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Grazing management is a critical land-use requirement that facilitates the 
preservation of plant community composition, soil properties and environmental 
quality. Grazing density of livestock has a significant impact on soil health, and 
there is a need to study the interactions of grazing densities and topographical 
positions influencing soil biochemical and microbial properties. This study 
was conducted at Cottonwood Field Station in Philip, South Dakota to assess 
the influence of more than 7  years of low, medium, and high grazing stocking 
densities (0.33, 0.41, 0.72 animal units/ac, respectively) at summit and footslope 
landscape positions on soil carbon (C) and nitrogen (N) fractions, microbial 
community composition, and enzymatic activities in a mixed-grass prairie 
ecosystem. Medium grazing density showed a 16% increase in soil N at the 
footslope compared with summit. Low grazing density significantly reduced 
microbial biomass C (~269  μg  g−1 soil) and N (~26  μg  g−1 soil) at summit compared 
with other grazing densities and landscape positions, except, the summit at 
high grazing density. Medium grazing density significantly enhanced hot-water 
extractable N by 21–23% at footslope compared with low grazing density at the 
footslope and high grazing density at the summit. Low grazing density increased 
urease (3.64  μg NH4

+ g−1 soil h−1) at footslope than all other grazing densities and 
landscape positions. Low grazing density enhanced β-glucosidase by 75% than 
high grazing density; alkaline phosphatase was significantly greater by 60% at 
footslope than summit. High grazing density at the summit decreased total PLFA 
(mean 56.53  nmol  g−1 soil) due to lower AM fungi, G (+), G (−) and actinomycetes 
biomass. Microbial stress indicators such as G (+)/G (−), saturated/unsaturated, 
monosaturated/polysaturated, GNeg stress revealed that high grazing density 
especially at summit position posed elevated physiological stressed conditions 
to the microbial community. Overall, long-term medium grazing density of 0.41 
animal units/ac may enhance soil N, microbial composition, microbial biomass 
C and N, hot-water extractable C and N fractions, and reduce stress conditions 
for microbial community at both footslope as well as summit landscape 
positions. Moreover, long-term overgrazing of pastures, particularly at summit 
slopes, appears to inhibit microbial populations and degrade overall soil health.
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1 Introduction

Grazing management is critical to maintain ecological 
sustainability and environmental quality, along with providing 
ecosystem services, especially after long-term grazing. Grazing can 
impact overall soil properties such as pH, soil organic matter, and soil 
nutrient concentrations (Stumpp et al., 2005; Paz-Kagan et al., 2016). 
The impact of grazing on soil quality is dependent on the selection of 
appropriate stocking density, which is the most important decision a 
producer can make (Gillen and Sims, 2002; Smart et  al., 2010). 
Stocking density exceeding the “carrying capacity” can adversely 
impact the long-term sustainability of a grassland system (Dunn et al., 
2010). Additionally, different stocking rates can enhance species 
diversity in grasslands with short- and long-term biological 
implications (Dunn et  al., 2010). The purpose of using variable 
stocking densities in this experiment was to determine the stocking 
density essential to enhance the soil biochemical properties and 
microbial activity while maintaining the plant community 
composition. Apart from stocking density, landscape position can 
strongly influence soil health by causing changes in microclimate 
based on runoff, drainage, soil temperature variation, wind and water 
erosion, nutrient redistribution and deposition processes (Mwanjalolo 
Jackson-Gilbert et  al., 2015). Moreover, landscape position can 
provide different substrates for microbes, and nutrients that can 
ultimately influence soil microbial biomass and communities (Sekaran 
et  al., 2019). Hence, topography should be  accounted for while 
assessing the influence of grazing on soil C and N cycling (Frank et al., 
2011; Zhang et al., 2018).

Previous studies on lipids demonstrated that nutritional status and 
environmental conditions can affect phospholipid fatty acid (PLFA) 
markers (Findlay and White, 1983; Guckert et al., 1986), therefore 
fatty acid composition can subsequently be used to indicate stress in 
the soil microbial community (Smith et al., 2000; Willers et al., 2015). 
For instance, relative dominance of a bacterial group can be assessed 
through the ratio of gram-positive to gram-negative bacterial lipids in 
a particular ecosystem and several studies associate an increase in 
gram-negative PLFAs with stress conditions (Willers et al., 2015). The 
composition of microbial communities can also determine the 
resistance and resilience to abiotic and biotic stresses (Griffiths et al., 
2000; Patra et al., 2005). Additionally, animals return part of their 
ingests in the form of dung and urine, thereby increasing N inputs and 
labile organic matter fraction in soil (Bardgett and Wardle, 2003; 

Prieto et  al., 2011). It is evidenced that grazing can influence 
aboveground plant community composition over time, not only 
affecting the size of the organic matter input but also the soil organic 
matter quality (Bardgett and Wardle, 2003; Prieto et al., 2011). Soil 
microbial biomass and enzymes are important parts of biochemical 
functioning and are strongly linked to soil organic matter and nutrient 
cycling (Saviozzi et al., 1999; Dodor and Ali Tabatabai, 2005; Patra 
et al., 2005; Makoi and Ndakidemi, 2008; Bottomley et al., 2020).

