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A B S T R A C T   

Soil microorganisms communities regulate key functions in terrestrial ecosystems and contributes to the for
mation of stable organic matter and hence climate change mitigation. The structure, diversity and activity of soil 
microbial communities are influenced by the quantity and quality of organic compounds entering soils through 
the contribution of their root exudates and plant litter, which the microorganisms use as a substrate for 
biosynthesis and energy source. However, grazing effect on the soil microorganisms showed variable results 
dependent on the ecosystem under study. One of the main challenges of this millennium is the sustainability of 
agricultural production, especially in fragile soils such as those present in Patagonia. Therefore, our objective 
was to evaluate the responses of microbial biomass carbon (MBC), soil basal respiration (SBR), the derived co
efficients and the abundance of fungi and bacteria under contrasting long-term grazing intensities in an envi
ronmental gradient. The study was established in three ecological areas Mata Negra Thicket (MNT), Dry 
Magellanic Steppe (DMS) and Humid Magellanic Steppe (HMS) with two grazing intensities. Soil samples were 
taken over two years in different seasons (autumn, winter, spring and summer). Results showed that biotic and 
abiotic factors (temperature and precipitation), plant communities and soil characteristics modulated the mi
crobial structure and function in ecological area. On the other hand, high grazing intensity decreased the MBC 
and microbial coefficient (qM). There was a seasonal and interannual dynamic in the MBC and the bacteria and 
fungal communities, attributed mainly to temperature and precipitation. The results indicated that the effect of 
grazing intensity in soil microbial communities depends largely on intrinsic characteristics of each ecological 
area defined by the environmental gradient.   

1. Introduction 

At global scale, grassland ecosystems store around 28–37% of soil 
organic carbon (SOC), having a key role in the carbon cycle (Lei et al., 
2016). A small fraction (1–4%) of the SOC corresponds to the carbon of 
the microbial biomass (MBC) (Sparling, 1992) which regulates key 
functions in terrestrial ecosystems (Ponge, 2015), such as nutrient 
cycling (Franzluebbers et al., 1995), decomposition of organic matter 
(Araújo et al., 2008), mineralization of nutrients (Manzoni and Por
porato, 2009) and detoxification of toxic compounds (Abdu et al., 2017), 
between others. In addition, it has been proposed that the soil 

microbiome contributes to the formation of stable organic matter (Liao 
and Boutton, 2008) and hence could contribute to mitigation of climate 
change. 

The structure, diversity and activity of soil microbial communities 
are influenced by the physico-chemical properties of soils and by the 
quantity and quality of organic compounds entering soils (Lauber et al., 
2008). Plants can have a positive effect on microorganisms through the 
contribution of their root exudates and plant litter, which the microor
ganisms use as a substrate for biosynthesis and energy source (Dennis 
et al., 2010). 

Multiple effects of long-term grazing on grasslands across Southern 
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Patagonia have been described by several studies (Peri, 2011; Peri et al., 
2016a, 2018). The compositional vegetation changes induced by grazing 
affect the quantity and quality of plant litter input to soil (Golluscio 
et al., 2009; Liu et al., 2015; Zhou et al., 2017). Also, plants under severe 
grazing intensity reduce carbon allocation to belowground growth 
(Holland et al., 1992, 1996; Bardgett et al., 1998; Bais et al., 2006), and 
therefore affects the substrate availability for soil microorganisms 
(Spehn et al., 2000; Bardgett et al., 2002; Stark et al., 2012). Studies of 
grazing effects on microbial biomass carbon (MBC) showed variable 
results, while in some of them there are no changes (Raiesi and Asadi, 
2006; Teague et al., 2011), in others a decrease is observed (Golluscio 
et al., 2009; Zhou et al., 2017) or an increase according to grazing in
tensity (Hamilton and Frank, 2001; Reeder and Schuman, 2002). 
Moreover, grazing intensity alters the abundance and composition of 
soil fungi and bacteria, in a manner dependent on the ecosystem under 
study (Bardgett et al., 2001; Patra et al., 2005; Weber et al., 2013). 

In southern Patagonia (province of Santa Cruz), natural grasslands 
cover 85% of the total area, where different ecological regions had been 
defined based on vegetation types and climate (Peri et al., 2016b). 
Ecological regions are mostly arid and semi-arid, with a west-east 
gradient of decreasing rainfall from 1000 to 200 mm per year (Peri 
et al., 2013). In addition, vegetation patterns differ according to this 
rainfall gradient (Jobbágy et al., 2002), soil type and topography 
(Bisigato and Bertiller, 2004). Extensive sheep farming is the main ac
tivity with a total of 2,770,000 sheep, livestock stocking varies from 
0.13 to 0.75 heads ha− 1 year− 1 depending on ecological regions and 
intensity of use (Peri et al., 2013). 

One of the main challenges of this millennium is the sustainability of 
agricultural production, especially in fragile soils such as those present 
in Patagonia. To ensure sustainability, periodic soil monitoring pro
grams must be addressed, and sensitive and fast-responding indicators 
must be chosen as an early “warning” signal of ecosystem deterioration 
(Schloter et al., 2018). Microbial biomass carbon (MBC), soil basal 
respiration (SBR), SOC, together with the metabolic and microbial co
efficient have had been used for soil monitoring (Schloter et al., 2018). 
MBC, an active fraction of soil organic matter, is the reservoir of plant 
nutrients (nitrogen, phosphorous and sulfur) and it is more susceptible 
to management practices than other soil fractions (Sparling, 1992; Truu 
et al., 2008). Soil basal respiration (SBR) measured as the production of 
CO2 released from the soil directly reflects microbial activity and indi
rectly the availability of labile substrates (Noellemeyer et al., 2008). The 
metabolic coefficient (qCO2) (respiration-biomass ratio) provides in
formation on the metabolic efficiency of soil microorganisms (Anderson 
and Domsch, 1990). Changes in microbial coefficient (MBC/SOC) and 
qCO2 are useful for assessing the microbial efficiency in the conversion 
of available C into microbial biomass, the losses of C from the soil and 
the stabilization of organic C due to its association with mineral frac
tions of the soil (Liao and Boutton, 2008). Another parameter that 
characterizes the soil microbiome is the basal soil respiration (SBR) that 
represents the potential respiratory activity of the microbiome (mainly 
fungi and bacteria). From the relationship of the three variables (SOC, 
MBC and SBR) useful indices (metabolic and microbial coefficient) 
arised to follow the evolution of a soil and its response to different 
management practices (Zhao et al., 2016, 2017). 

In Patagonia there is little knowledge of the effect of type of vege
tation, soil characteristics, climate and the grazing on the soil micro
biome. Such knowledge would allow a better understanding of the biotic 
and abiotic factors that modulate the structure and function of the soil 
microbiome in this ecosystem and, ultimately, the soil quality. Here, we 
hypothesized that MBC, SBR and the abundance of fungi and total 
bacteria will correlate positively with rainfall and negatively with 
grazing intensity, depending the magnitude on the vegetation commu
nity. Therefore, our objective was to evaluate the responses of MBC, 
SBR, the metabolic and microbial coefficient and the abundance of fungi 
and bacteria when exposed to grazing intensities (moderate vs high) of 
long-term livestock in an environmental gradient. 

