p<0.0001) plant species, location (p<0.0003), and species × 
location (p<0.001) effects (Table 1).

The mean water-holding capacity (WHC) ranged from 
35.9 to 45.4%, with no significant differences between the 
plants and sampling site locations (Table 2). pH values ranged 
from 6.4 to 7.5, with no significant differences between soil 
samples. However, a significant (0.0001) sampling location × 
sampling plant species interaction (p<0.0001) was obtained, 
with no plant species effect found (Table 1). Although the 
existence of a strong effect and different trends on species, 
location and interaction between the two were found, no 
positive Pearson correlation (P<0.05) was established 
between the abiotic components. 

which contained the same soil sample and water, measuring 
the basal respiration with no carbon source at all. Glucose 
was added to determine microbial biomass according to the 
substrate-induced respiration method [14].  

The metabolic quotient (qCO2) was determined by 
calculating the ratio between basal respiration and microbial 
biomass. 

Shannon-Wiener index (H′): Analysis of community 
diversity was based on the equation H=∑ piln(pi), where pi 
is the proportion of species i in a sampling plot, and evenness 
(J = H/ Hmax), where Hmax is the maximum value of H for the 
number of species (S) present and Hmax = lnS) [15].

The community-level physiological profile (CLPP) was 
detected using the MicroResp™ plate [13]. Fifteen different 
carbon sources of carbohydrates, carboxylic acids, amino 
acids, and aromatic carboxylic acids (Table 1) were added to 
whole soil samples in deep well plates (0.07 g in each well). 
CO2 evolution was measured by dye plates — a colorimetric 
reaction using absorbent alkali with the ability to measure 
carbon dioxide evolution. The plates were read twice in a 
spectrophotometer at 590 nm: just before the plates were 
placed on the deep wells containing the ground (0.2 mm 
size) soil samples (time 0) and one hour after microbial 
respiration (which colonized the soil) (time 1). During that 
time, the plates were incubated in the dark at 27°C. The 
result for each well was calculated and compared to the 
16th well (which contained the same soil sample and water), 
measuring the basal respiration with no added carbon 
source.

Data analysis: All data were subjected to statistical 
analysis of variance using the SAS model (ANOVA, Duncan’s 
multiple range test, and Pearson correlation coefficient) and 
were used to evaluate differences between separate means. 
ANOVA was followed by Tukey’s HSD (honest significant 
difference) test to establish the significance of differences 
between the plot areas using the statistical package 
Statistica 6.3. Differences obtained at levels of P < 0.05 were 
considered significant.

In addition, redundancy analysis (RDA) was used to 
relate environmental factors such as, sampling site and 
sampling location with soil abiotic parameters and biotic 
variables, e.g., substrate utilization by using CANOCO, 
version 4.54 [16]. The Monte Carlo permutation (499) 
test was used to calculate the significance of any given 
relationship established between the environmental factors 
and the measured soil parameters [17]. RDA analysis 
produced graphic illustrations with arrows relating the 
environmental factors to their corresponding measured 
parameters. Arrows pointing in similar directions indicate 
a positive correlation, while arrows pointing in opposite 
directions indicate a negative one. The longer the arrow, the 
greater the significance of the relationship.

Results
Soil moisture and organic matter 

Soil moisture levels showed significant differences 
between the two vegetation cover types in four out of the six 

Aromatic carboxylic 
acids Amino acids Carbohydrates Carboxylic 

acids

3,4-Dihydroxybenzoic 
acid 

(Protocatechuic acid)

L-alanine 
Arginine 

L-cysteine HCl 
γ-amino butyric 

acid 
L-lysine 
N-acetyl-

glucosamine

L-arabinose 
D-fructose 
D-galactose 
D-glucose 
Trehalose

Citric acid 
L-malic acid 
Oxalic acid

Table 1: The different carbon sources added to soil samples and divided into 
chemical groups using the MicroRespTM technique.

Species Location Sp×Loc
F-test p-value F-test p-value F-test p-value

SM 0.59 NS 0.59 NS 0.93 NS
WHC 0.33 NS 1.12 NS 0.45 NS
OM 22.99 <0.0001 6.43 0.0003 5.28 0.0011
pH 3.78 0.0603 15.25 <0.0001 7.79 <0.0001

CO2 evol. 0.11 NS 11.53 <0.0001 10.57 <0.0001
MB 10.02 0.0034 17.12 <0.0001 27.75 <0.0001
H' 5.65 0.0262 14.98 <0.0001 2.6 0.0527

Aromatic acids 7.66 0.0096 7.28 0.0001 12.46 <0.0001
Amino acids 0.26 NS 2.91 0.0293 3.29 0.0174

Carbohydrates 0.26 NS 0.83 NS 1.37 NS
Carboxylic acids 1.17 NS 4.91 0.0025 6.43 0.0005

CLPP 0.02 NS 2.83 0.0368 4.08 0.0076
qCO2 2.69 NS 3.55 0.0125 4.35 0.0045

Table 2: Univariate analysis of variance (ANOVA) of soil abiotic and biotic 
variables in the soil samples collected in the vicinity of P. urvilleanum and N. 
aphyllum at the different locations, and the interaction between them.
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CO2 evolution and microbial biomass
Microbial respiration (MR) was found to behave 

differently depending on the plant species in the NW and the 
NE sites, where at the NW site, the maximum P. urilleanum 
CO2 mean values reached 0.99 µg C g-1 soil h-1, values that 
were higher compared with CO2 evolution from soil samples 
in the vicinity of N. aphyllum (Figure 2). The trend for the 
NE was the opposite, with a maximum CO2 evolution in 
soil samples beneath N. aphyllum reaching similar values 
to P. urvilleanum of 0.98 μg C g-1 soil h-1. These differences 
between the two plant cover types yielded a significant 
(p<0.05) difference between the two sites (NW and NE) for 
P. urvilleanum, with no significant differences between the 
sites for N. aphyllum (Figure 2). 

