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Abstract

High Andean grasslands are vulnerable to changes in their nutritional quality and car-

bon sequestration capacity, especially in grazing systems. This study evaluated soil

quality and native grasses by measuring carbon, physicochemical parameters, and the

nutritional quality of predominant species in the wet Puna of Junín, Peru. Significant

differences were found in carbon storage and nutritional quality across different graz-

ing grassland sites. Soil carbon levels were consistently high across all sites, with signifi-

cant concentrations at San Pedro de Cajas (14.26% ± 11.7%; p < 0.05), and its carbon

stock (210.7 ± 111.3 Mg/ha) exceeded that of Junín (+68%) and Ulcumayo (+107%).

Also, the flat topography at this site is presumed to have influenced its soil fertility. No

adverse relationship was observed between carbon content and animal units, regard-

less of continuous or rotational grazing system, and a strong negative Pearson correla-

tion (r = �0.84) between total carbon and bulk density indicated the prevalence of

organic materials and no soil compaction. It emphasizes how landscape features affect

soil quality and ecosystem processes. The protein content of key species exhibited a

strong Pearson correlation with plant phosphorus (r = 0.93), digestible organic matter

(DOM), and metabolizable energy (ME; r = 0.75). The Redundandy Analysis (RDA)

showed that plant functional traits are driven by chemical and physical gradients,

underscoring the combined effects of nutrient availability and site constraints on pas-

ture productivity and forage quality. Among native grasses, Cebadilla (Calamagrostis

vicunarum [Wedd.] Pilg.) emerged as the most favorable option for animal nutrition and

exhibited a significantly higher crude protein content (8.23% ± 0.89%), Metabolizable

energy value (8.16 MJ/kg), and C/N ratio (�40). Future research should focus on link-

ing soil and forage quality with animal physiological responses to improve understand-

ing of grazing impacts and guide sustainable management in high-altitude grasslands.
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1 | INTRODUCTION

The high Andean ecosystems, renowned for their rich biodiversity and

crucial role in providing ecosystem services, hold paramount significance

for environmental balance and the well-being of usufructuary communi-

ties reliant on them (Alavi-Murillo et al., 2022; Mosquera et al., 2022).

Within this natural collage lies the wet and dry Puna, which covers the

largest area by far (498,095 km2 or 85% of high Andean grasslands),

extending from north-central Peru to western Bolivia; however, only a

few studies (6%) have been conducted in these ecosystems, primarily in

the central area of Peru (Mosquera et al., 2022).

The Puna ecosystem provides essential services and sustenance

for local populations and wildlife. Among these, it notably includes the

capacity for carbon sequestration, a fundamental aspect in mitigating

climate change and curbing carbon emissions (Madrigal-Martínez &

Miralles i García, 2019). Livestock pressure can generate changes in the

soil’s structure and function influencing its microbiota; a previous study

has observed that the abandonment of extensive grazing had both

direct and indirect impacts on microbial communities, reducing the rela-

tive abundance and enzyme activity (Serrano et al., 2024). However, it

was observed that, in grassland ecosystems, plants adjust the composi-

tion of root metabolites to regulate beneficial microorganisms, and

these strategies vary under different grazing pressures. Under light

grazing, it is suggested that root metabolites, particularly amino acids

such as L-histidine, may regulate saprophytic fungi involved in nutrient

transformation and energy cycling, thereby enhancing plant growth.

Under heavy grazing, however, plants appear to adjust the production

of metabolites including amino acids, short-chain organic acids, and

alkaloids, secreting them to stimulate the proliferation of plant growth–

promoting rhizobacteria and fungi, which in turn help mitigate grazing

stress and strengthen plant defenses (Yuan et al., 2023). These indicate

an effect of grazing on soil fertility, forage quality, and microbial com-

munities, potentially compromising key ecosystem services such as

nutrient cycling, carbon storage, and climate change mitigation.

Previous studies have communicated various systems, from inten-

sive rotational grazing to extensive continuous grazing systems, each

with unique impacts on productivity, soil health, biodiversity, and ani-

mal welfare (Teague & Kreuter, 2020). In the Andean Puna ecosys-

tems, there is a coevolution and interdependence between the

grasslands and livestock grazing. Grazing by camelids in the Puna is

expected to have a lesser impact on soil and the vegetation, which

may be partly explained by camelid traits, such as their padded feet,

which cause less soil disturbance, and their foraging habit of consum-

ing mainly the upper parts of plants (Duchicela et al., 2024).

Grasslands with livestock presence constitute highly diverse eco-

systems, as livestock promotes interspecific competition and prevents

any single species from becoming particularly dominant within the

system. Also, herders use various techniques to manage grassland

resources, such as mobility, grazing, corralling, and pasture reserves;

in the long term, they contribute to improving, conserving, and using

the biodiversity of grasslands (Seid et al., 2016).

In Peru, livestock consists mainly of camelids (55.9%), followed by

sheep and goats (16.2%), cattle (14.7%), and equines (1.47%).

Camelids dominate the Puna of the central Andes, where their grazing

has been associated with reduced graminoid cover, biomass, SOC, and

plant diversity, though evidence is less consistent, possibly due to

their long coevolution with native vegetation (Duchicela et al., 2024).

The diversity of native forage species, such as Cebadilla (Calama-

grostis vicunarum [Wedd.] Pilg.), Chillihua (Festuca dolichophylla J.Presl),

Crespillo (Festuca rigescens [J.Presl] Kunth), and Ichu (Stipa ichu [Ruiz &

Pav.] Kunth), plays a key role in the availability of livestock feed and the

stability of the ecosystem. The dominant grass species can also influence

the forage quality and the soil’s capacity to store carbon (Greenwood &

McKenzie, 2001). In terms of livestock fauna, the Puna of Junín is home

to Hybrid alpaca (Lama glama � Vicugna pacos), Huacaya alpaca (V. pacos

Linnaeus, 1758), sheep (Ovis aries Linnaeus, 1758), and cattle (Bos taurus

Linnaeus, 1758), species that have varying impacts on the soil and

pasture regeneration; it has been reported that soil compaction varies

depending on livestock density and animal type, which can affect

water infiltration and carbon retention. The correlations between soil

health and livestock species diversity still require further exploration,

particularly regarding their effects on the soil microbial community and

carbon sequestration efficiency (Southorn & Cattle, 2004).

Grassland productivity is strongly influenced by management

practices; however, the outcomes of implementing identical manage-

ment strategies can vary considerably depending on environmental

factors such as climate, soil characteristics, landscape position, and

the composition of the plant community. Consequently, interpreting

research findings related to the effects of land use types and their

associated practices must be considered within the context of each

specific site (Mayel et al., 2021).

This study evaluates soil properties and native grass species to

assess carbon stocks, physicochemical characteristics, and forage

nutritional quality in grazed high Andean grasslands of Peru, providing

a basis for sustainable management strategies that enhance environ-

mental and economic benefits while minimizing adverse impacts.

2 | MATERIALS AND METHODS

2.1 | Study site

The study was conducted in the central highlands of Peru, located in

the Puna natural region, in representative areas in Junín (11�905300S,

75�5505100W; 4379 m above sea level) and Ulcumayo districts

(11�300.500S, 75�53059.600W; 4384 m.a.s.l.) in Junín province. In Tarma,

specifically in San Pedro de Cajas peasant community (11�11014.100S,

75�51031.900W; 4378 m.a.s.l), and in the Palcamayo district, collabora-

tion was conducted with the Shacamarca peasant community

(11�1105100S, 75�49015.600W; 4296 m.a.s.l.).

The dominant landscape in the Puna is the natural grassland ecosys-

tem, where the prevalent vegetation includes bunchgrass (“pajonal”) and
Puna grass (“césped de puna”). The seasonal vegetation comprises tus-

sock grasslands, some shrublands, and open rocky areas, interspersed

with peat bogs and fens (often beneath glaciers) and some forested

areas. It is important to mention that the locations where soil and foliar
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samples were taken were within a radius of 500 m from water sources

(lakes, ponds, streams, and springs). Also, regarding the slope, Junín pre-

sented 24%, Ulcumayo 4%, San Pedro de Cajas 3%, and Palcamayo

18%; therefore, it can be stated that the study sites have water circula-

tion in the meadows, avoiding floods or waterlogging, thus enabling

proper soil aeration and adequate root development (Figure 1).