2. Materials and methods 

2.1. Study sites and characteristics 

The study was realized in an east-west gradient that covered different 
vegetation communities and climatic conditions in the south of Santa 
Cruz province, Argentina. These sites correspond to three ecological 
areas: Mata Negra Thicket (MNT), Dry Magellanic Steppe (DMS) and 
Humid Magellanic Steppe (HMS), in each ecological area two grazing 
intensities were contrasted the long term (>50 years) (Moderate and 
High) (Table 1) (Fig. 1). 

2. 1. 1. Climatic characteristics 
The climatic variables of each ecological area related to precipitation 

and temperature were obtained from meteorological stations. Mean 
annual temperatures were similar between ecological areas, and ranged 
from 1.6 ◦C (winter in MNT) and 13.7 ◦C (summer in MNT) (Fig. 2). 
Mean annual precipitation in 2016 varied from 125.9 to 178.8 mm/yr in 
MNT and DMS, respectively. In 2017, precipitation ranged from 279.9 to 
355.3 mm/yr in HMS and DMS, respectively. The year 2017 was colder 
and with higher rainfall in all ecological areas (Fig. 2). 

2. 1. 2. Vegetation characteristics 
The environmental gradient of the sampled sites determines different 

the plants physiognomy given by the environmental conditions of 
rainfall and temperature. The characterization of plant cover was car
ried out in each replicate plot using the points intercept method (Levy 
and Madden, 1933) along 30 m long transects and estimated every 10 
cm (300 points per transect) (Table 2). Bare soil cover fluctuated from 
31.3 to 3.4% for MNT with high and HMS with moderate grazing, 
respectively. Dwarf Shrub and Short grasses coverages had the gradient 
MNT < DMS < HMS. 

The vegetation of the Mata Negra thicket site is dominated by the 
shrub Mulguraea tridens and associated with short grasses (Poa dusenii, 
Carex argentina), tussocks (Pappostipa chrysophylla, Festuca gracillima), 
dwarf-shrubs (Clinopodium darwinii, Nassauvia glomerulosa, Nardo
phyllum bryoides) and herbs (Acaena poeppigiana). In the dry magellanic 
steppe, the vegetation is dominated by the Festuca gracillima tussock, 
associated with short grasses (Poa dusenii, Hordeum comosum, Carex spp., 
Rytidosperma virescens), dwarf-shrubs (Nardophyllum bryoides, Nassauvia 
ulicina, Azorella monantha), herbs (Viola maculata, Calceolaria uniflora) 
and the shrub Berberis microphylla. In the humid magellanic steppe, the 
vegetation is dominated by tussocks (Festuca pallescens, F. gracillima), 
and associated with short grasses and herbs (Poa dusenii, Rytidosperma 
virescens, Bromus setifolius, Agropyron fuegianum, Pappostipa ibari, Acaena 
poeppigiana, Agrostis flavidula, Phleum alpinum, Perezia recurvata, Carex 
spp., Calceolaria polyrrhiza), dwarf-shrubs (Senecio laseguei, Empetrum 
rubrum), and isolated shrub Berberis microphylla. 

2.2. Soil sampling study sites 

This study was established in six sites, defined by the three ecological 
areas (MNT, DMS and HMS) and two contrasting long-term livestock 
stocking rates (Moderate and High). In each site, three random replicate 
plots of 1000 m2 were installed (~3 km apart). Soil samples were 
collected during 2016 and 2017 in the four seasons. In each site, a total 
of nine composite soil samples (three per plot) were collected from 10 
cores (5 cm deep, 5.6 cm in diameter), previous removal of the surface 
litter. Soil samples were placed in plastic bags and stored in refrigerated 
containers until transport to the laboratory. The soils were screened 
through a 2 mm mesh, divided into subsamples and stored at 4 ◦C for 
microbial biomass and basal soil respiration analysis and − 80 ◦C for 
quantification of bacterial and fungal soil communities. 
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2.3. Soil properties 

The soil samples were finely ground to below 2 μm using a tungsten- 
carbide mill. Measurements of soil organic carbon (SOC) concentration 
were derived from the dry combustion (induction furnace) method. Soil 
nutrient concentrations were determined as follows: (i) total N was 

measured by spectrophotometry; (ii) available P by the Olsen method; 
and (iii) ammonium acetate-extracted potassium (K) was determined 
with a plasma emission spectrometer (Shimadzu ICPS-1000 III, Japan). 
A 1:2.5 mixture of soil:water was used to measure soil pH using an ion 
meter. The soil texture was determined through the densimeter method 
of Bouyoucos and sieving the sand fractions. Soil bulk density was 

Table 1 
Long-term (>50 years) average sheep livestock stocking rates (±SD) for each of the sampling sites in the ecological areas in southern Patagonia Argentina (Peri et al., 
2013).  

Livestock Land Use MNT DMS HMS 

Moderate High Moderate High Moderate High 

Animal stocking (EOa ha− 1 año− 1) 0.32 (±0.06) 1.20 (±0.40) 0.13 (±0.02) 0.52 (±0.22) 0.21 (±0.05) 0.62 (±0.16)  

a EO = sheep equivalent is the average annual requirement of a 49 kg live weight sheep in service, shorn in September, which gestate and wean a 20 kg live weight 
lamb at 100 days of lactation and which has a consumption of 530 kg DM year− 1. 

Fig. 1. Location of sampling sites in the environmental gradient with contrasting long-term grazing Moderate (M) and High (H) for each ecological area in Southern 
Patagonia Argentina. 

Fig. 2. Climatic variables (Rainfall (mm) and Temperature (◦C)) for seasons and sampling ecological area (MNT = Mata Negra Thicket, DMS = Dry Magellanic 
Steppe and HMS= Humid Magellanic Steppe) in the two year (2016 and 2017) for Southern Patagonia Argentina. 
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estimated using the cylindrical core method (n = 3) by collecting a 
known volume of soil using a metal tube pressed into the soil (intact 
core), and determining the weight after drying. 

2.4. Soil microbiology 

2. 4. 1. Microbial biomass carbon and respiration 
Microbial biomass carbon (MBC) was estimated using the “fumiga

tion-extraction” method (Vance et al., 1987). MBC was calculated as: 
(OCf − OCnf)/kEC; where: OCf = organic carbon extracted from fumi
gated samples; OCnf = Carbon extracted from non-fumigated samples; 
and kEC = fumigation efficiency constant = 0.45 (Joergensen, 1996). 

Soil basal respiration (SBR) was measured according to a standard
ized method under optimal conditions of humidity and temperature 
(Robertson et al., 1999). The CO2 evolution from soil samples was 
determined at 1, 7, 14, 21 days, and SBR was calculated from the dif
ference with blanks without soil. 