These differences were significantly (p<0.0001) affected 
by sampling location and plant species – location interface 
(Table 2). The MR values were significantly and positively 
correlated with the pH and OM of the soil, but not with the 
SM (Table 2).

Mean microbial biomass (MB) ranged from 8.11 to 
28.63 μg Cmic g-1 soil in samples obtained in the vicinity of  
P. urvilleanum, and from 4.34 to 71.29 μg Cmic g-1 soil in 
samples collected in the vicinity of N. aphyllum (Figure 
2). The difference between the lower and upper values of 
microbial biomass was 3.5 and over 15-fold for P. urvilleanum 
and N. aphyllum, respectively. A significant (p<0.001) 
difference was obtained for microbial biomass in the soil 
samples collected in the vicinity of the two plants along all 
sampling sites, where in half of the cases, P. urvilleanum 
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Figure 1: Changes in mean values (+SD) of soil moisture and organic matter in the vicinity of Panicum urvilleanum 
and Neosparton aphyllum at the six sampling sites and two locations (NW and NE). The six sites were CY – Cerro 
YPF; RA – Rincon Amarillo; and CA – Campamento – in the northwest location, and EZ – Entrada Zaino; PP – 
Pampa de los Pjaritos; and ZG – Zaino Guadalosos – in the northeast location. Letters signify Duncan’s multiple 
range test groupings (n = 4).
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Figure 2: Changes in mean values (+SD) of CO2 evolution (μg CO2 g-1 soil h-1), microbial biomass (μg C g- 1 soil), and  qCO2 – 
metabolic quotient (μg CO2 -C g-1 biomass C h-1) in soil samples obtained in the vicinity of Panicum urvilleanum and Neosparton 
aphyllum at the six sampling sites and two locations (NW and NE). The six sites were: CY – Cerro YPF; RA – Rincon Amarillo; and 
CA – Campamento – in the northwest location, and EZ – Entrada Zaino; PP – Pampa de los Pjaritos; and ZG – Zaino Guadalosos – in 
the northeast location. Letters signify Duncan’s multiple range test groupings (n = 4). 

was significantly higher, and in the other half, N. aphyllum 
was significantly higher. Although significant differences 
between the two plants were found, table 1 showed a strong 
and significant effect of location, sampling site, and the 
interplay between them.

The metabolic quotient (qCO2) exhibited an interesting 
trend, where no significant differences were found between 
the sampling locations at the NE sites, while at the NW sites, 
2 out of 3 sites exhibited significant differences (Figure 2). 
Significant differences between the NW and the NE sites 
were obtained only for N. aphyllum, where the location 
and the interplay between plant species and location were 

the ones that showed a significant effect on the metabolic 
quotient (Table 2).

Shannon-Wiener index (H′): Analysis of community 
diversity ranged from 0.94 to 2.41 and from 1.47 to 2.62 
for N. aphyllum and P. urvilleanum, respectively, yielding 
significant species, location and the interplay between the 
two effects. 
Community-level physiological profile (CLPP)

Mean values of the total CLPP substrate utilization rates 
for both plant cover types at each of the study sites (NW,  
35.7 mg CO2–C g soil-1 h-1; NE, 12.7 mg CO2–C g soil-1 h-1) 
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represented significantly (p<0.5) higher substrate utilization 
at the northwest site compared with the northeast site. The 
NW site exhibited higher substrate utilization in the soil 
sampled in the vicinity of P. urvilleanum, with a value of 15.9 
mg CO2–C g soil-1 h-1, while at the NE site, the CLPP under the 
same shrub was 7-fold lower (1.8 mg CO2–C g soil-1 h-1). For 
soil samples collected in the vicinity of N. aphyllum, the mean 
CLPP at the NW site were 19.7 mg CO2–C g soil-1 h-1, while at 
the NE site, the values in the vicinity of the same plant were 
two-fold lower, reaching a mean of 10.9 mg CO2–C g soil-1 h-1 
(Figure 3).

Significant differences in substrate utilization between 
the two shrubs were observed, where the P. urvilleanum 
soil microbial-community utilization rates exhibited a 
trend toward more amino-acid-based utilization, while the  
N. aphyllum soil microbial community exhibited a trend to 
utilize more carboxylic acids (Table 3). Moreover, the soil 
microbial community was found to utilize almost three-
fold higher amounts of amino acid substrates in the vicinity 
of P. urvilleanum (7.77 mg CO2–C g soil-1 h-1) compared 
with 2.93 mg CO2–C g soil-1 h-1) for the NW and NE sites, 
respectively. A similar trend was obtained for N. aphyllum, 
with values of 6.05 and 3.18 mg CO2–C g soil-1 h-1 for the 
NW and NE sites, respectively (Figure 3). Furthermore, the 
NW sites exhibited higher carboxylic substrate utilization 
in the vicinity of both plants compared with values 
obtained for the NE sampling sites: for P. urvilleanum: 
19.63 compared with 0.91 mg CO2–C g soil-1 h-1 for N. 

aphyllum; and for N. aphyllum: 32.3 compared with 3.49 mg  
CO2–C g soil-1 h-1 (Table 3). No significant utilization was 
observed for aromatic and carbohydrate substrates, 
although aromatic substrate utilization was significantly 
(p<0.009) correlated with plant species, sampling location 
(p< 0.0001), and the interaction between the two (p<0.0001). 
Amino substrates were significantly correlated (p<0.02) 
with location and the interaction between plant species 
and sampling location (Table 2). The general trend was of 
enhanced substrate utilization between the plants, as well as 
between the sites (Figure 3), with all substrate utilizations 
expressed as the relative percentage of the total substrate 
utilization. 