2.2 | Weather and climate conditions

The data covered the period from January to December 2023; the mini-

mum temperature was �4.1�C, and the maximum reached 14.2�C. In

the dry season (June to October), the average temperature was 6.3�C,

and during the rainy season (November to May), 7.3�C. Annual precipita-

tion ranged from 650 to 1200 mm, with a dry season average of

134 mm and a rainy season average of 591 mm. The relative humidity

ranged between 74% and 84%. The data were obtained from the Junín

meteorological station operated by SENAMHI (11�8034.800S,

�75�59019.700W; 4101 m.a.s.l.; SENAMHI - Estaciones, 2024).

2.3 | Sampling

Representative soil samples were collected, ensuring adequate cov-

erage and considering spatial variability. To analyze the interrelation-

ship between soil and plant species, the study began with the

identification of the predominant vegetation in the high-Andean

grasslands, selecting C. vicunarum, F. dolichophylla, F. rigescens, and

S. ichu due to their dominance in the study area. The plants were

carefully extracted from the roots to the stems and leaves by dig-

ging into the soil to prevent the loss of underground structures rele-

vant to the analysis. At each site, eight composite samples for soils

and plants were collected, totaling 32 samples, ensuring the repre-

sentativeness of each grazing area. Each plant composite sample

consisted of several individuals of the same species within a defined

area, following previous methodologies that have been proven suffi-

cient for assessing the nutritional quality of forage species in high-

Andean ecosystems (Coêlho et al., 2018). Subsequently, two repli-

cates of each sample were taken to ensure the accuracy of the

analyses.

F I GU R E 1 Study area in wet Puna. (A) Geographical position of Perú in South America; (B) Junín and Tarma provinces of Junín department;
(C) sampling points location; and (D) predominant ecosystem in the study area: Pajonales and Puna grass.
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2.4 | Grassland condition

It was evaluated according to the floristic composition of desirable

species index for animal feeding (sheep, cattle, and alpaca), fodder

index, cover index, and plant vigor, which indicated a score from each

study location (Siffredi et al., 2015). The study used the line transect

method (100 m). Vegetation readings and assessments of litter, moss,

rocks, erosion pavement, and bare soil were performed using a census

ring along the transect. Additionally, it measured the plant vigor for

sheep and cattle (Arce-Inga et al., 2017; Siffredi et al., 2015). Further-

more, C. vicunarum, F. dolichophylla, F. rigescens, and S. ichu were con-

sidered because they were predominant to assess carbon content and

nutritional quality in native grasslands (Table S1).

2.5 | Soil and plant analysis of grazing grassland

Soil total carbon (TC) was determined by dry combustion in an Ele-

mental Analyzer LECO 828 (Leco Inc., St. Joseph, MI, United States),

and for calculating Carbon Stock, bulk density (BD) was measured by

the core method (Al-shammary et al., 2018); the cylinder volume was

196.25 cm3, 2.5 cm (radius), 10 cm (height), and the depth for each

sampling point (20–35 cm). We analyzed soil fertility through parame-

ters like pH (inoLab® pH 7310); electrical conductivity (EC; Kargas

et al., 2022); extractable potassium (K_soil) by ammonium saturation,

subsequently analyzed using inductively coupled plasma optical emis-

sion spectrometry (ICP-OES) in accordance with EPA Method 6010D

(EPA Method 6010D, 2018), and phosphorus (P_soil) by Olsen (neu-

tral-alkaline soils; Recena et al., 2016, or Bray-Kurtz method [acid

soils]; Yusuf et al., 2023). Also, the nutritional quality of key species

was determined by collecting, drying, and grinding complete plant tis-

sue samples. It was analyzed for total carbon (CC) by loss-on-ignition

(LOI) method (Carolan & Fornara, 2016), dry matter percentage

(DryBio; Rocha et al., 2017), total protein (Wei et al., 2020), calcium

(Ca), and phosphorus (P) (Grzegorczyk et al., 2017). Additionally, the in

vitro digestibility of organic matter (DOM) was estimated using

Ankom method No. 3 with the Daisy Incubator, Tilley, and Terry mod-

ified (Adesogan, 2005; Goering & Soest, 1970). Finally, metabolizable

energy (ME) was calculated using the equation ME (MJ/kg DM)

= 0.16 � DOM (g/kg DM; Geenty & Rattray, 1987).

2.6 | Statistical analysis

The collected data underwent processing through a non-parametric

Kruskal–Wallis ANOVA. The comparisons between sampling locations

and key species employed the Dunn test with Benjamini–Hochberg

correction from the rstatix package (Kassambara, 2023). Both tests

considered a significance level of p < .05. Principal component analy-

sis (PCA) was applied to environmental variables to identify dominant

edaphic gradients and assess multicollinearity. Before constrained

ordination, a detrended correspondence analysis (DCA) was used to

assess gradient lengths in the response matrix. The short length of the

first DCA axis (<2 SD units) indicated linear responses, and redun-

dancy analysis (RDA) was therefore selected. The RDA was performed

to evaluate how plant nutrition traits responded to these dominant

edaphic gradients. Multicollinearity among predictors was evaluated

using variance inflation factors (VIF), with all retained variables show-

ing VIF values <5. A VIF > 5 was considered highly collinear and

excluded from subsequent analyses. Model, term, and axis significance

were tested using permutation tests (999 permutations). All analyses

were conducted in R using the vegan package (R Core Team, 2025).

3 | RESULTS

3.1 | Socioeconomic dimension of grazing
livestock system

The grazing systems in Junín and Ulcumayo were private, whereas

those in San Pedro de Cajas and Palcamayo were communal. In Junín,

labor was provided by the owner; in Ulcumayo, by support staff or

part-time workers; personnel were hired in San Pedro de Cajas and

Palcamayo. Regarding the main activity, which was mixed cattle

ranching, Junín raised Hybrid cattle (Criollo cattle x Brown Swiss cat-

tle) with 33.6 animal units (AU), which were raised on 50 ha on a rota-

tional grazing basis with three rest paddocks; Ulcumayo had Criollo

cattle (B. taurus Linnaeus, 1758) with 23.1 AU, Criollo sheep (O. aries

Linnaeus, 1758) with 32.9 AU and Hybrid alpaca (L. glama � V. pacos)

and Huacaya alpaca (V. pacos Linnaeus, 1758) with 26.6 AU, in 120 ha

with continuous grazing without rest throughout the year; San Pedro

de Cajas had Hybrid cattle (Criollo cattle x Brown Swiss cattle) with

39.9 AU and Hybrid sheep (Criollo sheep x Corriedale sheep)

with 94.7 AU in 100 ha where grazing was rotative and continuous; at

last, Palcamayo had Hybrid cattle (Criollo cattle x Brown Swiss cattle)

with 9 AU, Hybrid sheep (Criollo sheep x Corriedale sheep) with

101.4 AU and Huacaya alpaca with 49.1 AU, in 100 ha where grazing

was continuous without rest during the year (Table S2).

A specialist from the Junín agricultural agency in the beef chain

mentioned different forms of grazing: In cattle, plots are divided into

two or more than three paddocks, and this grazing management is

generally developed in producers dedicated to milk production. Like-

wise, the director of the agricultural agency Junín mentioned that the

raising of sheep and alpaca in the province involves continuous and

rotational grazing. On the other hand, regarding the economic aspect,

the main source of income is the sale of milk and meat, followed by

alpaca fiber and sheep wool; however, it is generally for subsistence.

3.2 | Grassland condition

Evaluating pasture condition was key to determining how livestock graz-

ing influenced high-Andean grasslands (Bardgett et al., 2021; Jacobo

et al., 2006), which refers to the overall health status of the field. This

condition was determined through an average analysis of floristic com-

position and plant species, classified according to their desirability for

livestock, including sheep, cattle, and camelids. The classification con-

sisted of five levels: excellent, good, fair, poor, and very poor, measured

on a numerical scale ranging from 0% to 100% (Arturo Flórez &
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Malpartida, 1987; Flores Cochachin et al., 2023). This assessment was

essential for determining the carrying capacity of grasslands.