2. 4. 2. DNA extraction and qPCR for soil bacterial and fungal the 
communities quantification 

Total DNA was extracted from 0.25 g soil samples using the Power
Soil DNA isolation kit (MoBio Laboratories) following the manufac
turer’s instructions. DNA was quantified using a NanoDrop 1000 
spectrophotometer (NanoDrop Technologies, Montchanin, USA), and 
checked by agarose gel electrophoresis and SYBRSafe (Invitrogen) 
staining. The abundance quantification of bacterial and fungal com
munities in soil samples was carried out in an Mx3000P qPCR system 
(Agilent Technologies) using the FastStart Universal SYBR Green Master 
(Rox) kit. For bacterial communities, a fragment of the 16S rRNA gene 
was amplified using the primers pair Eub338/Eub518(Fierer et al., 
2005) at a final concentration of 0.3 nM and annealing at 53 ◦C. For 
fungal communities, a fragment of the 18S rRNA gene was amplified 
using FR1/FF390 primers (Prévost-Bouré et al., 2011) at the final con
centration of 0.66 nM and annealing at 50 ◦C. Standard curves were 
made by decimal dilutions of genomic DNA of Bradyrhizobium diazo
efficiens USDA 110 (1.1 × 103 to 1.1 × 107 16S rDNA copies) or a 
linearized plasmid containing the amplified target sequence of Tricho
derma harzianum (7.93 × 104 to 7.93 × 108 18S rDNA copies) for bac
teria and fungi, respectively. Soil DNA samples, standard curves, and 
negative controls were analyzed in triplicate in each PCR microplate. 
After amplification reactions, melting curves and gel electrophoresis 
analyses were performed to confirm that the amplified products had the 
appropriate size. The qPCR efficiencies were % (r2 = 102) for bacteria 
and % (r2 = 97) for fungi. 

2. 4. 3. Metabolic and microbial indexes 
The microbial metabolic coefficient (qCO2) was determined by the 

ratio between the C–CO2 produced by basal soil respiration and the 
MBC, and microbial ratio (qM) was determined by the MBC/SOC ratio 
that reflects the contribution of microbial biomass to SOC (Anderson and 
Domsch, 1993). 

2.5. Statistical analysis 

Statistical analyses were performed using INFOSTAT software (Di 
Rienzo et al., 2013). Vegetation and soil variables were analyzed with a 
two-way analysis of variance (ANOVA). The MBC data were analyzed 
with multifactorial ANOVA, with the factors being the ecological areas 
(MNT, DMS and HMS), the grazing intensities (Moderate and High), the 
seasons (Autumn, Winter, Spring, and Summer) and the years of mea
surement (2016 and 2017). The SBR, qCO2, and qM data were per
formed by a two-way analysis of variance (ANOVA), using ecological 
areas (MNT, DMS and HMS) and grazing intentities (Moderate and 
High) as factors. For statistical analysis of bacterial and fungi gene 
copies, values were transformed to log10 of the number gene copies g− 1 

soil dry and an analysis of variance (ANOVA) was performed in 
three-way, (i) using the ecological areas (MNT, DMS and HMS), (ii) 
grazing intensities (Moderate and High) and (iii) the years (2016 and 
2017) of measurement as factors. Significant differences between means 
were separated by Tukey’s test with a significance level of p < 0.05. The 
Pearson’s correlation indices obtained from paired analyses for soil, 
climate, and vegetation for MBC, SBR, qCO2, qM, fungi, bacteria, and the 
fungi/bacteria ratio were determined. Simple linear regressions were 
performed to identify and select the variables that explain the variance 
of MBC and SRB. Simple linear regressions were performed to identify 
and select the variables that explain variations of MBC and SRB. Previ
ously, a collinearity test between explanatory variables was performed 
by using the tolerance and variance inflation factor (VIF). The Akaike 
Information Criterion (AIC) was used to compare and select the best 
regression models. 

3. Results 

3.1. Soil properties 

Soil physicochemical parameters varied among the ecological areas 
and animal grazing (Table 3). Soil characteristics had pH ranges be
tween 5 and 6 depending on the sites, soil textures were predominantly 
sandy and sandy loam, and with organic carbon values between 1.27 
and 3.83% for MNT and HMS, respectively. 

3.2. Microbial biomass carbon and abundance of fungi and bacteria 

Results showed that MBC varied significantly (p < 0.05) among the 
ecological areas, grazing intensity and seasons (Table 4). Soil MBC had 
the gradient of MNT < DMS < HMS. The obtained results determined 
that sheep grazing intensity significantly affected the MBC, with lower 
values in the sites with high grazing intensity (412 μg C g-1 dry soil) and 
the highest in sites with moderate grazing intensity (512 μg C g-1 dry 
soil). Considering that microbial biomass carbon is one of the labile and 
active fractions of organic matter present in the soil, we found that MBC 
varied between seasons (Autumn, Winter, Spring, and Summer), autumn 
and spring contrasted the lowest and highest values, respectively. In 
addition, the MBC presented an inter-annual fluctuation that was 
observed between the sampling years (Table 4). 

Also, total fungi abundance (18S rDNA gene copies) and the fungi/ 
bacteria ratio (18S/16S rDNA) varied significantly (p < 0.05) in the 
different ecological areas. The total soil fungi values had the gradient of 
HMS > DMS > MNT with statistical significance (p < 0.05). Regarding 
the years of sampling, there was a greater abundance of bacteria in 2016 
compared to 2017, contrastingly, soil samples obtained in 2017 had a 

Table 2 
Description of the landcover of the ecological areas for each of the study sites 
(MNT = Mata Negra Thicket, DMS = Dry Magellanic Steppe, and HMS= Humid 
Magellanic Steppe) evaluated with their respective long-term grazing intensities 
(Moderate and High) in southern Patagonia. Mean values are shown, different 
letters indicate significant differences between areas*grazing intensity (p <
0.05).  

Soil 
Landcover 

MNT DMS HMS 

Moderate High Moderate High Moderate High 

Bare soil (%) 29.5a 31.3a 21.3b 24.8 
ab 

3.4c 7.2c 

Litter (%) 6.4c 5.7c 19.3a 18.8a 8.2c 11.4 
ab 

Dwarf Shrub 
(%) 

7.7c 9.0c 17.9b 18.9b 28.3a 34.5a 

Short grasses 
(%) 

9.8c 6.9c 25.5a 19.6b 39.7a 20.6b 

Tussock (%) 9.4b 11.3b 12.0b 13.6b 16.6 ab 22.4a 
Shrub (%) 37.2a 35.8a 4.0b 4.3b 3.8b 3.9b 
Species 

richness 
9 9 12 12 16 16  
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greater abundance of fungi compared to the samples obtained in 2016, 
in both cases there were statistical differences. 

3.3. Interactions between factors on the response of MBC and total soil 
fungi and bacteria 

The interaction between ecological areas and grazing intensity for 
MBC showed that while in MNT both animal grazing intensities did not 
presented statistical differences, in HMS and DMS with moderate graz
ing intensity, presented higher values of MBC than in the sites with high 
grazing intensity. We also observed that in the DMS, the high grazing 
intensity generated a more significant decrease in MBC compared to the 
HMS (Fig. 3 A). The ecological areas*seasons for the MBC showed sig
nificant statistical differences (p < 0.05) (Fig. 3 B). The ecological area 
MNT in all seasons of the year presented the lowest MBC values (225.3 

μg MBC g− 1 soil) statistically differentiated from HMS in the four seasons 
of the year. The DMS had intermediate values in the seasons without 
statistical difference from HMS and MNT. 