A general data analysis had showed a significant positive 
correlations between the SIR (substrate induced respiration) 
rates of most substrate groups, basal respiration rates, 
and microbial biomass at all sites and sampling locations 
were integrated (Table 4). Correspondingly, the evenness 
of substrate utilization was strongly positively correlated  
(P < 0.001) with basal respiration and (p<0.0001) microbial 
biomass. It is important to note, however, that the pH of the 
soils was significantly (p<0.001) correlated with both CO2 
evolution and microbial biomass, while only organic matter 
was found to be significantly correlated (p<0.01) with CO2 
evolution (Figure 4). It is surprising that no significant effect 
of soil moisture was observed, which can be due to the effect 
of the dry season, during which the samples were collected. 
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The Shannon-Weaver index (H’) was used to measure soil 
microbial functional diversity, with the values fluctuating 
between 1.47 and 2.41 in the soil collected in the vicinity 
of N. aphyllum compared with the samples collected in the 
vicinity of P. urvelli, where values ranged between 1.47 and 
2.28. No significant differences between the two plants were 
obtained. However, univariate analysis of variance (ANOVA) 
(Table 2) showed a significant location effect (p<0.0001). 

The results shown in table 3 highlight the importance of 
the environmental effect on the microbial community, and the 
interactions between them and extreme abiotic conditions. 
The microbial biomass, which is strongly correlated with 
organic matter availability and is also the food source for 
higher trophic levels, was found to be significantly related 
to all the components of substrate availability, with the 
exception of low significance to carbohydrate substrates. 

Redundancy discriminant analysis (RDA) produced 
a graphic illustration with arrows relating the biotic and 
abiotic variables to the sampling sites. Arrows pointing in 
similar directions indicate a positive correlation, while 
arrows pointing in opposite directions indicate a negative 
one. The longer the arrow, the greater the significance of 
the relationship. No significant trends were observed for 
sampling sites, which may be the result of relatively high 
soil heterogeneity. The two-plant species show opposite 
significance related to each other. N. aphyllum shows a 
closer relationship and affects OM and WHC, which is mostly 
represented by the PP (Pampa de los Pjaritos) site. All biotic 
components were found to be negatively (not significantly) 
affected by SM. All microbial activity such as MR, MB, and 
CLPP were significantly active at the RA (Rincon Amarillo) 
site, and very well correlated with the soil pH at the site. 

The RDA results presented in figure 5 exhibited four 
trends. First, the two sampling sites, NW and NE, as well as 
the two plants, N. aphyllum and P. urveli, show an opposite, 
similarly strong direction, elucidating the difference between 
the sites and plant species without habitat preference. 
Second, organic matter was found to be relatively strongly 
affected by N. aphyllum, accompanied by microbial biomass 
(MB) and, in some sense, by WHC, which is more related to 
the NE sampling sites. Third, microbial CO2 evolution, which 
can be seen to be correlated with soil moisture (SM) and 
soil pH, related to P. urvelli shrubs located at the NW sites, 
indicating a positive relationship between the variables, 
in contrast to OM and WHC. Fourth the CLPP (community-

level physiological profile – substrate utilization level) was 
represented by a longer arrow than that of MB and MR, and 
was located between the two, elucidating the significance 
of the different abiotic and biotic variables found at the NW 
sites.

Discussion
The guanaco L. guanicoe is one of the most adaptable wild 

ungulate grazers due to its use of environmental resources 
and resourceful food consumption [4].  Their feeding activity 
plays and important role, similar to that of other mammals, 
as demonstrated by Roth et al. [18], in re-establishment of 
grasses and contribution to the stability of the vegetation in 
xeric environments. The L. guanicoe grazing activities, based 
on field observation (personal observation), are found to be 
similar to the behavior of jackrabbit browsing, leaving plant 
parts on the ground, thus contributing to feedbacks that 
maintain the system [19]. The widespread recognition of the 
need to interpret processes on a multiple scale, where biotic 
components are re-examined with abiotic variables, yields a 

CO2 evol. MB Aromatic acids Amino acids Carbohydrates Carboxylic acids CLPP
SM NS NS NS NS NS NS NS
OM 0.346* NS NS NS NS NS NS
pH 0.392** 0.356** NS 0.36* NS NS NS

CO2 evol. - 0.690*** 0.424** 0.511*** 0.319* 0.444** 0.438**
MB - - 0.831*** 0.642*** 0.356* 0.758*** 0.689***

Aromatic acids - - - 0.766*** 0.413** 0.936*** 0.923***
Amino acids - - - - NS NS 0.931***

Carbohydrates - - - - - NS 0.453**
Carboxylic acids - - - - - - 0.995***

Soil moisture – SM; soil organic matter – OM; microbial biomass – MB. *p<0.01; **p<0.001; ***p<0.0001. All the variables that were not significant (NS) and not 
correlated, e.g., H', water-holding capacity (WHC), and qCO2, were deleted in order to make the table clearer.