Condition assessment ranged from poor to regular; Palcamayo

and Ulcumayo were in poor conditions; Junín and San Pedro de Cajas

showed pastures in regular condition. In Junín, the key species was F.

dolichophylla because cattle raising predominated in this place;

however, for Ulcumayo, Palcamayo, and San Pedro de Cajas,

C. vicunarum was considered because sheep farming was predominant

(Table S3).

The stocking rate showed that the current load (AU/ha/year) was

0.7 for Junín and Ulcumayo, 1.3 for San Pedro de Cajas, and 1.6 for

Palcamayo, whereas the recommended load was 0.4 for Junín and San

T AB L E 1 Soil parameters related to carbon storage and fertility.

TC
pH

BD EC Carbon stock P_soila K_soila

(%) (g/cm) (dS/m) (Mg/ha) (mg/kg) (mg/kg)

Sites (A)

San Pedro de Cajas 14.26 ± 11.7 a 6.78 ± 0.4 a 0.78 ± 0.4 b 0.73 ± 0.5 a 210.7 ± 111.3 a 43.89 ± 26.4 a 222.31 ± 147.7 a

Palcamayo 6.68 ± 3.7 b 5.98 ± 1.1 a 1 ± 0.3 a 0.54 ± 0.5 a 154.02 ± 49.1 ab 39.46 ± 21.1 a 102.19 ± 36.2 b

Junín 4.44 ± 0.6 b 5.14 ± 0.4 b 1.16 ± 0.1 a 0.24 ± 0.1 b 124.96 ± 23.5 bc 13.51 ± 8.2 b 252.35 ± 182.1 a

Ulcumayo 4.17 ± 1.1 b 5.06 ± 0.5 b 1.02 ± 0.2 a 0.33 ± 0.2 a 102.02 ± 18.6 c 26.51 ± 33.9 b 291.68 ± 228.4 a

Key species (B)

C. vicunarum 5.43 ± 3.6 bc 5.46 ± 0.8 a 1.15 ± 0.2 a 0.33 ± 0.2 b 145.49 ± 88.4 a 50.88 ± 26.6 a 261.8 ± 169.8 a

F. dolichophylla 12.97 ± 12.2 a 5.90 ± 0.9 a 0.74 ± 0.3 b 0.76 ± 0.5 a 171.64 ± 104.1 a 15.66 ± 10.8 b 310.38 ± 236.6 a

F. rigescens 6.77 ± 3.1 ab 6.14 ± 1.0 a 0.93 ± 0.2 b 0.55 ± 0.4 ab 145.86 ± 42.8 a 23.04 ± 24.6 b 206.01 ± 123.5 a

S. ichu 4.38 ± 2 c 5.45 ± 1.0 a 1.13 ± 0.1 a 0.20 ± 0.1 c 128.7 ± 35.6 a 33.80 ± 28.0 b 90.34 ± 33 b

Sites (A) *** *** *** * *** *** *

Key species (B) *** ns *** *** ns ** ***

Sites (A) x key species (B)

Junín

C. vicunarum 4.42 ± 0.3 ab 5.7 ± 0.3 a 1.11 ± 0.1 b 0.31 ± 0.1 a 97.98 ± 11.1 b 24.25 ± 7.8 a 536.55 ± 32.3 a

F. dolichophylla 4.81 ± 0.3 a 4.9 ± 0.1 a 1.13 ± 0 b 0.24 ± 0.1 ab 148.83 ± 19.9 a 11.15 ± 2.1 ab 169.05 ± 94.5 b

F. rigescens 4.95 ± 0.2 ab 4.9 ± 0.2 a 1.13 ± 0 b 0.24 ± 0.1 ab 139.34 ± 0.7 a 12.6 ± 5.8 ab 197.65 ± 79.6 ab

S. ichu 3.57 ± 0.3 b 5.05 ± 0.4 a 1.28 ± 0 a 0.18 ± 0 b 113.69 ± 7.7 ab 6.05 ± 1.8 b 106.15 ± 11.5 b

Palcamayo

C. vicunarum 3.79 ± 0.3 ab 5.15 ± 0.4 b 1.26 ± 0.1 a 0.22 ± 0.1 ab 133.83 ± 22.5 a 58.4 ± 7.7 a 146.05 ± 31 a

F. dolichophylla 9.07 ± 2.9 a 6.25 ± 1.1 ab 0.8 ± 0.1 ab 0.66 ± 0.5 ab 162.79 ± 59.4 a 26.85 ± 15.1 b 88.95 ± 7.9 b

F. rigescens 10.8 ± 0.9 a 7.4 ± 0 a 0.73 ± 0 b 1.12 ± 0.2 a 205.13 ± 41.6 a 14.8 ± 0.1 b 99.25 ± 13.8 ab

S. ichu 3.09 ± 0 b 5.1 ± 0.1 b 1.2 ± 0 a 0.16 ± 0.1 b 114.35 ± 6.7 a 57.8 ± 0.2 a 74.5 ± 38.8 b

San Pedro de Cajas

C. vicunarum 9.87 ± 5.5 b 6.4 ± 0.8 a 1.11 ± 0.3 a 0.59 ± 0.3 ab 267.14 ± 101.3 a 37.5 ± 27.5 a 230.3 ± 15.5 a

F. dolichophylla 32.1 ± 8.7 a 6.85 ± 0.2 a 0.3 ± 0.2 b 1.54 ± 0.1 a 271.13 ± 173.3 a 16.95 ± 8.1 a 374.2 ± 212.8 a

F. rigescens 7.64 ± 2.4 b 6.8 ± 0.1 a 0.8 ± 0.1 ab 0.49 ± 0.1 ab 130.57 ± 9.5 a 57.75 ± 28.3 a 174.85 ± 104.3 a

S. ichu 7.45 ± 1.4 b 7.05 ± 0.1 a 0.93 ± 0.1 a 0.31 ± 0.3 b 173.98 ± 46.1 b 63.35 ± 8.4 a 109.9 ± 44.6 a

Ulcumayo

C. vicunarum 3.66 ± 0.3 ab 4.6 ± 0.1 a 1.14 ± 0 ab 0.21 ± 0 a 83.04 ± 6.5 a 83.35 ± 1 a 134.3 ± 20.2 bc

F. dolichophylla 5.9 ± 0.2 a 5.6 ± 0.1 b 0.75 ± 0 a 0.59 ± 0 b 103.83 ± 10.3 ab 7.7 ± 0.3 ab 609.3 ± 94.8 a

F. rigescens 3.71 ± 0.7 ab 5.45 ± 0.1 ab 1.07 ± 0.1 ab 0.38 ± 0.1 ab 108.39 ± 20.6 ab 7 ± 0.3 b 352.3 ± 117.2 ab

S. ichu 3.43 ± 0.3 b 4.6 ± 0.1 a 1.11 ± 0.1 b 0.14 ± 0 a 112.81 ± 21.4 b 8 ± 1.4 ab 70.8 ± 11.4 c

Note: The data in the table expresses the average and standard deviation (μ ± σ) of the evaluated parameters. Those values ​​with different letters in the

same column indicate significant differences between the treatments (p < 0.05).

Abbreviations: BD, bulk density; EC, electrical conductivity; ns, no significant difference; TC, total carbon.
aExtractable element.

*Significant difference p < 0.1.

**Significant difference p < 0.05.

***Significant difference p < 0.01.

ARIAS-ARREDONDO ET AL. 5

 1744697x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/grs.70029 by C

ochrane Peru, W
iley O

nline L
ibrary on [19/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Pedro de Cajas and 0.1 for Ulcumayo and Palcamayo. The sustainable

stocking rate for the livestock farms indicated a negative balance, indi-

cating that the current load was above the value recommended

(Table S4).