Soil microbial biomass and enzyme activities have been 
considered as sensitive indicators of microbial activity due to their 
rapid response to shifts in environmental conditions and disturbances 
(Anderson and Domsch, 1989). Soil enzymes are involved in C (e.g., 
β-glucosidase), N (e.g., urease), phosphorus (P) (e.g., phosphatases), 
and sulfur (S) (e.g., arylsulfatase) cycling and can be influenced by 
landscape position (Sekaran et al., 2019). Some studies suggest that 
grazing may increase or decrease biochemical activity depending on 
the presence of animal excreta or deteriorated soil structure due to 
trampling (Manzano and Návar, 2000; Yates et al., 2000; Conant et al., 
2001; Steffens et  al., 2008). Enzyme activities and microbial 
composition related to nutrient composition have previously been 
evaluated in agricultural practices (Bending et al., 2004; Moscatelli 
et al., 2007), however, knowledge of similar research is scarce in terms 
of grassland ecosystem with existing work reporting conflicting results 
on microbial biomass C (Banerjee et al., 2000; Craine et al., 2009; 
Katsalirou et al., 2010).

Great Plains rangelands serve as vital ecological components, 
offering significant contributions to wildlife habitat preservation, 
watershed protection, recreation, and conservation of genetic 
diversity. During the early twentieth century, the overall condition 
of these rangelands declined, attributable to livestock 
mismanagement, extensive cultivation and abandonment and 
persistent drought (Schacht et al., 2011). These issues resulted in 
reduced vegetation cover, increased wind and water erosion, and 
the widespread growth of invasive plant species. Efficacious 
management of grazed rangelands required the strategic 
deployment of tools, with particular emphasis on optimal stocking 
rates, which play a pivotal role in maintaining or enhancing range 
conditions (Holechek et  al., 1989). The research gap has been 
identified due to a complex interaction of grazing density affecting 
soil properties, and microbial activities. There is need to assess the 
impact of different grazing densities on belowground components 
such as soil nutrient cycling and microbial activities which are still 
not fully understood (Bardgett and Wardle, 2003). Additionally, 
there is a lack of long-term rangeland studies focusing on 
topographical variability and patterns of grazing stocking density 
on soil health. Addressing these knowledge gaps may improve 
grazing management and allow the validity of stocking density 
recommendations based on assessed biochemical and microbial 
parameters. These knowledge gaps restrict the potential to theorize 
the effect of grazing animals, grazing intensity or management 
practices on grassland functioning. The objectives of this study were 

Abbreviations: C, carbon; N, nitrogen; HWC, hot-water extractable carbon; HWN, 

hot-water extractable nitrogen; CWC, cold-water extractable carbon; CWN, 

cold-water extractable nitrogen; MBC, microbial biomass carbon; MBN, microbial 

biomass nitrogen; AM fungi, arbuscular mycorrhizal fungi; G (−), gram-negative 

bacteria; G (+), gram-positive bacteria; TBB, total bacterial biomass; TF, total fungi; 

F/B, fungi/bacteria; TPLFA, total phospholipid fatty acid; AP, alkaline phosphatase; 

AS, arylsulfatase.
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to understand the soil C and N fractions, enzymatic activities, soil 
microbial community composition and microbial stress indicators 
as influenced by three different grazing stocking densities at two 
landscape positions in a long-term mixed-grass prairie system.

2 Materials and methods

The experiment was established at the Cottonwood Field Station 
in Philip, South Dakota (43°57′41″N, 101°51′36″W) and this site has 
primarily been used for livestock grazing research for 70 years. It is one 
of five long-term rangeland study sites in the US. The Cottonwood 
Field Station is situated in the Northern Great Plains mixed grass 
prairie ecosystem in west-central South Dakota. The soil type at the 
study site is Kyle clay (very fine, montmorillonitic, mesic Aridic 
Haplusterts) and Pierre clay (fine, montmorillonitic, mesic Aridic 
Haplusterts) developed over a Pierre shale formation (US Department 
of Agriculture, Soil Conservation Service, 1987; Dunn et al., 2010). 
The pH of the study site ranged between 6.9 and 7.4. The mixed grass 
prairie ecosystem at the study site is composed primarily of C3 green 
needlegrass (Nassella viridula) and western wheatgrass (Pascopyrum 
smithii) and C4 blue grama (Bouteloua gracilis) and buffalograss 
(Buchloe dactyloides). Topography is slightly sloping with hills and 
relatively flat-topped ridges. The study site has a Köppen climate 
classification of continental and semiarid with hot summers and cold 
winters. Mean annual precipitation is approximately 440 mm. In the 
1940s, six pastures at the station were assigned to 3 levels of grazing 
intensity (low, medium, and high), with yearling steers (Bos taurus L.) 
on 100-acre fields to create pastures in low, good, and excellent range 
condition. The study consists of three grazing stocking densities of 
low, 0.33; medium, 0.41; and high, 0.72 animal units/acre and two 
landscape positions, i.e., summit and footslope. The study design is 
split-plot with six replications.