Table 3.: Pearson correlation coefficients between soil physical properties, microbial activity, and soil substrate utilization.

Figure 4: Redundancy analysis (RDA) relating the two plant-cover (N.a - N. 
aphyllum and P.u - P. urvelli) sampling locations along the two sites (CY 
– Cerro YPF; RA – Rincon Amarillo; CA – Campamento; EZ – Entrada 
Zaino; PP – Pampa de los Pjaritos; and ZG – Zaino Guadalosos), soil abiotic 
parameters (SM – soil moisture; OM – organic matter; WHC – water-
holding capacity; and pH) indicated by dashed lines; and biotic parameters 
(MR – microbial CO2 evolution; CLPP – community-level physiological 
profile – substrate utilization) indicated by solid lines.
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between primary production and a soil biotic community 
is governed by above- and below-ground grazers that 
contribute to organic-matter availability and distribution 
for biochemical cycling – ecosystem balance [25-28]. In the 
present study, both plant-cover study sites showed a strong 
heterogeneity in most abiotic parameters. Soil moisture, 
as well as organic matter, were found to be the two main 
factors determining a soil microbial community. Significant 
differences in soil organic matter in the vicinity of desert 
perennials, as found in other studies conducted in desert 
systems, were linked to plant ecophysiological adaptation 
[23,29,30]. Moreover, Berg and Steinberger [31], Rodriguez-
Zaragoza et al. [32], Garmendia et al. [33], and Barness et al. 
[34] attributed the difference in soil organic matter in the 
plant vicinity to the relatively high performance in annual 
plant productivity beneath shrubs compared with open 
areas, supporting Garner and Steinberger’s [35]assumption 
that perennial plants create ‘islands of fertility’ that will 
determine microbial activity. 

Studies performed in the past determined that, in addition 
to environmental parameters, soil parental material, soil 
type [36,37], and pH [38] are among the most influential 
factors affecting a soil microbial community. The present 
study elucidates the importance of soil pH in a microbial 
community, shaping (correlated) microbial CO2 evolution, 
microbial biomass, as well as amino acid utilization and 
activity, and functional diversity.  

Based on multiple carbon-source substrate utilization, 
the CLPP values yielded data related to the whole soil 
community, reflecting the composition of functional groups 
in the soil at the different sampling locations and sites. 
Direct comparison between the substrate utilization an 
sampling sites was found to have a discriminatory ability 
to compare the samples collected in the vicinity of plants 
and at the different sites, as shown by Chapman et al. [39]. 
Multivariate analysis showed an understandable distinction 
between the sites that can be related to the soil pedological, 
physicochemical feature. One of the substrates that was to 
be significantly utilized at the NW sites was carboxylic acids, 
which not only stimulated soil microbial activity but also 
increased soil microbial-community functional diversity, 
although the pH of the soil was found to be similar at the 

Aromatic acids Amino acids Carbohydrates Carboxylic acids CLPP

N
or

th
w

es
t CY

N. aphyllum 0.16 0.27 0.16 1.73 2.32
P. urvilleanum 1.03 6.03 1.17 18.81 27.04

RA
N. aphyllum 2.91 5.70 0.82 30.45 39.88

P. urvilleanum 0.00 1.15 0.22 0.41 1.78

CA
N. aphyllum 0.05 0.08 0.09 0.12 0.34

P. urvilleanum 0.19 0.59 0.74 0.41 1.93

N
or

th
ea

st

EZ
N. aphyllum 0.44 0.47 1.08 1.03 3.02

P. urvilleanum 0.11 0.27 0.57 0.32 1.27

PP
N. aphyllum 0.42 2.70 0.71 2.33 6.16

P. urvilleanum 0.02 2.25 0.66 0.33 3.26

ZG
N. aphyllum 0.01 0.01 0.09 0.13 0.24

P. urvilleanum 0.00 0.41 0.20 0.26 0.87
Sampling sites: CY – Cerro YPF; RA – Rincon Amarillo; and CA - Campamento are part of the northwest location. EZ – Entrada Zaino; PP – Pampa de los Pjaritos; 
and ZG – Zaino Guadalosos are part of the northeast location.

Table 4: Mean values of substrate utilization (mg CO2–C g soil-1 h-1) of a microbial community in soil samples collected in the vicinity of N. aphyllum and P. 
urvilleanum at each sampling location and at each site of the La Payunia Reserve area.

-1.0 1.0

0.1-
1.0

SM

WHC
OM

pH

MR

MB

CLPP

P.u

N.a

NW

NE

Figure 5:  Redundancy analysis (RDA) relating the two plant-cover (N.a 
- N. aphyllum and P.u - P. urvelli) sampling locations at the two sites 
(NW – northwest sites and NE – northeast sites) indicated by solid lines; 
soil abiotic parameters (SM – soil moisture; OM – organic matter; WHC 
– water-holding capacity; and pH); and biotic parameters (MR – microbial 
CO2 evolution; CLPP – community-level physiological profile – substrate 
utilization) indicated by dashed lines.