3.3 | Soil carbon storage and fertility

Differences in TC and Carbon Stock among sites were statistically sig-

nificant. In general, the TC was high at all locations but considerably

higher at San Pedro de Cajas, over Palcamayo (+114%), Junín

(+221%), and Ulcumayo (+242%), and the Carbon Stock was higher

than Junín (+68%) and Ulcumayo (+107%). The soil pH of San Pedro

de Cajas was neutral and moderately acidic for Palcamayo; however,

in Junín and Ulcumayo, the soils were strongly acidic. All the sites

were non-saline for the low values in EC. The phosphorus test in San

Pedro de Cajas was Olsen and reported a high content, and according

to the test Bray, applied for Palcamayo and Ulcumayo, they had high

content, and for Junín, it was medium. The available potassium in Pal-

camayo was low, medium for San Pedro de Cajas, and high for Junín

and Ulcumayo (Hazelton & Murphy, 2016). A higher content of soil

nutrients was associated with the species C. vicunarum and

F. dolichophylla. Also, the soil with F. dolichophylla had higher TC

(Table 1). PCA of standardized environmental variables revealed two

dominant gradients. The first axis (PC1, 45.9%) represented a soil

chemical fertility gradient, positively associated with pH, electrical

conductivity, and total carbon, and negatively associated with altitude

and bulk density. The second axis (PC2, 25.3%) reflected a nutrient

availability gradient, mainly driven by soil phosphorus and potassium.

The study sites were separated according to their edaphic characteris-

tics. The PCA biplot revealed partial correlations among environmen-

tal variables, such as the strong positive association between EC and

total carbon. However, variables were not perfectly aligned

and loaded on different axes, indicating shared but non-redundant

information. This structure suggests the presence of ecologically

meaningful gradients rather than extreme multicollinearity (Table S5

and Figure 2).

3.4 | Nutritional quality of key species

Plant Elemental Analysis indicated a significantly lower carbon con-

tent for C. vicunarum compared with F. dolichophylla (+3.13%) and

S. ichu (+3.09%) grasslands. There were significant differences accord-

ing to the evaluation sites, with the highest contents in Junín differing

from Ulcumayo (+2.45%) and Palcamayo (+5.03%), and San Pedro de

Cajas from Palcamayo (+3.68%). In dry biomass, C. vicunarum and

S. ichu presented the highest content in comparison with

F. dolichophylla (+9.78%, +7.62%), and F. rigescens (+10.63%, +

8.45%). Regarding protein, the highest content was measured in

C. vicunarum over F. dolichophylla (+116%), F. rigescens (+85.36%),

and S. ichu (+145.67%). No significant differences were observed in

calcium; however, phosphorus concentrations were significantly

higher in C. vicunarum than in the other species, and this species also

exhibited greater in vitro DOM and ME compared with

F. dolichophylla and S. ichu (Table 2). Protein content in plant tissues is

typically estimated by multiplying nitrogen content by 6.25, assuming

that protein is composed of approximately 16% nitrogen (Mariotti

et al., 2008). Based on this calculation, the nitrogen content and C/N

ratios for the studied species are as follows: C. vicunarum (1.32% N;

�39.6 C/N), F. dolichophylla (0.61% N; �88.5 C/N), F. rigescens (0.71%

N; �73.6 C/N), and S. ichu (0.54% N; �99.9 C/N).

3.5 | Relationship between soil parameters and
plant nutritional quality

The EC presented a VIF = 6.76; it was considered highly collinear and

excluded from RDA (Table S7). Then, the RDA revealed that soil phys-

icochemical properties, animal unit, and altitude jointly explained

56.5% of the variation in plant nutritional and biomass-related traits.

The first two RDA axes accounted for 48.9% of the total variance and

86.7% of the constrained variance, indicating a strong underlying

environmental gradient. Also, the model was highly significant

(F = 10.371, p = .001). The final VIF analysis indicated low multicolli-

nearity among explanatory variables, supporting the robustness of the

model (Table S8). RDA1 separated sites with higher altitude and bulk

density from those with higher soil fertility. RDA2 further distin-

guished sites according to soil chemical quality. Plant response vari-

ables showed clear associations with environmental gradients,

highlighting the combined role of nutrient availability and soil physical

conditions in structuring plant responses. Calcium and DOM were

associated with AU, pH, and total soil carbon (TC), indicating greater

organic matter accumulation under chemically more favorable soil

pH

EC

AU

TC

BD

P_soil

K_soil
alt

−1.0

−0.5

0.0

0.5

1.0

−1 0 1
PC1 (45.9%)

PC
2 

(2
5.

3%
) Site

JUN
PAL
SPC
ULC

F I G U R E 2 Biplot resulting from principal component analysis
(PCA) of soil parameters at the sites. alt, altitude; AU, animal unit; BD,
bulk density; EC, electrical conductivity; JUN, Junín; K_soil,
extractable potassium; P_soil, extractable phosphorus; PAL,
Palcamayo; SPC, San Pedro de Cajas; TC, total carbon; ULC,
Ulcumayo.
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conditions. In contrast, plant phosphorus (Pgrass) and Protein showed

a strong association with soil phosphorus (P_soil), suggesting a direct

nutritional control of phosphorus availability on forage quality

(Figure 3).

4 | DISCUSSION

Respecting soil carbon, San Pedro de Cajas exhibited a significantly

higher content of TC, a characteristic feature of soils with a substan-

tial percentage of undecomposed, semi-decomposed plant material

and leaf litter; this occurrence is typical in areas where cold tempera-

tures and continuous wet conditions hinder the decomposition of

organic matter. Previous studies in the provinces of Junín and Yauri

found a TC � 4.82% (Rolando, Dubeux, et al., 2017), which aligns with

this research in Junín. Similarly, previous data referred to a compara-

ble low bulk density and total nitrogen (TN); however, phosphorus

was higher compared with preceding information in native grassland

(+122%) and pasture (+64%) soils (Rolando et al., 2018). In another

study, the Carbon Stock reported in Junín was 135.6 MgC/ha for cul-

tivated pasture in the 0- to 30-cm soil profile (Rolando, Turin,

et al., 2017), which was a little higher than the value in this study

(124.96 MgC/ha). Also, it is important to link with the climatic condi-

tions; some authors mentioned that in Peruvian tropical montane eco-

system, grazing had no significant effect on total soil C to 30-cm

depth but produced higher respiration rates and lower SOC, suppos-

edly because the soil temperature was a main environmental driver,

and grazing intensity was below the threshold for severe degradation

(Oliver et al., 2017).

Preceding research in San Pedro de Cajas reported non-saline

soils with a high organic matter content; however, there is a contrast

in terms of acidity between that study (pH 4–5; Ortiz-Ojeda

et al., 2017) and the current findings (6.78). This difference could be

related to agricultural practices that elevate the pH, such as manure

incorporation (Sun et al., 2017). Despite the favorable parameters like

pH in San Pedro de Cajas, decomposition did not reduce carbon

contents.

In Junín and Ulcumayo, the soils were strongly acidic; this

matched the low phosphorus in Junín. The bulk density for these soils

ranged from 0.74 to 1.17 Mg/m3, which makes sense because organic

materials have low bulk density and high porosity. It is known that

incorporating manure leads to a long-term increase in SOC, total

nitrogen, and electrical conductivity (Ozlu & Kumar, 2018); in this con-

text, locations with higher overall livestock units (San Pedro de Cajas

and Palcamayo) also exhibited higher values for these parameters.

According to the results in this first scope, no apparent negative

impact was found on the TC because of the animal unit (AU), grazing

type, and use throughout the year, perhaps due to soil resilience, for

example, through differential microbial populations stimulated by

intensive grazing (Yuan et al., 2023).

T AB L E 2 Carbon and nutritional quality of four native grassland species.