2.1 Soil sampling

Following cool-season plant dormancy, soil samples were 
collected randomly from 0 to 6 cm depth in Fall, 2020 using a push 
probe. Within each replication, 10 cores were composited from either 
summit or footslope positions for further analyses and immediately 
stored in a refrigerator at either 4°C or −20°C for microbial analysis. 
The moisture content of soil was determined gravimetrically after 
drying for 48 h at 60°C. Air-dried soil samples were passed through 
2-mm sieve for C and N fractions analyses and soil pH was determined 
using 1:1 soil/water suspension with a pH meter (Thermo Fisher 
Scientific, United States).

2.2 Soil organic carbon and nitrogen

Air-dried soil samples (<2 mm) were ground and weighed 
~0.250-g in a tin foil cup for analyzing SOC and N with a LECO 
TruSpec Analyzer (LECO Corporation, St. Joseph, MI) using dry 
combustion method.

2.3 Hot- and cold-water extractable 
carbon and nitrogen

Hot and cold water extractable C and N were analyzed using the 
methodology of Ghani et al. (2003) and Sekaran et al. (2019). Soil 
samples were weighed (3-g oven dry equivalent) into 50 mL centrifuge 
tube and 30 mL distilled water was added for extraction of easily 
soluble C and N. Samples were placed on a shaker for 30 min at 30 rpm 
and centrifuged at 3,000 rpm for 25 min. Supernatant was filtered 
using 0.45 μm filter into glass scintillation vials and analyzed for cold-
water extractable C and N. For hot-water extractable C and N, 30 mL 
of distilled water was added to the same centrifuge tubes containing 
3-g soil samples. These tubes were kept in hot water bath at 80°C for 
~15 h. Each tube was shaken on a vortex for about 10 s to ensure that 
hot-water C and N released from the soil organic matter was fully 
suspended in the extraction medium. The tubes were further 
centrifuged at 3,000 rpm for 25 min. Supernatant was filtered through 
0.45 μm filter into glass scintillation vials. The cold water and hot 
water extractable C and N fractions were determined using the TOC-L 
analyzer (Shimadzu Corporation, Kyoto, Japan).

2.4 Microbial biomass carbon and nitrogen

Microbial biomass C and N were assessed using the chloroform-
fumigation and extraction method (Vance et al., 1987; Singh et al., 
2021). Ten grams of fresh soil samples were weighed for each 
fumigated and non-fumigated analysis. The non-fumigated 
subsample was extracted immediately using 0.5 M K2SO4. However, 
the samples subjected to fumigation were placed in a desiccator 
with suspended alcohol-free chloroform and extracted with 0.5 M 
K2SO4 after 24 h period in the dark. These samples were shaken for 
1 h on an oscillating shaker at 30 rpm and centrifuged for 3 min. 
Supernatant was filtered through 0.45 μm filter paper and the 
extractant was analyzed for C and N using TOC analyzer (Shimadzu 
Corporation, Kyoto, Japan). Microbial biomass C and N were 
calculated as the difference between non-fumigated and fumigated 
sample C and N concentrations and divided by a factor of 0.45 as 
extraction efficiency (Beck et al., 1997).

2.5 Enzymatic analysis

Enzymatic analysis was determined to gain insights into soil 
enzyme dynamics as reflected by microbial activity and nutrient 
cycling in the studied environment. Urease (EC 3.5.1.5) was analyzed 
using colorimetric determination of ammonium method by Kandeler 
and Gerber (1988), with results expressed as μg NH4-N g−1 soil h−1. 
β-glucosidase (EC 3.2.1.21) activity was assessed following the 
approach of Eivazi and Tabatabai (1988), and results were expressed 
as μmol pNP g−1 soil h−1. Alkaline Phosphatase activity (EC 3.1.3.1) 
was determined using the method of Tabatabai and Bremner (1969) 
and Eivazi and Tabatabai (1977), with results expressed as μg pNP g−1 
soil h−1. Arylsulfatase activity assessment followed the procedure of 
Tabatabai and Bremner (1970), utilized p-nitrophenol solution as the 
substrate, and results were expressed as μg pNP g−1 soil h−1.
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2.6 Phospholipid fatty acid analysis

2.6.1 Extraction
Microbial community composition was assessed by extracting 

total soil lipids by shaking ~1–2 g of soil in 4 mL of Blight & Dyer 
reagent (200 mL 50 mM K2HPO4 buffer in deionized H2O, 500 mL 
methanol, 250 mL chloroform) and 19:1 phosphatidylcholine (Avanti 
Polar Lipids, United  States) internal PLFA standard followed by 
sonication at room temperature. Solid and liquid phases were 
separated by centrifuging the samples in a 5,804 R centrifuge, 
(Eppendorf, United States) at 4,000 rpm for 15 min. Supernatant was 
added with of 1 mL of each deionized water and chloroform and 
centrifuged again at 4,000 rpm for 15 min. Separated liquid phase was 
placed in a SpeedVac™ vaccum concentrator (Thermo Scientific, 
United States) for drying at low/ambient temperature for 1 h.