The interaction between ecological areas and years for the number 
bacterias (16S rDNA) and fungi (18S rDNA), determined a greater 
abundance of bacteria than fungi in soils. Total soil bacteria followed the 
same gradient in year 1 (2016), and in year 2 (2017), the highest number 
was observed in the DMS (Fig. 4A). The values of total soil fungi had the 
gradient of HMS > DMS > MNT in both sampling years (Fig. 4B). 

The variation interannual MBC interacted with the ecological areas, 
we observed that MNT and DMS, had higher values in year 2016 
compared to year 2017 of measurement. However, that response was 
inverse for the HMS, where year 2016 had a significantly lower value 
(555 μg C g− 1 dry soil) than year 2017 (599 μg C g− 1 dry soil) (Fig. 5 A). 
Also, the 18S/16S rDNA (fungi/bacteria) ratio of the soils showed dif
ferences between those in different ecological areas and between years 
(p < 0.05). The ratios were lower in year 2016 compared to year 2017 in 
all ecological areas. It was observed that in the MNT it had the lowest 
relationship in year 2016 and that the HMS in year 2017 presented the 
highest value (Fig. 5 B). 

3.4. Soil biological respiration, metabolic coefficient and microbial 
coefficient 

SRB, qCO2, and qM differed significantly (p < 0.05) between the 
different ecological areas evaluated. SRB was higher in HMS compared 
to DMS and MNT. The qCO2 was lower in the DMS compared to the other 
observed ecological areas, HMS had the highest value. Further, we 
observed that qM had the lowest values for HMS and the highest values 
for MNT. The qM varied significantly (p < 0.05) depending on the 
grazing intensity. The high grazing intensity presented a lower value 
than the moderate grazing intensity. Likewise, interactions between the 
factors were detected (Table 5). 

3.5. Interactions between factors in the response of SBR, qCO2, and qM 

The interaction between ecological areas and animal grazing for SBR 
(p < 0.05) determined that while in HMS high animal grazing intensity 
presented the highest values during the incubation period (689.9 mg 
C–CO2 Kg− 1 dry soil at day 21) followed by moderate grazing intensity 
(532.9 mg C–CO2 Kg− 1 dry soil at day 21), DMS presented an inverse 
response (moderate > high) (Fig. 6). In MNT after day 7 of incubation, 
SBR values in both animals exceeded the high DMS grazing. 

The interaction of ecological areas*grazing for qCO2 showed differ
ences (p < 0.05) (Table 5). While in the DMS both grazing intensity 
(High and Moderate) had the lowest values without significant differ
ences (0.09 and 0.10 μg C-CO2 mg− 1 MBC day− 1), the highest values 
were obtained in the HMS for high grazing intensity (0.19 μg C-CO2 
mg− 1 MBC day− 1) (Fig. 7 A). The ecological areas* grazing for the soil 
qM, determined that in the HMS with high grazing had the lowest value 

Table 3 
Soil physicochemical parameters from the ecological areas (HMS= Humid Magellanic Steppe, DMS = Dry Magellanic Steppe, and MNT = Mata Negra Thicket) 
evaluated with their respective long-term grazing (Moderate and High) in Southern Patagonia Argentina. Mean values are shown, different letters indicate significant 
differences between areas*grazing intensity (p < 0.05).  

Soil parametera MNT DMS HMS 

Moderate High Moderate High Moderate High 

Textural class Sandy Loam Sandy Loam Sandy Sandy Sandy Loam Sandy 
Bulk density (g cm− 3) 1.15bc 1.21c 0.96 ab 1.07bc 0.80a 0.82a 
pH 5.98b 5.60 ab 5.60 ab 5.57 ab 5.20a 5.16a 
SOC (%) 1.27a 1.67 ab 2.67bc 1.71 ab 3.03c 3.83c 
Nt (%) 0.11a 0.13 ab 0.18abc 0.13 ab 0.26c 0.24bc 
P available (ppm) 25.12b 25.27b 12.27a 12.40a 16.07 ab 18.23 ab 
K (meq/100g) 0.41c 0.22 ab 0.78d 0.16a 0.32bc 0.21 ab 
C:N 11.50a 12.80a 14.80a 13.10a 11.60a 15.90a  

a SOC: Soil Organic Carbon; Nt: Total Nitrogen. 

Table 4 
Statistics summary of the MBC (μg C g− 1 dry soil), 16S rDNA (Nº gene copies g− 1 

dry soil), 18S rDNA (Nº gene copies g− 1 dry soil) and the relationship between 
both rDNA genes (18S/16S, dimensionless) in the different ecological areas 
(MNT, DMS, and HMS) with grazing intensities (Moderate and High) during two 
years of continuous sampling (2016 and 2017). With seasonal measurements for 
MBC (Autumn, Winter, Spring, and Summer) in the grasslands of South Pata
gonia Argentina. Mean values are shown. Different letters indicate significant 
differences (p < 0.05).  

Variation sources MBC 16S rDNA 18S rDNA 18S/16S 
rDNA 

Areas F = 83.48 F = 2.89 F = 24.76 F = 4.17 
p = <0.0001 p = 0.075 p =<0.0001 p = 0.028 

MNT 308 a 6.00E+09 a 3.00E+06 a 0.05 a 
DMS 501 b 9.00E+09 a 5.00E+06 b 0.07 ab 
HMS 577 c 8.00E+09 a 7.00E+06 b 0.12 b 
Grazing 

intensity 
F = 39.68 F = 1.69 F = 1.43 F = 0.81 
p = <0.0001 p = 0.206 p = 0.243 p = 0.376 

Moderate 512 a 8.00E+09 a 5.00E+06 a 0.07 a 
High 412 b 7.00E+09 a 5.00E+06 a 0.09 a 
Stations F = 63.19; p = <0.0001 
Autumn 409 a    
Winter 473 b    
Spring 505 c    
Summer 461 b    
Year F = 23.71 F = 10.07 F = 23.82 F = 14.65 

p = <0.0001 p = 0.004 p = 0.0001 p = 0.0008 
1 (2016) 474 a 9.00E+09 b 4.00E+06 a 0.04 a 
2 (2017) 450 b 7.00E+09 a 6.00E+06 b 0.12 b 

Interactions 
Areas*Grazing F = 14.42 F = 1.10 F = 7.18 F = 3.07 

p = <

0.0001 
p = 0.349 p = 0.003 p = 0.065 

Areas*Stations F = 10.89; p = < 0.0001 
Areas*Years F = 47.77 F = 4.46 F = 0.70 F = 2.06 

p = <

0.0001 
p = 0.022 p = 0.504 p = 0.148  
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(1.45%), MNT with the moderate grazing presented the highest value 
(2.99%), and the intermediate values were given by the DMS (Fig. 7 B). 