Specie CC (%) DryBio (%) Protein (%) Cagrass (%) Pgrass (%) DOM (%) ME (MJ/kg)

C. vicunarum 52.37 ± 1.5 b 77.33 ± 5.29 a 8.23 ± 0.89 a 0.26 ± 0.05 a 0.17 ± 0.03 a 50.99 ± 3.9 a 8.16 ± 0.63 a

F. dolichophylla 54.01 ± 1.11 a 70.44 ± 7.86 b 3.81 ± 0.42 b 0.25 ± 0.13 a 0.06 ± 0.02 b 42.42 ± 4.77 bc 6.79 ± 0.76 bc

F. rigescens 52.27 ± 3.26 ab 69.9 ± 5.28 b 4.44 ± 0.74 b 0.22 ± 0.09 a 0.08 ± 0.03 b 46.6 ± 3.78 ab 7.46 ± 0.61 ab

S. ichu 53.99 ± 1.43 a 75.81 ± 5.99 a 3.35 ± 0.98 b 0.19 ± 0.08 a 0.07 ± 0.04 b 39.31 ± 6.29 c 6.29 ± 1.01 c

Junín 54.3 ± 0.8 a 72 ± 3.9 b 4.8 ± 2.1 b 0.2 ± 0 ab 0.1 ± 0 a 43.1 ± 7.5 ab 6.9 ± 1.2 ab

San Pedro de Cajas 53.6 ± 2.1 ab 76.3 ± 5.8 a 5.5 ± 2.1 a 0.3 ± 0.1 a 0.1 ± 0 a 48.6 ± 2.8 a 7.8 ± 0.5 a

Ulcumayo 53 ± 1.8 bc 75.1 ± 7.2 ab 4.1 ± 1.8b 0.2 ± 0.1b 0.1 ± 0 a 41 ± 6.1 b 6.6 ± 1 b

Palcamayo 51.7 ± 2.7 c 70.1 ± 8.6 b 5.4 ± 2.3 a 0.3 ± 0.1a 0.1 ± 0.1 a 46.6 ± 6 ab 7.5 ± 1 ab

Note: The data in the table expresses the average and standard deviation (μ ± σ) of the evaluated parameters. Those values ​​with different letters in the

same column indicate significant differences between the treatments (p < 0.05).

Abbreviations: CC, carbon content; DOM, in vitro digestibility of organic matter; DryBio, dry biomass; ME, metabolizable energy.

DryBio
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Protein

DOM

Cagrass

Pgrass

pH
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TC
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P_soil

K_soil
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−1.5 −1.0 −0.5 0.0 0.5 1.0
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R
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F I GU R E 3 Redundancy analysis (RDA) biplot showing the
relationships between soil chemical and physical parameters (arrows)
and nutritional quality of key grassland species (circles). alt, altitude;

AU, animal unit; BD, bulk density; Ca_grass, plant calcium; CC, plant
carbon content; DOM, in vitro digestibility of organic matter; DryBio,
dry biomass; JUN, Junín; K_soil, extractable potassium; P_soil,
extractable phosphorus; P_grass, plant phosphorus; PAL, Palcamayo;
protein, plant protein; SPC, San Pedro de Cajas; TC, total carbon;
ULC, Ulcumayo.
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We realized a significant negative Pearson correlation between

TC and bulk density (�0.84; Table S9); this is frequent in most soil

orders and land cover units (LCU; Al-shammary et al., 2018), and the

texture was loam sand, loam, sandy loam, and sandy clay loam, which

did not allow evident compaction by animal load that could be

reflected in the bulk density (Fernández et al., 2020). The livestock

has notable effects on the pH and chemical condition of the soil by

consuming nutrients and excretion; also, preceding studies showed

that heavy-grazing plots had higher pH levels, organic matter content,

and soil nutrient levels than plots without grazing (Bogunovic

et al., 2022). On the other hand, plant diversity and root characteris-

tics play a fundamental role in enhancing soil physical properties. They

improve soil aggregation, increase pore connectivity, and enhance

water infiltration and retention. As a result, ecosystems with higher

plant diversity and well-developed root systems generally exhibit

healthier soils, with improved stability, porosity, and overall physical

quality (Gould et al., 2016; Seifu et al., 2020). Slopes in the study areas

range from moderately steep (15–30%) to slightly inclined (2–5%;

FAO, 2009). This topography influences the soil’s morphological and

physicochemical properties; organic carbon, nitrogen, and phosphorus

contents decrease as the slope increases. Conversely, flat or gently

sloping areas exhibit higher organic matter content (Asmamaw &

Mohammed, 2013; Dessalegn et al., 2014); this was consistent with

our findings in San Pedro de Cajas, where soils exhibit greater fertility,

flat areas contain higher levels of clay and organic matter due to lower

sediment loss compared to steep slopes (Asmamaw &

Mohammed, 2013).

Taking all factors into account, the findings suggest the soil resil-

ience of the ecosystem, where the low temperatures did not allow a

reduction in the carbon content and soil compaction, even with

a more suitable pH, like that at San Pedro de Cajas, and a high stock-

ing rate for all the sites. Also, an important geographical aspect to

emphasize is that the topography promoted the accumulation of

organic matter. This highlights the influence of landscape features on

soil quality and ecosystem functioning.

The economic and environmental benefits of permanent grass-

lands in livestock farming systems need to be better assessed in terms

of quantity (biomass production) and quality (DOM and crude protein

content; Michaud et al., 2015). The present study obtained higher

(+156%) and lower (�27%) crude protein values for C. vicunarum

(3.21%) and F. dolichophylla (5.21%) compared with other research

(Quispe Ramos et al., 2021); also, protein was correlated with Pgrass

(r = 0.93) and ME (r = 0.75). Pgrass had a high Pearson correlation

with DOM (r = 0.78) and ME (r = 0.78; Table S9). The natural high

Andean grasses analyses at the Experimental Center “La Raya”
(Cusco-Perú) showed that the protein content varied between 3.2%

and 12.65%, indicating that the nutritional composition of high

Andean grasses fluctuates depending on environmental factors such

as rainfall and temperature in the region. On average, it had been

reported a 20-g increase in plant protein during the rainy season com-

pared to the dry season; moreover, the rainy season showed for

S. brachiphylla and S. mucronata DOM (34.60% and 32.95%) and ME

(4.45 and 4.15 MJ/kg) values close to S. ichu from the present

investigation (Chino Velasquez et al., 2022). Mixed livestock farming

increases product diversification, and mixed grazing systems involving

cattle can benefit biodiversity, soil carbon accumulation, and plant

community structure (Su et al., 2023). Nevertheless, grazing condition

assessment suggests that stocking rate (AU ha�1 year�1) should be

adjusted for sustainable management of soils, vegetation, and ecosys-

tem services; for example, the replacement of palatable plant species

with non-palatable ones in areas with high alpaca concentrations high-

lights the negative impact of domestic camelids on vegetation compo-

sition (Muñoz et al., 2015). A study in the grassland regions of

Uruguay mentioned the redesign of mixed livestock farming systems,

a low sheep-to-cattle ratio, to reduce competition between sheep and

cattle for grazing, enhancing the cattle energy balance, increasing the

cow pregnancy rates, a key variable for the income of cow-calf

farmers (Modernel et al., 2019).

Some authors observed a substantial decline in the dominant

perennial tall grass functional group (highly palatable) with increasing

grazing intensity; instead, there was an increase in the perennial

short grass functional group (Zainelabdeen et al., 2020). However,

among key species, Stipa stands out as a prevalent genus within the

wet Puna ecosystem, S. ichu being primarily a non-forage plant; even

so, South American camelids consume it, and cattle can even ingest

it due to its fiber contribution to their diets (Briones Chuquilín &

Estrada Zelada, 2018). C. vicunarum is another notable grass but has

a lesser forage value compared to species within the Festuca genus

(Edson et al., 2023). The genus Festuca comprises over 500 perennial

grass species that are distributed worldwide; F. dolichophylla is pri-

marily a food source for South American camelids such as llamas

(L. glama) and alpacas (V. pacos; Eduardo-Palomino et al., 2024). Simi-

larly, F. rigescens, an indigenous plant of South America, also holds

nutritional value for both bovine and ovine livestock (Rojo

et al., 2019). The literature indicates that cattle potentially cause

more significant damage than alpacas and sheep due to higher forage

consumption per animal and the weight of their hooves (Maldonado

Fonkén, 2014). Another aspect to highlight is the higher greenhouse

gas emissions per unit of product in extensive production systems,

which rely on natural grasslands and often have low productivity due

to the limited availability and poor quality of feed, that would be

greater in the case of alpacas compared to sheep (Oquendo

et al., 2022). Therefore, the impact varies depending on the type and

number of livestock and external stressors such as climate and com-

munity management as a whole. From this perspective, the relation-

ship between soil nutrients and vegetation composition is essential

for grassland productivity.