better understanding of the role and functions of all systems, 
especially a terrestrial xeric ecosystem. Microbial activities 
in desert soils are highly dependent on soil physicochemical 
characteristics, such as temperature, pH, moisture 
availability, and organic matter availability [20-24]. Desert 
ecosystems are mainly characterized by unpredictable 
rainfall in time, space, and amount, leading to lack of moisture 
availability, which strongly determines the vegetative 
cover as well as the soil biotic components. Moreover, 
topography, soil mineralogical and fraction concentration, 
which are part of the soil milieu, play an important role in 
generating ecological niches with uncountable combinations 
between abiotic and biotic components. These interplays 
determine microbial-community density and composition 
for culturable and nonculturable inhabitants. Topography in 
xeric environments is one of the main factors influencing the 
microclimate and generates a diversity of ecological niches 
with uncountable combinations between temperature, 
solar radiation, and soil moisture availability. The interplay 
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different sites. These results were found to be different from 
Wang et al. [40] results, who showed, in a simulated study, 
that low pH (in the range of 5.0) significantly increased 
the microbial substrate utilization of carboxylic acids, 
carbohydrates, and amino acids.

RDA analysis showed that soil physicochemical 
components affecting soil type play an important role 
in determining a soil microbial community, followed by 
changes in utilization diversity of carbon sources (carboxylic 
acids, carbohydrates, amino acids, and aromatic acids). The 
relatively high utilization of the three carbon (carboxylic 
acids, carbohydrates, and amino acids) sources, and the 
difference in the ratio between them, are, at present, 
complicated and difficult to explain, although preliminary 
explanations can be related to the soil substrate, plant 
ecophysiological adaptation, trampling activity, soil particle 
ratio (silt, clay, sand) at the different sampling sites, etc. 

McGuire and Treseder [41], Allison et al. [42], and 
Carmey et al. [43] emphasized the importance of microbial-
community composition and dynamics as related to 
environmental effects. Despite the number of studies 
regarding microbiome, environmental plant-cover 
feedbacks [44], the significance of microbial community 
exploitation of accessible substrates, and their utilization in 
xeric environments remain unanswered. The importance of 
understanding in what way microbial functional responses 
will be affected in a heterogeneous soil natural environment 
cannot be overestimated. Significant differences in 
CLPP indicate that plant cover has a significant effect 
on the rate at which particular organic compounds are 
degraded. Differences in physiological profiles between 
the soil samples in the vicinity of plants were mainly due 
to the quantity, versatility in plant pruning, and chemical 
composition of the plants. Further research involving the 
quantitative measurement of L. guanicoe alteration between 
grazing, browsing, and carboxylic-acid concentrations in 
the litter during decomposition, as well as determination 
of the taxonomic structure of soil microbial communities, 
is needed to elucidate the mechanisms and contribute 
to understanding the stability underlying differential 
carboxylic-acid responses in soils in different systems.

Conclusion
Our study showed a soil microbial community that fulfils 

many functions in a terrestrial ecosystem, with an interplay 
between soil heterogeneity, plant cover, and grazing activity. 
In such a system, in which there is interaction between 
abiotic and biotic factors, a microbial community can be 
used as one of the main bioindicators of soil functionality 
across land-use types.

Acknowledgement
The authors thank the Department of Natural Resources 

of Mendoza Province for issuing the relevant permits to 
perform research assignments in the La Payunia nature 
reserve. We also acknowledge with thanks the collaboration 
of D. Panebianco for providing logistic field work support, 
and the students of the National University of Comahue 
(Settlement San Martin de los Andes) for their assistance 

during the laboratory analysis of samples.  Special thanks to 
Ms. Sharon Victor for her useful comments and preparation 
of the manuscript for publication.
References
1. Brooker RW, Maestre FT, Callaway RM, Lortie CL, Cavieres LA, et al. 

(2008) Facilitation in plant communities: the past, the present, and the 
future. Journal of Ecology 96: 18-34.

2. Soliveres S, Maestre FT, Bowker MA, Torices R, Quero JL, et al. (2014) 
Functional traits determine plant co-occurrence more than environment 
or evolutionary relatedness in global drylands. Perspectives in Plant 
Ecology, Evolution and Systematics 16: 164-173.

3. Schroeder N. (2013) Interaccion entre el guanaco (Lama guanicoe) y 
herbivoros domesticos en el paisaje de La Payunia (sur de Mendoza) 
Argentina). 

4. Puig S, Rosi MI, Videla F, Mendez E (2014) Food selection by the guanaco 
(Lama guanicoe) along an altitudinal gradient in the Southern Andean 
Precordillera (Argentina). Acta Theriologica 59: 541-551.

5. Ladygina N, Hedlund K (2010) Plant species influence microbial diversity 
and carbon allocation in the rhizosphere. Soil Biology and Biochemistry 
42: 162-168.

6. Garcia-Pausas J, Paterson E (2011) Microbial community abundance and 
structure are determinants of soil organic matter mineralisation in the 
presence of labile carbon. Soil Biology and Biochemistry 43: 1705-1713.

7. Huston M (1979) General hypothesis of species diversity. American 
Naturalist 113: 81-101.

8. Zak JC, Willig MR, Moorhead DL, Wildman HG (1994) Functional diversity 
of microbial communities: a quantitative approach. Soil Biology and 
Biochemistry 26: 1101-1108.

9. Oren A, Steinberger Y (2008) Catabolic profiles of soil fungal 
communities along a geographic climatic gradient in Israel. Soil Biol 
Biochem 40: 2578-2587.

10. Yu J, Steinberger Y (2012) Spatiotemporal changes in abiotic properties, 
microbial CO2 evolution, and biomass in playa and crust-covered 
interdune soils in a sand-dune desert ecosystem. European Journal of 
Soil Biology 50: 7-14.