3.6. Correlation of microbiological variables with environmental 
variables, soils, and vegetation 

The microbiological variables evaluated presented significant cor
relations (p < 0.05) with the soil, vegetation, and environmental vari
ables and between the same variables measured. Soil organic carbon, 
total N, mean annual precipitation, and mean annual temperature had a 
positive correlation with MBC, SBR, qCO2, and total soil fungi abun
dance. However, P, soil bulk density and bare soil cover had a negative 
correlation with the variables (Table 6). Soil organic carbon explained 
87% of the observed variability in soil respiration and 54% for the 
variability in MBC (p < 0.05). We obtained a positive linear relationship 

with both variables (Fig. 8 AB). SBR was linearly and positively related 
to MBC, which was explained by 54% for the soils of the Southern 
Patagonia grasslands (Fig. 8 C). 

4. Discussion 

The present study shows the first results on soil microbiology in 
southern sites of the Argentine Patagonia. We showed that biotic and 
abiotic factors such as, climate through temperature and precipitation, 
plant communities and soil characteristics modulate the microbial 
structure and function in each of the ecological areas. On the other hand, 
high grazing intensity decreased the MBC and qM, however the 
magnitude of the response depended on the ecological areas. Further, 
grazing intensity indirectly affected the microbial soil community 
through its impacts on plants, which limits the substrates (plant litter 

Fig. 3. Mean values and standard deviation of MBC (μg C g− 1 dry soil) as a function of the interactions between ecological areas*grazing intensity (A) and sea
sons*ecological areas (B) for southern Patagonia Argentina. HMS= Humid Magellanic Steppe, DMS = Dry Magellanic Steppe, and MNT = Mata Negra Thicket. 
Different letters indicate significant differences (p < 0.05). 

Fig. 4. Mean values and standard deviation of the Nº genes copies g− 1 dry soil of 16S rDNA (total bacteria) and 18S rDNA (total fungi) as a function of the interaction 
between years and ecological areas (HMS= Humid Magellanic Steppe, DMS = Dry Magellanic Steppe, and MNT = Mata Negra Thicket) for southern Patagonia 
Argentina. Different letters indicate significant differences (p < 0.05). 

Fig. 5. Mean values and standard deviation of the MBC (μg C g-1 dry soil) as a function of the interactions between ecological areas*year (A) and gene copies ratio 
soil 18S/16S rDNA (fungi/bacteria) of ecological areas*years (B) in southern Patagonia Argentina. HMS= Humid Magellanic Steppe, DMS = Dry Magellanic Steppe, 
and MMN = Mata Negra Thicket. Different letters indicate significant differences (p < 0.05). 
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and rhizodeposition) that serve for microbial growth. Finally, there was 
a seasonal and interannual dynamic in the MBC and the bacteria and 
fungal communities, which were attributed to temperature and mainly 
to precipitation, these climatic factors stimulating greater growth and 

activity in plants, indirectly providing improvements on the soil 
microbiome. The results indicate that the effect of grazing intensity in 
soil microbial communities depends largely on the particular charac
teristics of each ecological area defined in the environmental gradient by 
biotic and abiotic factors. 

4.1. Microbial biomass carbon 

The ecological areas evaluated had variation in MBC related to cli
matic conditions, vegetation and soil. Annual precipitation is the vari
able that determinates the net primary productivity and as a 
consequence the soil C input (Jobbágy et al., 2002). This was corrobo
rated with greater ground cover at the HMS site which is described as a 
wetter site. The soil variable that affected the MBC for our study was the 
soil organic carbon, which had the gradient in the ecological area (HMS 
> DMS > MNT) which coincided with a greater vegetation cover and the 
rainfall. Confirmed in our study with the positive linear relationship 
between soil organic carbon and MBC (Fig. 8 A). This same positive 
relationship was reported for grassland and forest soils in several cli
matic regions (Franzluebbers et al., 2001; Dube et al., 2009; Richter 
et al., 2018). Therefore, it has been shown that soil organic carbon is one 
of the main drivers that benefits soil microbial communities in the 
ecological areas of the Argentine Southern Patagonia. 

Our results have shown a decrease in soil microbial biomass in areas 
with high grazing intensity, which coincide with other grassland studies 
(Holt, 1997; Zhou et al., 2017). Peri (2011) reported that the carbon 
content in the grasslands decreased from 130 Mg C ha− 1 with low 
grazing (0.10 sheep ha− 1 year− 1) to 50 Mg C ha− 1 with high grazing 
(0.70 sheep ha− 1 year− 1), mainly due to a decrease in vegetation cover 
and the loss of soil carbon as a result of erosion due to strong winds. 
However, there are studies that show an increase in MBC and others that 
show no changes in microbial biomass (Hamilton and Frank, 2001; Liu 
et al., 2012; Lin et al., 2017). Grazing intensity in grasslands can indi
rectly affect MBC through changes in the availability of substrate for 
microorganisms (yawning, urine and plant material) and changes in the 
quantity and quality of root exudates and plant litter (Bardgett et al., 
1998; Peri et al., 2016a, 2018). Also, grazing intensity leads to a selec
tivity on the part of livestock that changes the structure of the plant 
community, resulting in differences in the quality of carbon reserves 
entering soil (Augustine and McNaughton, 1998). In our sites, high 
grazing intensity tends to increase the percentage of bare soil (Table 2), 
which would decrease the carbon entering the soil and soil moisture, 
resulting in an increased evaporation modifying the microbial biomass 
(Northup et al., 1999). Supporting this, we found a negative relationship 
between bare soil cover and MBC (Table 6). The grazing intensity 
(moderate vs high) in each ecological area had different responses in the 
MBC in their interactions (ecological area*grazing intensity), given by 
the characteristics of each site and its resilience. While in the MNT area 
the MBC behaved interchangeably to the grazing, the magnitude of the 

Table 5 
Statistics summary of the SBR (mg C–CO2 Kg− 1 dry soil day− 1), qCO2 (μgC-CO2 
mg− 1 MBC day− 1) and qM (%) in the different ecological areas (HMS= Humid 
Magellanic Steppe, DMS = Dry Magellanic Steppe, and MNT = Mata Negra 
Thicket) and long-term (>50 years) grazing intensity (Moderate and High) in the 
Southern Patagonia Argentina. Different letters indicate significant differences 
(p < 0.05).  

Variation sources SBR qCO2 qM 

Areas F = 54.92 F = 8.83 F = 44.97 
p = < 0.0001 p = 0.0005 p = < 0.0001 

MNT 37 a 0.13 b 2.43 b 
DMS 45 a 0.09 a 2.34 b 
HMS 88 b 0.16 b 1.75 a 
Grazing F = 0.42 F = 0.50 F = 10.92 

p = 0.519 p = 0.483 p = < 0.0001 
Moderate 58 a 0.12 a 2.50 b 
High 55 a 0.13 a 1.84 a 

Interactions 
Areas*Grazing F = 7.39 F = 9.46 F = 15.58 

p = 0.0016 p = 0.0274 p = 0.0005  

Fig. 6. Mean values and standard deviation of the SBR (mg C–CO2 Kg− 1 dry 
soil) at the sites (HMS:High = Humid Magellanic Steppes High, DMS:High =
Dry Magellanic Steppes High, MNT:HIGH = Mata Negra Thicket High, HMS: 
Moderate = Humid Magellanic Steppes Moderate, DMS: Moderate = Dry 
Magellanic Steppes Moderate and MNT: Moderate = Mata Negra Thicket 
Moderate) depending on the days of incubation for the southern Patago
nia Argentina. 