2.6.2 Lipid separation
The samples were dissolved with 1 mL chloroform and transferred 

to conditioned HyperSep™ solid-phase extraction (SPE) columns 
(Thermo Scientific, United States), containing 50 mg silica per 1 mL 
column, and allowed to gravity drain. A 1.5 mL clean glass catch vial 
was placed below each column and phospholipids were eluted using 
0.5 mL of the 5:5:1 chromatography eluent solution (methanol: 
chloroform: deionized water) to the SPE columns. The collected 
solution was dried in a SpeedVac™ vaccum concentrator for ~1 h at 
ambient temperature.

2.6.3 Trans-esterification
A 0.2 mL of trans-esterification reagent was added to the dried 

samples followed by incubation at 37°C for 15 min. A 0.4 mL of 
0.075 M acetic acid and 0.5 mL of chloroform was added to each tube 
and bottom phase after vortex was transferred to a GC vial followed 
by drying in SpeedVac™ vaccum concentrator for 20–30 min at 
ambient temperature. The samples were further resuspended using 
100 μL of hexane and analyzed using an Agilent 2030-GC equipped 
with a CP-7693 auto-sampler and a flame ionization detector (FID). 
Fatty acid peaks were identified by comparing the retention times to 
MIDI PLFAD2 calibration mix using SHERLOCK software v.6.2 
(MIDI Inc., United States). Fatty acids were used as functional group 
signatures for various microorganisms and each PLFA was expressed 
as nmol g−1 soil.

2.7 Microbial stress factors

PLFA analysis can be used to indicate the microbial community 
stress where the obtained signature fatty acid biomarkers allow 
assessment and differentiation of various microbial groups including 
fungi and bacteria (Frostegård and Bååth, 1996; Bertram et al., 2012). 
For instance, since the cell structure of gram (−) bacteria benefits in 
stress resistance than gram (+), an increase in gram (+)/gram (−) ratio 
has been used as an indicator to recognize whether a given microbial 
community is stressed (Kaur et al., 2005; Bertram et al., 2012). The 
specific microbial stress indicators included in this study were gram 
(+)/gram (−), monounsaturated/polysaturated, saturated/unsaturated 
fatty acids, and GNeg stress. The GNeg stress indicator is based on the 
observations of increased gram (−) stress PLFAs with stress 
conditions. Increased ratios of saturated to monounsaturated fatty 

acids, trans- to cis monoenoic fatty acids and cyclopropyl fatty acids 
to their monoenoic precursors are used as stress signatures (Willers 
et al., 2015).

3 Statistical analyses

The analysis was conducted using SAS 9.4 (SAS Institute Inc., 
Cary, United  States) with mixed model ANOVA procedure. The 
dependent variables included soil organic C and N, hot and cold-water 
extractable C and N, microbial biomass C and N, PLFA, enzymatic 
activities and microbial stress factors. Grazing densities and landscape 
positions were treated as fixed effects and replicates as random effects. 
Data were analyzed for normality using Shapiro–Wilk’s test. Mean 
separation for treatments was performed using Fisher’s protected least 
significant difference (LSD) at a significance level of 0.05. Principal 
component analysis (PCA) and correlation were performed using 
multivariate methods in JMP® Pro 16 (SAS Institute Inc., Cary, 
United States) for the measured parameters. Principal component 
analysis was conducted to simplify the data and observe the response 
variables which followed a similar trend and explained greatest 
variation in the data. Correlation was performed to see the relationship 
between different C and N fractions, and microbial communities.

4 Results

4.1 Soil organic C and N, MBC, and MBN

The summary of statistical significance (p-values) of measured 
soil-related parameters as affected by grazing density and landscape 
position is presented in Table  1. The interaction between grazing 
densities and landscape positions was significant (p ≤ 0.05) for most 
of the parameters. Although SOC did not vary under different grazing 
densities, it was enhanced significantly (+12%) at the footslope 
compared with summit position. Within medium grazing density, soil 
N was reduced by 25% at summit when compared to the footslope 
position.; however, it did not vary significantly from the low and high 
grazing densities at either landscape position (Figure 1).

In terms of C and N related to microbial biomass, the majority of 
the variation was observed under low and high grazing densities at 
both landscape positions (Figure  1). Microbial biomass C was 
significantly greater for medium and high grazing densities at 
footslope as well as summit, with a mean value between 403 and 
510 μg g−1 soil. These did not vary significantly from the footslope 
position (445 μg g−1 soil) at low grazing density. Microbial biomass C 
was significantly lowered by 39–47% under low grazing density at 
summit position, compared to other grazing densities/landscape 
positions, except it did not differ from the summit position at high 
grazing density. Under medium grazing density, MBN was enhanced 
under footslope as well as summit position, when compared to low 
and high grazing densities (Figure  1). Microbial biomass N was 
reduced at summit positions under low and high grazing density by 
25 and 22 μg g−1 soil, respectively, compared to the footslope. The ratio 
of MBC:MBN was comparatively (p < 0.05) greater at summit position 
(mean = 11.8) than the footslope position (mean = 9.11). At summit 
position, low grazing density showed significantly greater HWC:HWN 
ratio than the medium grazing density (Data not presented).
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4.2 Hot-water and cold-water extractable 
C and N

Medium grazing density increased HWC by ~22% at the footslope 
position compared with summit position (Figure  2). In terms of 
HWN, 21–23% increase was noted for medium grazing density at 
footslope position when compared with the low grazing density at 
footslope and high grazing density at summit position. Cold-water 
extractable C was not influenced by either grazing density or landscape 
position. Cold-water extractable N was enhanced under high grazing 
density at footslope (mean 11.2 mg kg−1), and it reduced significantly 
to 7.3, 4.9, and 4.0 mg kg−1 under low, medium, and high grazing 
density, respectively, at summit position.