11. Carretero MA (2004) From set menu to a la carte. Linking issues in 
trophic ecology of Mediterranean lacertids. Italian Journal of Zoology 
71: 121-133.

12. Black CA (1965) Methods of Soil Analysis: Part 1. Physical and 
Mineralogical Properties, Including Statistics of Measurement and 
Sampling. Madison, WI: American Society of Agronomy.

13. Campbell CD, Chapman SJ, Cameron CM, Davidson MS, Potts JM (2003) 
A rapid microtiter plate method to measure carbon dioxide evolved 
from carbon substrate amendments so as to determine the physiological 
profiles of soil microbial communities by using whole soil. Applied and 
Environmental Microbiology 69: 3593-3599.

14. Anderson JPE, Domsch KH (1978) Physiological method for quantitative 
measurement of microbial biomass in soils. Soil Biology and 
Biochemistry 10: 215-221.

15. Krebs CJ (1999) Ecological Methodology. Menlo Park, CA Addison 
Wesley Longman. 

16. ter Braak CJF (2005) Biometris - Quantitative Methods in the Life and 
Earth Sciences Wageninge. Plant Research International, Wageningen 
University and Research Centre, The Netherlands.

17. ter Braak CJF (1995) Ordination. Cambridge University Press UK.

18. Roth GA, Whitford WG, Steinberger Y (2007) Jackrabbit (Lepus 
californicus) herbivory changes dominance in desertified Chihuahuan 
Desert ecosystems. Journal of Arid Environments 70: 418-426.

19. Steinberger Y, Whitford WG (1983) The contribution of shrub pruning 
by jackrabbits to litter input in a Chihuahuan Desert ecosystem. Journal 
of Arid Environments 6: 183-187.

20. Buyanovsky G, Dicke M, Berwick P (1982) Soil environment and activity 
of soil microflora in the Negev Desert. Journal of Arid Environments 5: 
13-28.

https://doi.org/10.1111/j.1365-2745.2007.01295.x
https://doi.org/10.1111/j.1365-2745.2007.01295.x
https://doi.org/10.1016/j.ppees.2014.05.001
https://doi.org/10.1016/j.ppees.2014.05.001
https://doi.org/10.1016/j.ppees.2014.05.001
http://www.redalyc.org/articulo.oa?id=45728549028
http://www.redalyc.org/articulo.oa?id=45728549028
http://www.redalyc.org/articulo.oa?id=45728549028
http://dx.doi.org/10.1007/s13364-014-0191-z
http://dx.doi.org/10.1007/s13364-014-0191-z
http://dx.doi.org/10.1007/s13364-014-0191-z
https://doi.org/10.1016/j.soilbio.2009.10.009
https://doi.org/10.1016/j.soilbio.2009.10.009
https://doi.org/10.1016/j.soilbio.2009.10.009
https://doi.org/10.1016/j.soilbio.2011.04.016
https://doi.org/10.1016/j.soilbio.2011.04.016
https://doi.org/10.1016/j.soilbio.2011.04.016
https://doi.org/10.1086/283366
https://doi.org/10.1086/283366
https://doi.org/10.1016/0038-0717(94)90131-7
https://doi.org/10.1016/0038-0717(94)90131-7
https://doi.org/10.1016/0038-0717(94)90131-7
https://doi.org/10.1016/j.soilbio.2008.05.024
https://doi.org/10.1016/j.soilbio.2008.05.024
https://doi.org/10.1016/j.soilbio.2008.05.024
https://doi.org/10.1016/j.ejsobi.2011.11.007
https://doi.org/10.1016/j.ejsobi.2011.11.007
https://doi.org/10.1016/j.ejsobi.2011.11.007
https://doi.org/10.1016/j.ejsobi.2011.11.007
https://doi.org/10.1080/11250000409356621
https://doi.org/10.1080/11250000409356621
https://doi.org/10.1080/11250000409356621
http://dx.doi.org/10.2134/agronmonogr9.1.c1
http://dx.doi.org/10.2134/agronmonogr9.1.c1
http://dx.doi.org/10.2134/agronmonogr9.1.c1
http://dx.doi.org/10.1128/AEM.69.6.3593-3599.2003
http://dx.doi.org/10.1128/AEM.69.6.3593-3599.2003
http://dx.doi.org/10.1128/AEM.69.6.3593-3599.2003
http://dx.doi.org/10.1128/AEM.69.6.3593-3599.2003
https://doi.org/10.1016/0038-0717(78)90099-8
https://doi.org/10.1016/0038-0717(78)90099-8
https://doi.org/10.1016/0038-0717(78)90099-8
http://innovationinfo.org/journal-of-applied-microbiological-research/articles_inpress
http://innovationinfo.org/journal-of-applied-microbiological-research/articles_inpress
http://innovationinfo.org/journal-of-applied-microbiological-research/articles_inpress
http://innovationinfo.org/journal-of-applied-microbiological-research/articles_inpress
http://innovationinfo.org/journal-of-applied-microbiological-research/articles_inpress
http://innovationinfo.org/journal-of-applied-microbiological-research/articles_inpress
http://dx.doi.org/10.1016/j.jaridenv.2007.01.009
http://dx.doi.org/10.1016/j.jaridenv.2007.01.009
http://dx.doi.org/10.1016/j.jaridenv.2007.01.009
https://doi.org/10.1016/S0140-1963(18)31532-5
https://doi.org/10.1016/S0140-1963(18)31532-5
https://doi.org/10.1016/S0140-1963(18)31532-5
https://doi.org/10.1016/S0140-1963(18)31459-9
https://doi.org/10.1016/S0140-1963(18)31459-9
https://doi.org/10.1016/S0140-1963(18)31459-9


www. innovationinfo. org

42ISSN: 2581-7566

21. Parker L W, Miller J, Steinberger Y, Whitford WG (1983) Soil respiration 
in a Chihuhuan desert rangeland. Soil Biology and Biochemistry 15: 303-
309.