Fig. 7. Mean values and standard deviation of the (A) qCO2 (μgC-CO2 mg− 1 MBC day− 1) and (B) qM (%) as a function of the interaction between ecological 
areas*grazing intensity for Southern Patagonia Argentina. (HMS= Humid Magellanic Steppe, DMS = Dry Magellanic Steppe, and MNT = Mata Negra Thicket) and 
grazing intensities (High and Moderate). Different letters indicate significant differences (p < 0.05). 
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change in MBC was differential in DMS and HMS. In the MNT site the 
intensity of grazing did not change the MBC, this could be due to the fact 
that in arid environments (129.9 mm of rain 2016 year) there is a greater 
cover of woody plants (Table 2) that have recalcitrant carbon in their 
organic detritus that reaches the soil, which would reduce decomposi
tion rates and indirectly produce a slowdown in nutrient cycles and a 
decrease in soil microbial biomass regardless of grazing intensity in the 
environment (Ritchie et al., 1998; Landgraf and Klose, 2002). 

The MBC is one of the labile and active fractions of the organic 
matter present in the soil and has a dynamism given by the seasonality of 
the climate that is accompanied by the growth of the plants, which was 
suggested by the interactions of ecological areas * seasons and grazing 
intensity * stations (Table 4). Our data found differences in MBC be
tween the autumn season (lowest value 409 μg C g− 1 soil) and spring 
(highest value 505 μg C g− 1 soil) and there were no differences between 

summer and winter. The seasonality of MBC is difficult to predict, the 
highest values occur in different seasons of the year, which depends on 
each environment, resources (eg labile carbon, water and nutrients), 
environmental conditions of temperatures and soil humidity and added 
to the competition for plant resources (Bardgett et al., 2002). This 
background suggests that in specific environments, there is competition 
for the resources available in the soil for the growth of plants or mi
croorganisms. We believe that the highest values obtained for MBC in 
spring in the South Patagonia sites at the beginning of the growing 
season were given by the less competition with plants that do not yet 
demand so many resources, coinciding with the higher moisture content 
of the soil in the beginning of spring and temperature increases. Jaeger 
et al. (1999) suggested that in mountain ecosystems, microorganisms 
are most effective when competition from plants has ceased, deter
mining that soil microorganisms may be “saturated with nutrients” 

Table 6 
Pearson’s correlation indices of MBC, SBR, qCO2, qM, Fungi, Bacteria and Fungi/Bacteria with soil, vegetation, climate and biological variables for the grasslands of 
South Patagonia Argentina. (*) Significance with a p < 0.05.  

Variables MBC SBR qCO2 qM Fungi Bacteria Fungi/Bacteria 

SOC 0.73* 0.93* 0.53* ¡0.66* 0.59* 0.19 0.35 
Total Nitrogen 0.72* 0.82* 0.30 ¡0.51* 0.50* 0.09 0.33 
P ¡0.52* − 0.24 0.35 0.13 ¡0.58* − 0.45 − 0.23 
K 0.58* 0.05 − 0.12 0.50* 0.11 0.40 − 0.19 
pH − 0.40 ¡0.58* − 0.35 0.69* ¡0.48* 0.21 ¡0.46* 
Bulk Density ¡0.79* ¡0.89* − 0.35 0.45 ¡0.57* − 0.25 − 0.40 
MAT 0.66* 0.40 − 0.25 − 0.20 0.59* 0.46 0.21 
MAP 0.73* 0.74* 0.14 ¡0.55* 0.75* 0.32 0.46* 
Bare soil ¡0.69* ¡0.85* − 0.35 0.51* ¡0.67* − 0.17 ¡0.50* 
MBC  0.75 * 0.17 − 0.12 0.56* 0.51* 0.17 
SBR   0.62 * ¡0.55* 0.56* 0.19 0.37 
qCO2    − 0.38 0.14 − 0.24 0.27 
qM     − 0.30 0.09 − 0.31  

Fig. 8. Relationship of MBC (a) and SBR (b) with soil organic carbon (C organic) and the relationship between MBC and SBR (c) in the grasslands of southern 
Patagonia Argentina. Model with the lower Akaike information criterion (AIC) value was chosen as the model. 
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before there is an amount available for plants (Harte and Kinzig, 1993; 
Jonasson et al., 1999). In addition, for our environments, we might think 
of increased root activity at the beginning of the growing season, greater 
exudation of soluble carbon in the rhizosphere and that this pulse of 
carbon in the rhizosphere would stimulate microbial growth (Jaeger 
et al., 1999; Hertenberger et al., 2002; Liebisch et al., 2014). 

4.2. Abundance of fungi and bacteria 

In our study, total bacterial and fungi communities were affected by 
the type of plant community and soil properties rather than by grazing 
animals, as demonstrated by Lauber et al. (2008) and Ford et al. (2013). 
However, the abundance total bacteria in soils in the different ecological 
areas presented similar values. Similarly, Girvan et al. (2003) found no 
significant difference in the number of total bacteria in soils due to the 
equality of textures that the soils had, which could be compared in our 
sampling sites where all soils had the same sandy textures (Table 3). 
Buckley and Schmidt (2001) found no differences in the abundance of 
soil bacteria in their study with different soils, plant communities and 
different soil management. Contrary, lower number of soil fungi deter
mined in the ecological area of MNT would be given by the character
istics of the soil, including the positive relationship with soil C and N, 
and also the inverse relationship with the pH and soil available P 
(Table 6). Therefore, our results are in line with previous researches that 
have demonstrated that the abundance of fungi is influenced by soil 
properties, which were different in the ecological areas of our study. 
Several studies have demonstrated these relationships between soil 
variables and their influence on the fungi community, confirming that 
this pattern is consistent at different spatial scales, ecosystems and soil 
types (Lauber et al., 2008; Siles and Margesin, 2016; Egan et al., 2018). 

The long-term grazing intensity in Southern Patagonia environments 
did not modify the total soil bacteria and fungal communities, as well as 
the fungi/bacteria ratio in our study. The same was reported by several 
studies, where they determined that grazing did not change or did so to a 
lesser extent the abundance of gene copies of fungi and bacteria in 
grassland soils and also did not alter the fungi/bacteria ratio (Patra 
et al., 2005; Ford et al., 2013; Egan et al., 2018). However, McCaig et al. 
(1999) and Grayston et al. (2001) found changes in the structure of 
bacterial communities in grasslands with greater short-term grazing 
pressure, determining pulses of feces and urine entering the soil that 
favored bacterial communities. On the contrary, our sites have extensive 
and continuous grazing so that these effects are minimized. 