The concentrations of calcium, phosphorus, potassium, and mag-

nesium are closely linked to the activity of various enzymes in the

blood serum of sheep within high Andean micro-basins; in a study,

elevated levels of alkaline phosphatase indicated several physiological

or pathological conditions; it had been reported during periods of die-

tary calcium deficiency, which may disrupt the calcium-to-phosphorus

ratio and lead to health issues in animals exposed to fluctuating pas-

ture or grassland quality (Grijalva Olmedo et al., 2025). Also, Gao et al.

(2019) emphasized the importance of phosphorus in the plant life
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cycle, noting its role in enhancing the resilience and adaptability of

grassland species.

Nevertheless, only C. vicunarum appeared to exhibit an acceptable

foliar phosphorus; the other three species showed considerably low

levels in their foliage, which may be attributed to ecological strategies

developed by these species to survive in nutrient-poor environments

and potential nutrient competition resulting from the coexistence of

multiple species. Additional limitations include factors such as water

availability or deficiencies in other nutrients; for example, nitrogen

deficiency may underlie the limited response to phosphorus present

in soil (Cardozo et al., 2024).

Crude protein content in grass species is a key indicator of their

nutritional quality, particularly in high Andean ecosystems where

nutrient availability is limited and climatic conditions constrain plant

growth; however, grazing or mowing in these areas can enhance both

productivity and forage quality (Mayel et al., 2021). High variability

among species was observed: C. vicunarum exhibited a significantly

higher crude protein content (8.23% ± 0.89%), indicating better forage

quality. This value may reflect greater efficiency in nitrogen uptake or

assimilation or possibly a positive influence of soil conditions or

management practices.

In contrast, F. dolichophylla (3.81% ± 0.42%) and S. ichu (3.35%

± 0.98%) presented the lowest protein levels, indicating poor nutri-

tional value. These values are characteristic of species adapted to

nutrient-poor soils, with conservative resource-use strategies or that

are in more advanced stages of phenological maturity. F. rigescens

showed an intermediate protein content (4.44% ± 0.74%), although it

remains limiting for animal production (Ustariz et al., 2019). These dif-

ferences may be linked to divergent functional strategies: Whereas

C. vicunarum appears to follow a more productive, fast-growing strat-

egy, the other species exhibit adaptations to more restrictive environ-

ments, favoring persistence over productivity.

Furthermore, when these values are compared with metaboliz-

able energy (ME) data, C. vicunarum not only has the highest protein

content but also the highest ME value (8.16 MJ/kg), confirming its

superior value as a forage resource in high Andean ecosystems. In

contrast, S. ichu had the lowest values for both protein and ME

(6.29 MJ/kg), limiting its usefulness as forage in the absence of proper

management or supplementation.

Sites with high protein content may be characterized by youn-

ger, less structurally developed forage. In contrast, areas with

greater biomass and carbon accumulation tend to produce more

voluminous forage, albeit of lower nutritional quality. As grasses

mature, they accumulate biomass ("DryBio), lignin, and carbon

("CC); whereas digestibility (DOM) may increase, protein content

typically declines. In other words, younger grasses tend to be richer

in protein but have lower overall biomass. Protein content often

correlates with plant phosphorus and is typically associated with

sites offering higher forage quality. This pattern indicates that site

differences are not solely determined by biomass quantity but also

by the plants’ capacity to absorb and accumulate essential nutrients,

which directly influence the value of forage as a resource for live-

stock production.

C. vicunarum presented a C/N ratio of approximately 40, which is

considered acceptable for native grasses and markedly superior to the

other species. The remaining species exhibited C/N ratios exceeding

70–90, which suggests a high proportion of structural tissues, poten-

tially lower palatability and forage quality, and slower decomposition

rates if considered as inputs to soil organic matter. Thus, C. vicunarum

stands out for having the most favorable C/N ratio, indicating superior

nutritional value and greater potential as a forage resource.

Finally, the RDA indicated that variation in plant functional traits

was closely associated with chemical and physical gradients, suggest-

ing that both nutrient availability and site-related constraints play an

important role in shaping productivity and forage quality across the

study area, with potential implications for pasture management and

soil conservation strategies.

5 | CONCLUSIONS

The carrying capacity assessment indicated that the current grazing

pressure exceeded the recommended threshold. No detrimental

effect was observed in soil carbon by the animal units, continuous or

rotation grazing. However, significant differences between grazing

grassland sites were observed in soil fertility, carbon storage, and

plant nutritional quality. Soil carbon levels were elevated across all

sites, but higher concentrations were observed at San Pedro de Cajas.

C. vicunarum was the best option for animal nutrition, supported by

C/N ratio, plant phosphorus, protein, DOM, and ME. The RDA indi-

cated that plant functional traits are structured by chemical and physi-

cal gradients, highlighting the joint influence of nutrient availability

and site constraints on productivity and forage quality. It is relevant to

conduct more in-depth studies to evaluate the long-term impact, and

the disparities highlight the importance of considering the unique

characteristics of each grassland community when developing stock-

ing and conservation management strategies. To improve knowledge

of grazing impacts, future work should connect soil and forage quality

with animal physiological responses.
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Kisic, I., Kapovi�c Solomun, M., & Pereira, P. (2022). Grassland man-

agement impact on soil degradation and herbage nutritional value in

a temperate humid environment. Agriculture, 12(7), 921. https://doi.

org/10.3390/agriculture12070921

Briones Chuquilín, T. J., & Estrada Zelada, W. (2018). Compresión axial del

adobe compactado con fibras de paja ichu, paja de arroz y paja de trigo.

Universidad Privada del Norte. https://repositorio.upn.edu.pe/

handle/11537/14070

Cardozo, G. A., Ayala, W., Lezama, F., Reyno, R., Cuadro, R., Michelini, D.,

Jaurena, M. A., & Lattanzi, F. A. (2024). Limited response to phospho-

rus fertilization in native South American grasslands across a produc-

tivity gradient despite low phosphorus concentrations in grassland

herbage. Plant and Soil, 502(1), 497–513. https://doi.org/10.1007/
s11104-024-06562-5

Carolan, R., & Fornara, D. A. (2016). Soil carbon cycling and storage along

a chronosequence of re-seeded grasslands: Do soil carbon stocks

increase with grassland age? Agriculture, Ecosystems & Environment,

218, 126–132. https://doi.org/10.1016/j.agee.2015.11.021
Chino Velasquez, L. B., Molina-Botero, I. C., Moscoso Muñoz, J. E., &

Gómez Bravo, C. (2022). Relationship between chemical composition

and in vitro methane production of High Andean grasses. Animals,

12(18), 18. https://doi.org/10.3390/ani12182348

Coêlho, J. J., Mello, A. C. L. D., Santos, M. V. F. D., Dubeux, J. C. B.,

Cunha, M. V. D., & Lira, M. D. A. (2018). Prediction of the nutritional

value of grass species in the semiarid region by repeatability analysis.

Pesquisa Agropecuária Brasileira, 53(03), 378–385.
Dessalegn, D., Beyene, S., Ram, N., Walley, F., & Gala, T. S. (2014). Effects

of topography and land use on soil characteristics along the topose-

quence of Ele watershed in southern Ethiopia. Catena, 115, 47–54.
https://doi.org/10.1016/j.catena.2013.11.007

Duchicela, S. A., Llambí, L. D., Bonnesoeur, V., & Román-Dañobeytia, F.

(2024). Pastoralism in the high tropical Andes: A review of the effect

of grazing intensity on plant diversity and ecosystem services.