22. Parker LW, Freckman DW, Steinberger Y, Driggers L, Whitford WG 
(1984) Effects of simulated rainfall and litter quantities on desert soil 
biota: soil respiration, microflora and protozoa. Pedobiologia 27: 185-
195.

23. Whitford WG (2002) Ecology of Desert Systems. Academic Press, New 
York.

24. Grayston SJ, Campbell CD, Bardgett RD, Mawdsley JL, Clegg CD, et al. 
(2004) Assessing shifts in microbial community structure across a range 
of grasslands of differing management intensity using CLPP, PLFA and 
community DNA techniques. Applied Soil Ecology 25: 63-84.

25. Skujins JJ (1984) Microbial ecology of desert soils. Advances in Microbial 
Ecology 7: 49-91.

26. Sarig S, Steinberger Y (1993) Microbial pools of N and P under desert 
halophyte shrubs: Response to soil salinity. Beyond the biomass: 
Compositional and functional analysis of soil microbial communities. 

27. Coleman DC, Crossley DAJ, Hendrix PF (2004) Fundamentals of Soil 
Ecology. Elsevier, London.

28. Bhatnagar A, Bhatnagar M (2005) Microbial activity in desert 
ecosystems. Current Science 89: 91-100.

29. Evenari ME, Shanan L, Tadmor W (1982) The Negev: The Challenge of a 
Desert. Harvard University Press, Cambridge, MA.

30. Sarig S, Barness G, Steinberger Y (1994) Annual plant-growth and soil 
characteristics under desert halophyte canopy. Acta Oecologica 15: 521-
527.

31. Berg N, Steinberger Y (2008) Role of perennial plants in determining the 
activity of the microbial community in the Negev Desert ecosystem. Soil 
Biology and Biochemistry 40: 2686-2695.

32. Rodriguez-Zaragoza S, Mayzlish E, Steinberger Y (2005) Vertical 
distribution of the free-living amoeba population in soil under desert 
shrubs in the Negev Desert, Israel. Applied and Environmental 
Microbiology 71: 2053-2060.

33. Garmendia A, Garmendia L, Salvador A (2008) The importance of the 
intensity and frequency of perturbations on the germination delay. 

Mathematical Biosciences 211: 153-165.

34. Barness G, Zaragoza S, Shmueli I, Steinberger Y (2009) Vertical 
distribution of a soil microbial community as affected by plant 
ecophysiological adaptation in a desert system. Microbial Ecology 57: 
36-49.

35. Garner W, Steinberger Y (1989) A proposed mechanism for the 
formation of ‘Fertile Island’ in the desert ecosystem. Journal of Arid 
Environments 16: 257-262.

36. Cavigellil SA, Monfort SL, Whitney TK, Mechref YS, Novotny M, et 
al. (2005) Frequent serial fecal corticoid measures from rats reflect 
circadian and ovarian corticosterone rhythms. Journal of Endocrinology 
184: 153-163.

37. Ulrich A, Becker R (2006) Soil parent material is a key determinant of 
the bacterial community structure in arable soils. FEMS Microbiology 
Ecology 56: 430-443.

38. Griffiths RI, Thomson BC, James P, Bell T, Bailey M, et al. (2011) The 
bacterial biogeography of British soils. Environmental Microbiology 13: 
1642-1654.

39. Chapman SJ, Campbell CD, Artz RRE (2007) Assessing CLPPs using 
MicroReSp (TM) - A comparison with biolog and multi-SIR. Journal of 
Soils and Sediments 7: 406-410.

40. Wang PX, Mao J, Meng XY, Li XZ, Liu YY, et al. (2014) Changes in flavour 
characteristics and bacterial diversity during traditional fermentation of 
Chinese rice wines from Shaoxing region. Food Control 44: 58-63.

41. McGuire KL, Treseder KK (2010) Microbial communities and their 
relevance for ecosystem models: Decomposition as a case study. Soil 
Biology and Biochemistry 42: 529-535.

42. Allison SD, Hanson CA, Treseder KK (2007) Nitrogen fertilization 
reduces diversity and alters community structure of active fungi in 
boreal ecosystems. Soil Biology and Biochemistry 39: 1878-1887.

43. Carmey KM, Hungate BS, Drake BG, Megonigal JP (2007) Altered 
soil microbial commuity at elevated CO2 leads to loss of soil carbon. 
Proceeding of the National Academy of Sciences of the United States of 
America 104: 4990-4995.

44. Bardgett RD, Freeman C, Ostle NJ (2008) Microbial contributions to 
climate change through carbon cycle feedbacks. ISME Journal 2: 805-
814.