The abundance of bacteria and fungi in the soils respond differently 
in each ecological area according to the years (Fig. 4 AB), which was 
observed in previous studies (Lauber et al., 2008; Egan et al., 2018). 
Annual fluctuations in climatic factors affect the dynamics soil micro
organisms, abundance of fungi, bacteria, and the fungi/bacteria ratio 
between sampling years (Table 4). The microbial communities of fungi 
and bacteria are highly changeable to variations in the water regime 
(Maestre et al., 2015) and in our study average annual precipitation 
varied between sampling years (Fig. 2). Maestre et al. (2015) and 
Ochoa-Hueso et al. (2018) have shown on a global precipitation gradient 
that microbial communities were very vulnerable to short-term climatic 
conditions. Also, events of variations in precipitation determine that 
microbial communities could be conditioned by the contributions of 
organic matter associated with the death of fine roots and plant remains 
(Schwinning and Sala, 2004). The abundance of fungi was more stable in 
conditions of lower humidity the soil (year 2016) compared to the 
abundance of bacteria. Leff et al. (2015) and Ochoa-Hueso et al. (2018) 
propose that variations in soil moisture does not modify the abundance 
of bacteria and fungi, given the presence of a higher number of 
drought-resistant bacterial taxa (such as Actinobacteria and Chloro
flexi). All this leads us to consider that further research could address 
how changes in the abundance of the more specific fungal and bacterial 
groups in a lower taxonomy (phylum, family, genus) could be affected in 
the soils of Southern Patagonia, given that the total populations of 

bacteria or fungi remain relatively stable in the soil. 
The fungi/bacteria ratio varied between ecological areas, these 

values are among the ranges reported in previous works for the different 
forest, pasture, and agricultural soils (Lauber et al., 2008). In part, this 
would be given by the inverse relationship observed between soil pH 
and fungi/bacteria ratio in our study (Table 6), which coincides with 
that reported by Egan et al. (2018) in grassland soils. Specially, the 
variation of this ratio is given by decreases in the abundance of fungi 
mainly, along with increases or little variation in the bacterial pop
ulations (Kennedy et al., 2005; De Vries et al., 2006; Weber et al., 2013), 
which coincides with what was found in our study sites. 

4.3. Soil basal respiration 

Soil potential respiration showed differences between the ecological 
areas evaluated under the gradient of climate and vegetation. It has also 
been reported that soil respiration evaluated in different ecological areas 
of southern Patagonia varied significantly (Peri et al., 2015). The dif
ferences found in our results have MNT soils (perennial and woody 
shrubs) with a lower potential respiration value compared to HMS soils 
(herbaceous plants) with a higher value. Considering that the contri
butions of organic remains could be potentially different depending on 
the species of plants that make up the plant community in the ecological 
areas (Zeng et al., 2014). The SBR in our data shows a positive corre
lation with the organic carbon content of the soil as other authors found 
(Wang et al., 2013). The soil cover obtained shows differences between 
ecological areas with an HMS > DMS > MNT tendency, which defines 
the quantity of organic matter from the soil that is breathed as CO2 
(Zhao et al., 2016). The higher values of organic carbon could explain 
the differences found in SBR of HMS area compared to the other 
ecological areas (Table 3). At global scale, soil respiration rates are 
positively correlated with average annual air temperatures and average 
annual precipitation (Raich and Schlesinger, 1992; Wang et al., 2016). 
This has also been demonstrated in our results, where SBR presented a 
positive correlation with mean annual temperature and precipitation in 
the soils of Southern Patagonia (Table 6). Since soil moisture and tem
perature were controlled during incubation in the laboratory, the dif
ference in respiration rates would have been mainly due to changes in 
the microbial biomass and substrate quantity and availability (Zheng 
et al., 2009). Mainly, the response to the increase in SBR in our study 
was associated with increases in soil organic carbon and soil microbial 
biomass carbon determined in the ecological areas, which was 
confirmed by the positive relationship obtained between MBC and SBR 
(Fig. 8 ABC). This has been evidenced in several previous studies for 
different soil types (Wei et al., 2014; Zhao et al., 2017), where hetero
topic soil respiration in ecosystems is accompanied by microbial growth 
(Tucker et al., 2013). 

The grazing intensity does not have effect on SBR, although we did 
see a slight tendency to higher SBR with moderate grazing (Table 5). 
Thus the response of SBR to grazing is subject to a combined effect with 
the type of ecosystem (Zou et al., 2007). We found an interaction of 
ecological areas*grazing on SBR, where in DMS high grazing decreased 
soil respiration, and the inverse effect occurred in HMS and MNT. This 
response could be given by the responses that occurred with MBC in the 
ecological areas*grazing interactions (Fig. 3A) and further supported by 
the relationships found between both variables (Fig. 8 C). Zhao et al. 
(2017) demonstrated that SBR responses to grazing are related to the 
size of the microbial community in soil sites with contrasting grazing 
intensities. Peri et al. (2015) found that in Southern Patagonia grass
lands, the soil respiration rate was 30% higher in moderate grazing 
compared to intense grazing, attributed to vegetation cover and soil 
parameters such as organic carbon. Our data do not reflect that grazing 
affects SBR since the respiration assessed in our results mostly contem
plates heterotopic soil respiration. The differences with the data re
ported for southern Patagonia sites could be explained by the more 
significant effect of grazing on soil respiration by affecting more the 
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plant root respiration, which refers to autotrophic soil respiration. These 
results somehow support the idea that grazing has differential effects on 
the autotrophic and heterotrophic components of SBR (Zhao et al., 
2017). 

4.4. Microbial metabolic coefficients 

At a global scale, it has been shown that qCO2 differs between eco
systems, with notable variations between biomes, crops, and natural 
ecosystems, where variations were closely associated with biological 
factors (such as communities microorganism and plant), followed by soil 
and climate parameters (Xu et al., 2017). This describes that each 
environment, ecological areas and with their grazing intensities func
tions differently. Similarly, in our study, we observed a variation in 
qCO2 between the ecological areas and a positive correlation between 
SBR and qCO2 of the soils studied (Table 6). The qCO2 values tend to 
increase due to stress caused by nutrient limitations, lower quality 
substrates, and a decrease in the efficiency of microorganisms, factors 
that seem to be influencing the MNT sites if we observe the soil char
acteristics (Table 4). Furthermore, the existence of a positive correlation 
between SBR and qCO2 could be attributed to the substrates provided by 
plants (Spehn et al., 2000), indicating that plants can indirectly influ
ence qCO2 by influencing microbial biomass and soil respiration as 
mentioned above in the effects on these variables. This coincides with 
our land cover data, where the values of qCO2 accompanied the HMS >
DMS > MNT gradient. Evidently, in the arid extreme of the gradient soil 
microorganisms break down more recalcitrant organic matter to obtain 
nutrients and energy (Craine et al., 2007), which leads to increased 
microbial respiration, but this does not translate into increases in MBC 
and consequently increases qCO2. 