4.3 Enzymatic activities

Urease and arylsulfatase activities were significantly greater under 
low grazing density at footslope position and reduced by 25–79% 
under other grazing density/landscape position interactions (Table 2). 
However, arylsulfatase activity did not vary between medium and low 

grazing densities and footslope position. Averaging over landscape 
positions, β-glucosidase activity was enhanced significantly by 75% 
under low grazing density compared with the high grazing density. 
Moreover, alkaline phosphatase activity was higher under low grazing 
density by 62% than medium grazing density. Compared to footslope 
position, alkaline phosphatase activity decreased under summit by 
~8 μg p-NP g−1 soil h−1.

4.4 Soil microbial community composition

Total PLFA was reduced significantly by 38–48% under high 
grazing density at summit position compared with the other grazing 
densities and landscape positions. In particular, high grazing density 
reduced the total PLFA by 43% at summit when compared with the 
footslope position (Table 3).

Soil microbial lipid composition was significantly influenced by 
the interaction of grazing densities and landscape positions, except 
fungal population. High grazing density reduced the AM  fungi 
population by 1.59–2.87 nmol g−1 soil at summit over the other grazing 
densities and landscape positions (Table 3). Medium and high grazing 

TABLE 1  Statistical significance (p-values) of the influence of grazing density and landscape position on soil C and N fractions and microbial stress 
indicators.

Effect SOC Soil 
N

MBC MBN HWC HWN CWC CWN G(+)/G(−) Sat/
unsat

Mono/
poly

GNeg 
stress

Grazing density NS NS NS NS NS NS NS NS ** ** NS **

Landscape position *** ** *** *** ** ** NS *** NS * *** NS

Grazing*Landscape NS ** ** ** ** * NS ** ** ** ** NS

SOC, soil organic carbon; soil N, soil nitrogen; HWC, hot water extractable carbon; HWN, hot water extractable nitrogen; CWC, cold water extractable carbon; CWN, cool water extractable 
nitrogen; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; G(+)/G(−), gram positive/gram negative; sat/unsat, saturated/unsaturated; mono/poly, monosaturated/
polysaturated; GNeg stress, gram-negative stress. ***Significantly different at p ≤ 0.0001. **Significantly different at p ≤ 0.05. *Significantly different at p ≤ 0.1. NS, not significant at p ≤ 0.05.

FIGURE 1

Soil organic carbon and nitrogen fractions as influenced under different grazing densities at two landscape positions. Bars with different lowercase 
letters represent significant differences between grazing densities and landscape positions at p  ≤  0.05. SOC, soil organic carbon; soil N, soil nitrogen; 
MBC, microbial biomass carbon; MBN, microbial biomass nitrogen.
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densities at summit position reduced the G (−) bacteria by 26 and 
44%, respectively, compared with the medium grazing at footslope 
position. High grazing density also lowered the G (+) bacteria 
(20.87 nmol g−1 soil) at summit position compared with the medium 

grazing density at summit and footslope and high grazing density at 
footslope. Furthermore, the actinomycetes population was reduced 
under high grazing density at the summit position (8.71 nmol g−1 soil) 
than the other grazing densities and landscape positions. Overall, the 

FIGURE 2

Hot-water and cold-water extractable carbon and nitrogen fractions as influenced under different grazing densities at two landscape positions. Bars 
with different lowercase letters represent significant differences between grazing densities and landscape positions at p  ≤  0.05. *Represents significant 
interaction at p  ≤  0.10.

TABLE 2  Influence of different grazing densities at two landscape positions on soil enzyme activity.

Treatments Urease
(μg NH4

+ g−1 soil 
h−1)

β-glucosidase
(μmol p-NP g−1 soil 

h−1)

Alkaline phosphatase
(μg p-NP g−1 soil h−1)

Arylsulfatase
(μg p-NP g−1 soil h−1)

Grazing density (GD)

Low 2.59a† 101.92a 20.87a 27.19

Medium 1.28b 98.43ab 12.92b 24.53

High 1.29b 58.11b 19.20ab 23.15

Landscape position (LP)

Summit 1.05b 75.57 13.57b 20.76b

Footslope 2.39a 96.73 21.76a 29.15a

GD—LP

Low—summit 1.54b 97.83 16.71 19.97b

Low—footslope 3.64a 106.01 25.03 34.40a

Medium—summit 0.76b 75.42 8.49 21.75b

Medium—footslope 1.81b 121.44 17.34 27.30ab

High—summit 0.85b 53.48 15.50 20.56b

High—footslope 1.73b 62.74 22.90 25.74b

ANOVA (P > F)