Applied Vegetation Science, 27(3), e12791. https://doi.org/10.1111/

avsc.12791

Edson, T., Aguirre, L., & Flores, E. R. (2023). Impact of level of use on plant

vigor and weight of Festuca humilior and Calamagrostis vicunarum. In

XXV International Grassland Congress (pp. 28–31). IGC 2023. https://

doi.org/10.52202/071171-0005

Eduardo-Palomino, F., Gibson, D. J., Barberá, P., Castro, J., Trillo, F., La

Torre, M. I., & Walters, S. A. (2024). International Biological Flora:

Festuca dolichophylla†. Journal of Ecology, 112, 1655–1682. https://
doi.org/10.1111/1365-2745.14343

EPA Method 6010D. (2018). Inductively coupled plasma—optical emission

spectrometry 6010D.

FAO. (2009). Guía para la descripción de suelos (Cuarta edición).

Organización de las Naciones Unidas para la Agricultura y la

Alimentación. http://edafologia.ugr.es/programas_suelos/practgen/

factform5/media/descpend.htm

Fernández, R., Furch, N. E., Bissolino, M., Frasier, I., Scherger, E. D., &

Quiroga, A. R. (2020). Efecto de las pasturas perennes en la fertilidad

fisica y biologica en molisoles de la region semiarida pampeana. Cien-

cia Del Suelo, 38(1), 1. https://ojs.suelos.org.ar/index.php/cds/

article/view/539

Flores Cochachin, M. K., Palomino Cadenas, E. J., del Aguila, K. R., &

Aguirre Baique, N. (2023). Diversidad florística en los pastizales de

las quebradas de Arhuaycancha y Rurec, Perú. Manglar, 20(3), 271–
279. https://doi.org/10.57188/manglar.2023.031

Gao, J., Meng, B., Liang, T., Feng, Q., Ge, J., Yin, J., Wu, C., Cui, X., Hou, M.,

Liu, J., & Xie, H. (2019). Modeling alpine grassland forage phosphorus

based on hyperspectral remote sensing and a multi-factor machine

learning algorithm in the east of Tibetan Plateau, China. ISPRS Journal

of Photogrammetry and Remote Sensing, 147, 104–117. https://doi.
org/10.1016/j.isprsjprs.2018.11.015

Geenty, K. G., & Rattray, P. V. (1987). The energy requirements of grazing

sheep and cattle. In Livestock feeding on pasture (Vol. 10) (pp. 39–53).
New Zealand Soc Anim Prod.

Goering H. K., & Soest, P. J. V. 1970 Forage fiber analyses (apparatus,

reagents, procedures, and some applications) U.S. Agricultural

Research Service.

Gould, I. J., Quinton, J. N., Weigelt, A., de Deyn, G. B., & Bardgett, R. D.

(2016). Plant diversity and root traits benefit physical properties key

to soil function in grasslands. Ecology Letters, 19(9), 1140–1149.
https://doi.org/10.1111/ele.12652

Greenwood, K. L., & McKenzie, B. M. (2001). Grazing effects on soil physi-

cal properties and the consequences for pastures: A review.

Australian Journal of Experimental Agriculture, 41(8), 1231–1250.
https://doi.org/10.1071/ea00102

Grijalva Olmedo, J. E., Palate Moreta, P. M., Vera-Vélez, R. R., Ramos

Veintimilla, R. A., Tourrand, J.-F., & Portilla Narváez, A. (2025).

Evaluación de escenarios para la intensificación del manejo de pastos

y pastoreo en microcuencas frágiles de alta montaña Andina. Siem-

bra, 12(1), e7017. https://doi.org/10.29166/siembra.v12i1.7017

Grzegorczyk, S., Alberski, J., Olszewska, M., Grabowski, K., & Bałuch-
Małecka, A. (2017). Content of calcium and phosphorus and the Ca:P

ratio in selected species of leguminous and herbaceous plants. Jour-

nal of Elementology, 22(2), 663–669. https://doi.org/10.5601/jelem.

2016.21.4.1214

Hazelton, P., & Murphy, B. W. (2016). Interpreting soil test results (Third

ed.). CSIRO Publishing.

Jacobo, E. J., Rodríguez, A. M., Bartoloni, N., & Deregibus, V. A. (2006).

Rotational grazing effects on rangeland vegetation at a farm scale.

Rangeland Ecology & Management, 59(3), 249–257. https://doi.org/
10.2111/05-129R1.1

Kargas, G., Londra, P., & Sotirakoglou, K. (2022). The effect of soil texture

on the conversion factor of 1:5 soil/water extract electrical conduc-

tivity (EC1:5) to soil saturated paste extract electrical conductivity

(ECe). Water, 14(4), 4. https://doi.org/10.3390/w14040642

10 ARIAS-ARREDONDO ET AL.

 1744697x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/grs.70029 by C

ochrane Peru, W
iley O

nline L
ibrary on [19/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Kassambara, A. (2023) rstatix: Pipe-friendly framework for basic statistical

tests (Version 0.7.2), [computer software] https://cran.r-project.org/

web/packages/rstatix/index.html

Madrigal-Martínez, S., & Miralles i García, J. L. (2019). Land-change

dynamics and ecosystem service trends across the central high-

Andean Puna. Scientific Reports, 9(1), 9688. https://doi.org/10.1038/

s41598-019-46205-9

Maldonado Fonkén, M. S. (2014). An introduction to the bofedales of the

Peruvian High Andes.

Mariotti, F., Tomé, D., & Mirand, P. P. (2008). Converting nitrogen into

protein—Beyond 6.25 and Jones’ factors. Critical Reviews in Food Sci-

ence and Nutrition, 48(2), 177–184. https://doi.org/10.1080/

10408390701279749

Mayel, S., Jarrah, M., & Kuka, K. (2021). How does grassland management

affect physical and biochemical properties of temperate grassland

soils? A review study. Grass and Forage Science, 76(2), 215–244.
https://doi.org/10.1111/gfs.12512

Michaud, A., Plantureux, S., Pottier, E., & Baumont, R. (2015). Links

between functional composition, biomass production and forage

quality in permanent grasslands over a broad gradient of conditions.

The Journal of Agricultural Science, 153(5), 891–906. https://doi.org/
10.1017/S0021859614000653

Modernel, P., Picasso, V., do Carmo, M., Rossing, W. A. H., Corbeels, M.,

Soca, P., Dogliotti, S., & Tittonell, P. (2019). Grazing management for

more resilient mixed livestock farming systems on native grasslands

of southern South America. Grass and Forage Science, 74(4), 636–
649. https://doi.org/10.1111/gfs.12445

Mosquera, G. M., Marín, F., Stern, M., Bonnesoeur, V., Ochoa-

Tocachi, B. F., Román-Dañobeytia, F., & Crespo, P. (2022). Progress

in understanding the hydrology of high-elevation Andean grasslands

under changing land use. Science of the Total Environment, 804,

150112. https://doi.org/10.1016/j.scitotenv.2021.150112

Muñoz, M. A., Faz, A., Acosta, J. A., Martínez-Martínez, S., & Zornoza, R.

(2015). Effect of south American grazing camelids on soil fertility and

vegetation at the Bolivian Andean grasslands. Agriculture, Ecosys-

tems & Environment, 207, 203–210. https://doi.org/10.1016/j.agee.
2015.04.005

Oliver, V., Oliveras, I., Kala, J., Lever, R., & Teh, Y. A. (2017). The effects of

burning and grazing on soil carbon dynamics in managed Peruvian

tropical montane grasslands. Biogeosciences, 14(24), 5633–5646.
https://doi.org/10.5194/bg-14-5633-2017

Oquendo, G. G., Salazar-Cubillas, K., Alvarado, V., & Gómez-Bravo, C. A.