The qM values in our results varied between ecological areas and 
long-term sheep grazing from 1.75 to 2.50%. Sparling (1992) reported 
that qM represents between 1 and 4% of soil organic carbon comparing 
different soil types, vegetation, and land-use history, describing that 
differences in qM values may be due to the conversion efficiency of 
organic matter into MBC. We found an inverse response between soil 
organic carbon of the ecological areas and qM, where the ecological 
areas with higher organic carbon values (Table 3) had the lowest qM 
values (Fig. 7B). Also, qM decreased with high grazing intensity 
compared to moderate grazing intensity. Similarly, Holt (1997) found 
that qM decreased with high grazing in semi-arid grasslands, and Li et al. 
(2013) have observed that qM decreased in grasslands subjected to 
different degrees of degradation from grazing on cold temperate soils. As 
well as Anderson and Domsch (1990), the correlations obtained for the 
soils of Southern Patagonia show the existence of interdependence be
tween growth and maintenance of microbial biomass and indicate that a 
low metabolic quotient corresponds to a high qM, that is: a greater 
assimilation of organic C in the microbial biomass and the formation of 
soil organic matter. This indicates that the alterations generated by 
grazing in the vegetation (mainly increasing the proportion of recalci
trant C entering the soil due to changes in plant community), indirectly, 
had an impact on the soil microorganisms. 

5. Conclusion 

This study reports the first results of the soil microbiological pa
rameters in the main ecological areas of southern Argentine Patagonia. 
The environmental gradient of the ecological areas showed correlate 
positively in the microbial biomass, fungal communities, soil respiration 
and microbial metabolic coefficient, which is attributed to the amount of 
organic C in the soil, confirming the importance of this resource for soil 
microorganisms. High grazing intensity of long-term decreases soil mi
crobial biomass and qM, and this decreases have implications for soil C 
accumulation given the relevance of biomass for stable C formation. 
Finally, there was a seasonal and interannual dynamic in the MBC and in 
the bacteria and fungus communities, which were attributed to 

precipitation and its relationship with increased growth and activity in 
plants that provide improvements on the soil microbiome. Such 
knowledge will allow a better understanding in future works about the 
factors that modulate the structure and microbial function in these 
ecosystems and, ultimately, the soil C accumulation in the long-term. 
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Dube, F., Zagal, E., Stolpe, N., Espinosa, M., 2009. The influence of land-use change on 
the organic carbon distribution and microbial respiration in a volcanic soil of the 
Chilean Patagonia. For. Ecol. Manag. 257 (8), 1695–1704. https://doi.org/10.1016/ 
j.foreco.2009.01.044. 

Egan, G., Zhou, X., Wang, D., Jia, Z., Crawley, M.J., Fornara, D., 2018. Long-term effects 
of grassland management on soil microbial abundance: implications for soil carbon 
and nitrogen storage. Biogeochemistry 141 (2), 213–228. https://doi.org/10.1007/ 
s10533-018-0515-1. 

Fierer, N., Jackson, J.A., Vilgalys, R., Jackson, R.B., 2005. Assessment of soil microbial 
community structure by use of taxon-specific quantitative PCR assays. Appl. Environ. 
Microbiol. 71 (7), 4117–4120. https://doi.org/10.1128/AEM.71.7.4117-4120.2005. 

Ford, H., Rousk, J., Garbutt, A., Jones, L., Jones, D.L., 2013. Grazing effects on microbial 
community composition, growth and nutrient cycling in salt marsh and sand dune 
grasslands. Biol. Fertil. Soils 49 (1), 89–98. https://doi.org/10.1007/s00374-012- 
0721-2. 

Franzluebbers, A.J., Hons, F.M., Zuberer, D.A., 1995. Soil organic carbon, microbial 
biomass, and mineralizable carbon and nitrogen in sorghum. Soil Sci. Soc. Am. J. 59 
(2), 460–466. https://doi.org/10.2136/sssaj1995.03615995005900020027x. 

Franzluebbers, A.J., Haney, R.L., Honeycutt, C.W., Arshad, M.A., Schomberg, H.H., 
Hons, F.M., 2001. Climatic influences on active fractions of soil organic matter. Soil 
Biol. Biochem. 33 (7–8), 1103–1111. https://doi.org/10.1016/S0038-0717(01) 
00016-5. 

Girvan, M.S., Bullimore, J., Pretty, J.N., Osborn, A.M., Ball, A.S., 2003. Soil type is the 
primary determinant of the composition of the total and active bacterial 
communities in arable soils. Appl. Environ. Microbiol. 69 (3), 1800–1809. https:// 
doi.org/10.1128/AEM.69.3.1800-1809.2003. 

Golluscio, R.A., Austin, A.T., Martínez, G.C.G., Gonzalez-Polo, M., Sala, O.E., Jackson, R. 
B., 2009. Sheep grazing decreases organic carbon and nitrogen pools in the 
Patagonian steppe: combination of direct and indirect effects. Ecosystems 12 (4), 
686–697. https://doi.org/10.1007/s10021-009-9252-6. 

Grayston, S.J., Griffith, G.S., Mawdsley, J.L., Campbell, C.D., Bardgett, R.D., 2001. 
Accounting for variability in soil microbial communities of temperate upland 
grassland ecosystems. Soil Biol. Biochem. 33 (4–5), 533–551. https://doi.org/ 
10.1016/S0038-0717(00)00194-2. 

Hamilton, E.W., Frank, D.A., 2001. Can plants stimulate soil microbes and their own 
nutrient supply? Evidence from a grazing tolerant grass. Ecology 82, 2397–2402. 
https://doi.org/10.1890/0012-9658(2001)082[2397:CPSSMA]2.0.CO;2. 

Harte, J., Kinzig, A.P., 1993. Mutualism and competition between plants and 
decomposers: implications for nutrient allocation in ecosystems. Am. Nat. 141 (6), 
829–846. https://doi.org/10.1086/285511. 

Hertenberger, G., Zampach, P., Bachmann, G., 2002. Plant species affect the 
concentration of free sugars and free amino acids in different types of soil. J. Plant 
Nutr. Soil Sci. 165 (5), 557–565. https://doi.org/10.1002/1522-2624(200210)165: 
5<557::AID-JPLN1111557>3.0.CO;2-G. 

Holland, E.A., Parton, W.J., Detling, J.K., Coppock, D.L., 1992. Physiological responses 
of plant populations to herbivory and their consequences for ecosystem nutrient 
flow. Am. Nat. 140 (4), 685–706. https://doi.org/10.1086/285435. 

Holland, J.N., Cheng, W., Crossley, D.A., 1996. Herbivore-induced changes in plant 
carbon allocation: assessment of below-ground C fluxes using carbon-14. Oecologia 
107 (1), 87–94. https://doi.org/10.1007/BF00582238. 

Holt, J.A., 1997. Grazing pressure and soil carbon, microbial biomass and enzyme 
activities in semi-arid northeastern Australia. Appl. Soil Ecol. 5, 143–149. https:// 
doi.org/10.1016/S0929-1393(96)00145-X. 

Jaeger, C.H., Monson, R.K., Fisk, M.C., Schmidt, S.K., 1999. Seasonal partitioning of 
nitrogen by plants and soil microorganisms in an alpine ecosystem. Ecology 80 (6), 
1883–1891. https://doi.org/10.1890/0012-9658(1999)080[1883:SPONBP]2.0.CO; 
2. 
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