GD <0.0001 0.0536* 0.0406 0.1999

LP <0.0001 0.1493 0.0028 <0.0001

GD—LP 0.0757* 0.4818 0.9744 0.0141

†Means followed by similar lowercase letters are not significantly different at P ≤ 0.05. *Represents significance at P ≤ 0.10.
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high grazing density reduced total bacterial biomass 37% at the 
summit position compared to the other grazing densities, which 
corresponds with the observed decreases in gram (+), gram (−) and 
actinomycetes population. At the footslope, the fungal/bacterial ratio 
was significantly lower with a mean value 0.09 than the other 
grazing densities.

4.5 Microbial stress indicators

Gram (+)/gram (−) ratio did not vary between the two landscape 
positions under low and medium grazing densities, except at high 
grazing density where the summit position showed a lower ratio (0.10) 
than the footslope position (0.13) (Figure 3). Similar results were 
observed for saturated/unsaturated fatty acids, where reduced ratio 
was observed under high grazing density at the summit position 
(0.09) when compared with the other grazing densities and landscape 
positions, except it did not vary significantly with low grazing density 
at summit position (0.12). Monosaturated/ polysaturated fatty acids 
were significantly higher under high grazing density at the footslope 
position (1.76) than the other grazing densities and landscape 
positions, however, it did not differ significantly than the medium 
grazing density at footslope position (1.11). GNeg stress or gram (−) 
stress varied significantly only among different grazing densities; and 
medium grazing density showed 13 and 20% higher GNeg stress, 
respectively, than the low and high grazing densities.

4.6 Principal component analysis

The PCA results demonstrated that principal component 1 (PC1) 
and PC2 explained 36 and 15% of variation, respectively. It suggests 
that medium and high grazing densities influenced C and N fractions 
(e.g., SOC, N, HWC, HWN, CWN) and enzymes (urease, 
arylsulfatase, alkaline phosphatase) at the footslope position 
(Figure  4). However, the microbial community composition was 
mainly influenced by medium grazing density at both footslope and 
summit positions.

4.7 Pearson’s correlation coefficient

Pearson’s correlation revealed that total PLFA or microbial 
community composition was positively correlated with most of the C 
and N fractions mainly SOC, HWC, HWN, CWN, MBC, and MBN 
(Figure 5). The microbial community had strong positive correlation 
with each other at p ≤ 0.05, e.g., AMF, G (−), G (+), fungi, 
actinomycetes.

5 Discussion

Long-term grazing can directly or indirectly influence the soil 
physicochemical and biological properties (Yates et al., 2000; Prieto 

TABLE 3  Influence of different grazing densities at two landscape positions on soil microbial structure as identified by phospholipid fatty acid 
biomarkers.

Treatments AM 
fungi

G (−) G (+) Fungi Actinomycetes Total 
bacterial 
biomass

Fungi/
bacteria

Total 
fungi

Total 
PLFA

nmol g−1 soil

Grazing density (GD)

Low 4.04ab† 30.95ab 33.83ab 4.10ab 15.79ab 64.78ab 0.13 8.14a 88.71ab

Medium 4.71a 33.16a 41.26a 4.56a 17.57a 74.42a 0.13 9.28a 101.27a

High 3.24b 27.63b 30.66b 2.80b 13.33b 58.29b 0.11 6.04b 77.66b

Landscape position (LP)

Summit 3.53b 26.91b 31.72b 4.29a 13.62b 58.63b 0.14a 7.82 80.07b

Footslope 4.47a 34.25a 38.78a 3.35b 17.51a 73.03a 0.11b 7.82 98.36a

GD—LP

Low—summit 4.01a 31.22ab 35.19ab 4.34 16.15a 66.42a 0.13a 8.35 90.92a

Low—footslope 4.07a 30.68ab 32.47ab 3.87 15.42a 63.14ab 0.13a 7.94 86.50ab

Medium—summit 4.13a 28.12bc 39.10a 5.30 15.99a 67.23a 0.14a 9.43 92.65a

Medium—footslope 5.29a 38.20a 43.41a 3.82 19.16a 81.61a 0.12a 9.12 109.89a

High—summit 2.43b 21.37c 20.87b 3.25 8.71b 42.24b 0.14a 5.68 56.63b

High—footslope 4.05a 33.88ab 40.45a 2.35 17.96a 74.33a 0.09b 6.40 98.69a

ANOVA (P > F)