(2022). Estimation of carbon footprint and sources of emissions of

an extensive alpaca production system. Tropical Animal Health and

Production, 54(5), 331. https://doi.org/10.1007/s11250-022-

03271-y

Ortiz-Ojeda, P., Ogata-Gutiérrez, K., & Zúñiga-Dávila, D. (2017). Evaluation

of plant growth promoting activity and heavy metal tolerance of psy-

chrotrophic bacteria associated with maca (Lepidium meyenii Walp.)

rhizosphere. AIMS Microbiology, 3(2), 279–292. https://doi.org/10.
3934/microbiol.2017.2.279

Ozlu, E., & Kumar, S. (2018). Response of soil organic carbon, pH, electrical

conductivity, and water stable aggregates to long-term annual

manure and inorganic fertilizer. Soil Science Society of America Journal,

82(5), 1243–1251. https://doi.org/10.2136/sssaj2018.02.0082
Quispe Ramos, R. Z., Chirinos Peinado, D. M., Contreras Paco, J. L.,

Curasma Ccente, J., Quispe Ramos, R. Z., Chirinos Peinado, D. M.,

Contreras Paco, J. L., & Curasma Ccente, J. (2021). Evaluación de

pastizales consumidos por alpacas madres y tuis (Vicugna Pacos) en

bofedales en época seca, Yauyos, Perú. Revista De Investigaciones

Altoandinas, 23(2), 103–110. https://doi.org/10.18271/ria.2021.219
R Core Team. (2025). R: A language and environment for statistical comput-

ing (version 4.3.0) [computer software]. R Foundation for Statistical

Computing.

Recena, R., Díaz, I., del Campillo, M. C., Torrent, J., & Delgado, A. (2016).

Calculation of threshold Olsen P values for fertilizer response from

soil properties. Agronomy for Sustainable Development, 36(4), 54.

https://doi.org/10.1007/s13593-016-0387-5

Rocha, J. R. d. A. S. d. C., Machado, J. C., Carneiro, P. C. S.,

Carneiro, J. d. C., Resende, M. D. V., Pereira, A. V., & Carneiro, J. E.

d. S. (2017). Elephant grass ecotypes for bioenergy production via

direct combustion of biomass. Industrial Crops and Products, 95, 27–
32. https://doi.org/10.1016/j.indcrop.2016.10.014

Rojo, V., Arzamendia, Y., Pérez, C., Baldo, J., & Vilá, B. L. (2019). Spatial

and temporal variation of the vegetation of the semiarid Puna in a

pastoral system in the Pozuelos Biosphere Reserve. Environmental

Monitoring and Assessment, 191(10), 635. https://doi.org/10.1007/

s10661-019-7803-7

Rolando, J. L., Dubeux, J. C., Perez, W., Ramirez, D. A., Turin, C., Ruiz-

Moreno, M., Comerford, N. B., Mares, V., Garcia, S., & Quiroz, R.

(2017). Soil organic carbon stocks and fractionation under different

land uses in the Peruvian high-Andean Puna. Geoderma, 307, 65–72.
https://doi.org/10.1016/j.geoderma.2017.07.037

Rolando, J. L., Dubeux, J. C. B. Jr., Ramirez, D. A., Ruiz-Moreno, M.,

Turin, C., Mares, V., Sollenberger, L. E., & Quiroz, R. (2018). Land use

effects on soil fertility and nutrient cycling in the Peruvian High-

Andean Puna grasslands. Soil Science Society of America Journal,

82(2), 463–474. https://doi.org/10.2136/sssaj2017.09.0309
Rolando, J. L., Turin, C., Ramírez, D. A., Mares, V., Monerris, J., & Quiroz, R.

(2017). Key ecosystem services and ecological intensification of agri-

culture in the tropical high-Andean Puna as affected by land-use and

climate changes. Agriculture, Ecosystems & Environment, 236, 221–
233. https://doi.org/10.1016/j.agee.2016.12.010

Seid, M. A., Kuhn, N. J., & Fikre, T. Z. (2016). The role of pastoralism in reg-

ulating ecosystem services. Revue Scientifique et Technique

(International Office of Epizootics), 35(2), 435–444. https://doi.org/
10.20506/rst.35.2.2534

Seifu, W., Elias, E., & Gebresamuel, G. (2020). The effects of land use and

landscape position on soil physicochemical properties in a semiarid

watershed, Northern Ethiopia. Applied and Environmental Soil Science,

2020(1), 8816248. https://doi.org/10.1155/2020/8816248

SENAMHI - Estaciones. (2024). Datos hidrometeorológicos. https://www.

senamhi.gob.pe/?&p=estaciones

Serrano, A. R., Peco, B., Morillo, J. A., & Ochoa-Hueso, R. (2024). Abandon-

ment of traditional livestock grazing reduces soil fertility and enzyme

activity, alters soil microbial communities, and decouples microbial

networks, with consequences for forage quality in Mediterranean

grasslands. Agriculture, Ecosystems & Environment, 366, 108932.

https://doi.org/10.1016/j.agee.2024.108932

Siffredi, G. L., Boggio, F., Giorgetti, H., Ayesa, J. A., Kröpfl, A., &

Alvarez, J. M. (2015). Guía para el reconocimiento de especies de los

pastizales. Para las áreas ecológicas de Sierras y Mesetas Occidentales y

de Monte de Patagonia Norte (2a ed.). Ediciones INTA.

Southorn, N., & Cattle, S. (2004) The dynamics of soil quality in livestock

grazing systems.

Su, J., Xu, F., & Zhang, Y. (2023). Grassland biodiversity and ecosystem

functions benefit more from cattle than sheep in mixed grazing: A

meta-analysis. Journal of Environmental Management, 337, 117769.

https://doi.org/10.1016/j.jenvman.2023.117769

Sun, J., He, F., Pan, Y., & Zhang, Z. (2017). Effects of pyrolysis temperature

and residence time on physicochemical properties of different bio-

char types. Acta Agriculturae Scandinavica, Section B - Soil & Plant Sci-

ence, 67(1), 12–22. https://doi.org/10.1080/09064710.2016.

1214745

Teague, R., & Kreuter, U. (2020). Managing grazing to restore soil health,

ecosystem function, and ecosystem services. Frontiers in Sustainable

Food Systems, 4, 534187. https://doi.org/10.3389/fsufs.2020.

534187

ARIAS-ARREDONDO ET AL. 11

 1744697x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/grs.70029 by C

ochrane Peru, W
iley O

nline L
ibrary on [19/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Ustariz, K., Geleta, M., Hovmalm, H. P., Gutierrez, F., Beltran, J. A. R., &

Ortiz, R. (2019). Mineral composition and nutritive value of «Festuca
ecotypes» originated from the highland region of Bolivia and culti-

vars from Argentina. Australian Journal of Crop Science, 13(10), 1650–
1658. https://doi.org/10.3316/informit.928579827003322

Wei, S., Shaowei, L., Yangjian, Z., & Gang, F. (2020). Effect of long-term

experimental warming on the nutritional quality of alpine meadows

in the Northern Tibet. Journal of Resources and Ecology, 11(5), 516–
524. https://doi.org/10.5814/j.issn.1674-764x.2020.05.009

Yuan, T., Ren, W., Wang, Z., Fry, E. L., Tang, S., Yin, J., Zhang, J., & Jia, Z.

(2023). How does the pattern of root metabolites regulating benefi-

cial microorganisms change with different grazing pressures? Fron-

tiers in Plant Science, 14, 1180576. https://doi.org/10.3389/fpls.

2023.1180576

Yusuf, Y. M., Madukwe, D. K., & Kebede, F. (2023). Establishing phospho-

rus critical values for tomato (Solanum lycopersicum) fertilization with

phosphate fertilizers on the Sudan savanna soils using three soil

phosphorus extraction methods and field experimentation in Kano

State, Nigeria. Frontiers in Agronomy, 5, 1181045. https://doi.org/10.

3389/fagro.2023.1181045

Zainelabdeen, Y. M., Yan, R., Xin, X., Yan, Y., Ahmed, A. I., Hou, L., &

Zhang, Y. (2020). The impact of grazing on the grass composition in

temperate grassland. Agronomy, 10(9), 1230. https://doi.org/10.

3390/agronomy10091230

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Arias-Arredondo, A., Pérez, W. E.,

Lastra, S., Cruz, J., Solórzano-Acosta, R., & Turín, C. (2026).

Assessing soil and native high Andean grassland quality under

grazing: A case study from the wet Puna of Peru. Grassland

Science, 1–12. https://doi.org/10.1111/grs.70029

12 ARIAS-ARREDONDO ET AL.

 1744697x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/grs.70029 by C

ochrane Peru, W
iley O

nline L
ibrary on [19/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