Citation: Carmanchahi P, Panebianco A, Jun Y, Suarez A, Gregorio P, et al. (2018) Functional Diversity of Soil Microbial Communities in the Vicinity of Panicum 
urvilleanumand Neosparton aphyllumin a Semi-arid Environment at La Payunia Provincial Reserve, North Patagonia. J Appl Microb Res Vol: 1, Issu: 2 (33-42).

https://doi.org/10.1016/0038-0717(83)90075-5
https://doi.org/10.1016/0038-0717(83)90075-5
https://doi.org/10.1016/0038-0717(83)90075-5
https://jornada.nmsu.edu/biblio/effects-simulated-rainfall-and-litter-quantities-desert-soil-biota-soil-respiration
https://jornada.nmsu.edu/biblio/effects-simulated-rainfall-and-litter-quantities-desert-soil-biota-soil-respiration
https://jornada.nmsu.edu/biblio/effects-simulated-rainfall-and-litter-quantities-desert-soil-biota-soil-respiration
https://www.elsevier.com/books/ecology-of-desert-systems/whitford/978-0-12-747261-4
https://www.elsevier.com/books/ecology-of-desert-systems/whitford/978-0-12-747261-4
https://doi.org/10.1016/S0929-1393(03)00098-2
https://doi.org/10.1016/S0929-1393(03)00098-2
https://doi.org/10.1016/S0929-1393(03)00098-2
https://link.springer.com/chapter/10.1007/978-1-4684-8989-7_2
https://link.springer.com/chapter/10.1007/978-1-4684-8989-7_2
http://innovationinfo.org/journal-of-applied-microbiological-research/aboutjournal
http://innovationinfo.org/journal-of-applied-microbiological-research/aboutjournal
http://innovationinfo.org/journal-of-applied-microbiological-research/aboutjournal
https://www.sciencedirect.com/book/9780121797263/fundamentals-of-soil-ecology
https://www.sciencedirect.com/book/9780121797263/fundamentals-of-soil-ecology
https://www.jstor.org/stable/24110435?seq=1#page_scan_tab_contents
https://www.jstor.org/stable/24110435?seq=1#page_scan_tab_contents
http://www.hup.harvard.edu/catalog.php?isbn=9780674419254
http://www.hup.harvard.edu/catalog.php?isbn=9780674419254
http://innovationinfo.org/journal-of-applied-microbiological-research/aboutjournal
http://innovationinfo.org/journal-of-applied-microbiological-research/aboutjournal
http://innovationinfo.org/journal-of-applied-microbiological-research/aboutjournal
https://doi.org/10.1016/j.soilbio.2008.07.019
https://doi.org/10.1016/j.soilbio.2008.07.019
https://doi.org/10.1016/j.soilbio.2008.07.019
https://doi.org/10.1128/AEM.71.4.2053-2060.2005
https://doi.org/10.1128/AEM.71.4.2053-2060.2005
https://doi.org/10.1128/AEM.71.4.2053-2060.2005
https://doi.org/10.1128/AEM.71.4.2053-2060.2005
https://doi.org/10.1016/j.mbs.2007.10.002
https://doi.org/10.1016/j.mbs.2007.10.002
https://doi.org/10.1016/j.mbs.2007.10.002
https://doi.org/10.1007/s00248-008-9396-5
https://doi.org/10.1007/s00248-008-9396-5
https://doi.org/10.1007/s00248-008-9396-5
https://doi.org/10.1007/s00248-008-9396-5
https://doi.org/10.1016/S0140-1963(18)30941-8
https://doi.org/10.1016/S0140-1963(18)30941-8
https://doi.org/10.1016/S0140-1963(18)30941-8
https://doi.org/10.1677/joe.1.05935
https://doi.org/10.1677/joe.1.05935
https://doi.org/10.1677/joe.1.05935
https://doi.org/10.1111/j.1574-6941.2006.00085.x
https://doi.org/10.1111/j.1574-6941.2006.00085.x
https://doi.org/10.1111/j.1574-6941.2006.00085.x
https://doi.org/10.1111/j.1462-2920.2011.02480.x
https://doi.org/10.1111/j.1462-2920.2011.02480.x
https://doi.org/10.1111/j.1462-2920.2011.02480.x
https://www.researchgate.net/publication/231562933_Assessing_CLPPs_using_MicroReSp_TM_-_A_comparison_with_biolog_and_multi-SIR
https://www.researchgate.net/publication/231562933_Assessing_CLPPs_using_MicroReSp_TM_-_A_comparison_with_biolog_and_multi-SIR
https://www.researchgate.net/publication/231562933_Assessing_CLPPs_using_MicroReSp_TM_-_A_comparison_with_biolog_and_multi-SIR
https://doi.org/10.1016/j.foodcont.2014.03.018
https://doi.org/10.1016/j.foodcont.2014.03.018
https://doi.org/10.1016/j.foodcont.2014.03.018
https://doi.org/10.1016/j.soilbio.2009.11.016
https://doi.org/10.1016/j.soilbio.2009.11.016
https://doi.org/10.1016/j.soilbio.2009.11.016
https://doi.org/10.1016/j.soilbio.2007.02.001
https://doi.org/10.1016/j.soilbio.2007.02.001
https://doi.org/10.1016/j.soilbio.2007.02.001
https://dx.doi.org/10.1073%2Fpnas.0610045104
https://dx.doi.org/10.1073%2Fpnas.0610045104
https://dx.doi.org/10.1073%2Fpnas.0610045104
https://dx.doi.org/10.1073%2Fpnas.0610045104
https://doi.org/10.1038/ismej.2008.58
https://doi.org/10.1038/ismej.2008.58
https://doi.org/10.1038/ismej.2008.58

	Title
	Article Information