GD 0.0005 0.0360 0.0155 0.0060 0.0297 0.0143 0.1002 0.0008 0.0101

LP 0.0018 <0.0001 0.0208 0.0384 0.0033 0.0017 <0.0001 0.9966 0.0041

GD—LP 0.0841* 0.0066 0.0105 0.6569 0.0082 0.0068 0.0015 0.7498 0.0115

†Means followed by similar lowercase letters are not significantly different at p ≤ 0.05. *Represents significance at p ≤ 0.10. AM fungi, arbuscular mycorrhizal fungi; G (−), gram-negative 
bacteria; G (+), gram-positive; PLFA phospholipid fatty acid.
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et al., 2011). Our results suggest that labile fractions of C (e.g., HWC, 
MBC) can be considered as sensitive indicators while determining the 
subtle variations within a mixed-grass system. However, there were no 
discernable trends across all treatments and indicators, aligning with 
previous findings by Ghani et  al. (2003). The effects of grazing 
densities were more pronounced on HWC compared to CWC at 
different landscape positions. The higher HWC under medium 
grazing density at the footslope position suggests the presence of 
carbohydrates, phenols, and lignin monomers compared to the 

summit position (Landgraf et  al., 2006). Hot-water extractable C 
usually represents 3–6% of total organic C in soil and can serve as an 
early indicator of organic matter loss (Ghani et al., 2003). Our data 
indicate that the rate of decomposition was favored over accumulation 
of carbon under medium grazing density at summit position. While 
the lowest MBC and N were observed under low grazing density at the 
summit, they did not significantly differ from high grazing density at 
the same position. Contrary to soil C, this study showed changes in 
the total soil N as well as labile fraction of soil N (HWN, CWN, and 

FIGURE 3

Stress indicators ratio calculated from PLFA analyses as influenced under different grazing densities at two landscape positions. Bars with different 
lowercase letters represent significant differences between grazing densities and landscape positions are significantly different at p  ≤  0.05. Capital 
letters in GNeg stress represent significant differences among three grazing densities.

FIGURE 4

Score plot (left) and eigenvectors (right) of the soil physicochemical and biological parameters with principal component analysis (PCA) showing PC1 
and PC2 (left) and eigenvectors (right). C, carbon; N, nitrogen; HWC, hot-water extractable carbon; HWN, hot-water extractable nitrogen; CWC, cold-
water extractable carbon; CWN, cold-water extractable nitrogen; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; AM fungi, 
arbuscular mycorrhizal fungi; G (−), gram-negative bacteria; G (+), gram-positive bacteria; TBB, total bacterial biomass; TF, total fungi; F/B, fungi/
bacteria; TPLFA, total phospholipid fatty acid; AP, alkaline phosphatase; AS, arylsulfatase.
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MBN) as affected under different grazing densities at two landscape 
positions. Moreover, rhizodeposition and root exudates can greatly 
influence C and N turnover in soils, affecting their accrual or 
decomposition in rhizosphere (Kuzyakov et al., 2001).

The observed lack of variation in the SOC based on grazing 
density can also lead to insignificant changes in the β-glucosidase and 
phosphatase activities, consistent with prior studies associating 
reduced SOC with decreased β-glucosidase and phosphatase activities 
under intensive grazing (Prieto et al., 2011). Averaging over landscape 
positions, β-glucosidase activity was 1.8 times higher under low 
grazing density than the high grazing density, which suggested that 
the primary source of energy for the living soil microbial communities 
of low grazing system is attained from disaccharides such as cellobiose, 
a derivative of cellulose (Burns and Dick, 2002; Hewins et al., 2015). 
This study found no interaction effect between grazing densities and 
landscape positions on C cycling enzyme β-glucosidase, indicating 
that much of the existing soil organic matter may already be relatively 
stable following microbial decomposition (Fierer et al., 2009; Moore 
et al., 2011; Hewins et al., 2015). Urease and arylsulfatase enzymes 
were usually higher under low grazing density and at footslope 

positions, indicating a shared pattern of nitrogen and sulfur 
decomposition within SOM, potentially fulfilling the growth and 
cellular functions of microbial communities (Hewins et al., 2015). 
Independent of the landscape position, greater urease and alkaline 
phosphatase under low grazing density suggested greater 
mineralization with greater microbial community supported by 
organic nitrogen and phosphorus sources in ecosystems rich in grass 
production and associated litter (Mitchell et  al., 2015). Lower 
enzymatic activities under high grazing density can also be associated 
with the reduced microbial abundance, especially AM fungi, G (−), G 
(+), fungi, actinomycetes. It is postulated that under high grazing 
density, microbial communities may not be supported by enzymes 
involved in nitrogen, carbon, and phosphorus cycling, experiencing 
adverse impacts compared to low or medium grazing densities.

The fungal to bacterial ratio was reduced by 26–40% under high 
grazing density at footslope position compared to other grazing densities 
and landscape positions. The non-AM fungal population was reduced 
significantly by 39% at the high grazing density compared to medium 
grazing density. Previous studies linked increased intensity of physical 
disturbance and decrease in the fungal biomarker (by 29.5–43.3%) and 

FIGURE 5

Pearson’s correlation coefficient (r) between soil physicochemical and biological properties observed under different grazing densities and landscape 
positions. C, carbon; N, nitrogen; HWC, hot-water extractable carbon; HWN, hot-water extractable nitrogen; CWC, cold-water extractable carbon; 
CWN, cold-water extractable nitrogen; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; AMF, arbuscular mycorrhizal fungi; G (−), 
gram-negative bacteria; G (+), gram-positive; TPLFA, total phospholipid fatty acid. Bold numeric values represent significance at p  ≤  0.05.
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fungal:bacterial ratio in response to grazing (Kaur et al., 2005). Moreover, 
the AM fungi population was significantly declined under high grazing 
density at summit position compared to other grazing densities and 
landscape positions, likely due to the sensitivity of filamentous fungi to 
physical disturbances under high grazing pressure over low and medium 
grazing (Bardgett et al., 2001). In addition to fungal biomarkers, single-
celled organisms showed lower abundance, particularly under high 
grazing density at the summit landscape position.

A physiological stress in certain bacterial species can be derived 
from the PLFA analysis, serving as an assessment tool for evaluating 
microbial community function under various treatments (Kaur et al., 
2005). Microbial stress indicators revealed that gram (+)/gram (−) and 
saturated/unsaturated fatty acids were significantly lower under high 
grazing density at the footslope position. This reduction in the gram (+)/
gram (−) bacterial ratio represented an increase in abundance of gram 
(−) bacterial PLFA, with the concomitant decrease in gram (+) bacterial 
PLFA, suggesting stressful conditions under high grazing density at 
summit. The higher saturated fatty acids reflected a well-adapted 
microbial community to environmental conditions in an ecosystem. 
However, communities experiencing stressed conditions tend to increase 
the proportion of unsaturated fatty acids, as noted under high grazing 
density at summit. The decreased ratio of sat/unsaturated fatty acids 
under high grazing density at summit position may indicate slightly 
weakened and unstable microbial community. Similarly, the observed 
lower mono/polysaturated ratio, especially under high grazing density at 
summit position, depicted prolonged stress likely due to environmental 
conditions such as animal trampling, intense grazing, pH, nutrient 
starvation, low moisture conditions. GNeg stress was calculated as the 
ratio of the sum of two monosaturated fatty acids (16:1ɷ7c and 18:1ɷ7c) 
and two cyclopropanoic fatty acids, i.e., 17:0 cyclo ɷ7c and 19:0 cyclo 
ɷ7c. Gram (−) bacteria generate cyclopropanoic fatty acids under 
stressed conditions, therefore, the higher the GNeg ratio, the less stressed 
the soil is. Medium grazing density represented the least stress for 
microbial communities among different grazing densities. Overall, these 
microbial stress ratios suggested that low and medium grazing densities 
at summit and footslope positions can provide sufficient nutrients for 
balanced bacterial growth through root exudates in rhizosphere. 
However, high grazing density, especially at summit position, might 
indicate elevated physiological stress for the soil microbial community, 
possibly due to higher exposure to radiation and evaporation rates, 
compared to footslope position (Saul-Tcherkas and Steinberger, 2009; 
Ben-David et al., 2011; Frostegård et al., 2011). While PLFA primarily 
focuses on changes in microbial community structure and biomass as 
indicators of stress, it captures diverse markers present across multiple 
microbial groups. Based on the PCA results, it was summarized that 
relatively stable and unstressed conditions for C and N fractions, 
enzymes related to nitrogen, phosphorus, and sulfur nutrients and 
microbial community might be present under medium grazing density 
at both summit as well as footslope positions. Positive correlations 
among C and N fractions and microbial communities indicate their 
capacity to influence each other synergistically.

6 Conclusion

High grazing density at summit landscape position mostly affected 
soil physicochemical and microbial composition, likely attributed to 
direct factors such as of trampling by hoof action and environmental 

exposure of the landscape position to radiation, wind erosion and 
evaporation. Increased grazing density of 0.72 animal units/ac at summit 
position declined N, C and S cycling by reducing urease, β-glucosidase, 
and arylsulfatase. Furthermore, microbial biomass nitrogen, hot-water 
extractable carbon and nitrogen, cold-water extractable nitrogen were 
also notably affected by high grazing density. High grazing density led to 
reductions in AM fungi, G (−), G (+), non-AM fungi, actinomycetes, 
fungi-to-bacteria ratio and total PLFA of the soil, along with an increase 
in microbial stress indicators. However, high grazing density, if practiced 
at footslope position, can partially mitigate some negative impacts on soil 
health parameters such as labile C and N fractions, as well as total 
PLFA. In contrast, medium grazing density of 0.41 animal units/ac at 
both summit and footslope position showed relatively stable and less 
stressed conditions with greater C and N fractions, enzymes associated 
with N, P and S nutrients, and the microbial community. Therefore, 
considering these positive outcomes, medium grazing density emerges 
as a more conducive alternative compared to high grazing density, 
particularly to ameliorate the potential adverse effects of overgrazing on 
soil health of mixed-grass prairie ecosystem. These results are important 
in terms of developing grazing regimes that balance livestock forage 
needs while maintaining a resilient and healthy ecosystem. Ongoing 
research on this rangeland study site is targeting to investigate 
microbiome diversity, abundance, and their relationship with microbial 
functions across distinct grazing densities. Moreover, further exploration 
into rhizosphere dynamics, particularly focusing on root interactions 
and nutrient cycling processes is needed.
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