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Simple Summary

Livestock farming in the high Andes is vital for rural families but is limited by poor pasture
quality and scarce resources. We studied how pasture fertilization affects mixed herds of
sheep, alpacas, llamas, and cattle. By analyzing data from several farms, we identified
three groups with different herd structures and management practices. Fertilization was
linked to higher sheep numbers, while other species were less affected. Farms without
fertilization sometimes had slightly more diverse animals, but larger pastures alone were
not enough to improve productivity without better forage quality. These results suggest
that combining fertilization with sustainable practices can improve herd performance and
support rural communities while protecting fragile mountain ecosystems.

Abstract

Livestock production in the high Andes is vital for rural livelihoods and food security
but is limited by poor pasture quality, environmental variability, and restricted resources.
Pasture improvement, achieved through management practices and particularly through
fertilization, may enhance productivity and sustainability in high-Andean livestock systems.
This study aimed to characterize mixed herds composed of domestic sheep (Ovis aries),
alpacas (Vicugna pacos), llamas (Lama glama), and domestic cattle (Bos taurus) and to evaluate
the role of pasture fertilization on herd composition and livestock size. Primary data were
collected through structured questionnaires administered to 88 randomly selected livestock
producers, complemented by direct field observations of grazing areas, corrals, shelters,
and water sources. The survey documented herd structure, grazing management, pasture
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may contribute to improved herd performance and long-term resilience in heterogeneous
Andean livestock systems.

Keywords: grazing management; rangeland productivity; smallholder pastoralism;
multispecies grazing dynamics; high-altitude agriculture

1. Introduction

Mixed-herd livestock systems, composed of domestic cattle (Bos taurus), domestic
sheep (Ovis aries), alpacas (Vicugna pacos), and llamas (Lama glama), are the backbone of
agricultural livelihoods in the high Andes of Peru. These systems represent a millennia-old
adaptive strategy that allows producers to withstand extreme climates, fragile ecosystems,
and fluctuating markets. Beyond providing meat, milk, and fiber, mixed herds contribute
to food security, household income, and cultural identity [1]. The complementarity among
species in their grazing habits and resource utilization allows for greater efficiency in the use
of pastures, contributing to both resilience and sustainability of the production system [2].

The benefits of maintaining multi-species herds are increasingly recognized. Studies
demonstrate that mixed grazing systems enhance livestock productivity, optimize forage
use, and can even improve biodiversity outcomes while reducing greenhouse gas emissions
when compared to single-species systems [3,4]. For example, domestic cattle typically
graze on grasses in lowland areas, camelids browse shrubs in highland environments, and
domestic sheep mainly use open plains. This complementary feeding behavior reduces
competition and allows producers to maximize available resources across ecological niches.

Characterizing these systems is crucial for designing effective interventions in pro-
duction, reproduction, and pasture management. In Peru, systematic evaluations of herd
composition, reproductive management, disease incidence, and feeding practices provide
essential information for planning sustainable livestock policies [5,6]. Such characterization
also provides evidence to guide programs in genetic improvement, veterinary services,
and community-based pasture conservation. In regions where access to technical ser-
vices is limited, baseline data serve as a foundation to link traditional knowledge with
science-based strategies.

Animal health interventions—including deworming and vitamin supplementation—are
particularly relevant in the context of high-Andean livestock systems. Gastrointestinal
parasites are among the most frequent health constraints in mixed herds, reducing pro-
ductivity and causing economic losses for producers [7,8]. Regular deworming protocols
adapted to the epidemiological context are necessary to maintain animal health and pre-
vent productivity losses. Similarly, vitamin supplementation, particularly with vitamin D,
plays an essential role in preventing rickets and metabolic bone disease in young camelids.
Studies have shown that vitamin D deficiency is common in alpacas and llamas raised at
high altitudes, especially during low solar radiation periods, and that supplementation
improves calcium—phosphate metabolism and growth [9,10].

Moreover, herd composition itself—whether dominated by camelids, domestic sheep,
or domestic cattle—influences grazing behavior, resilience, and overall productivity.
Camelid-rich herds tend to be more adaptable to drought, steep terrain, and low-quality
forage because alpacas and llamas possess physiological and anatomical traits that reduce
water demand and minimize grazing pressure on fragile high-altitude ecosystems [11,12].
In contrast, domestic cattle generally require higher-quality pastures and greater water
availability, making them more vulnerable to environmental stress in high-Andean land-
scapes. Understanding these species-specific dynamics is crucial for designing extension
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programs that deliver tailored recommendations and promote both herd performance and
ecological sustainability.

Pasture fertilization has been shown to interact strongly with grazing dynamics in
other high-altitude grasslands, influencing forage productivity and the functional structure
of mixed grazing systems. Studies in alpine meadows report that fertilization combined
with grazing increases aboveground biomass but can also modify plant diversity by favor-
ing fast-growing species under nutrient enrichment [13,14]. Research in the Tibetan Plateau
further demonstrates that nitrogen addition alters the effects of domestic sheep grazing
on seedling recruitment and dicotyledon abundance [15], and that mixed yak—sheep graz-
ing responses depend on soil nutrient availability, shaping plant functional diversity and
grassland composition [16].

Given this context, the present study aims to characterize the mixed-herd produc-
tion systems managed by producers in high-Andean communities of Cabanillas dis-
trict, Puno. We hypothesize that pasture fertilization contributes to detectable differ-
ences in herd composition and livestock abundance within mixed herds, particularly for
species more sensitive to forage improvements such as sheep. By documenting herd
composition, reproductive practices, grazing strategies, health management, and pasture
management—including fertilization—this study provides essential insights into the sus-
tainability and productivity of livestock systems above 4000 m. Such information is crucial
for designing interventions that improve herd performance, strengthen rural livelihoods,
and support the conservation of fragile high-Andean ecosystems.

2. Materials and Methods
2.1. Study Area

This study was conducted in the district of Cabanillas, province of San Romén,
Puno region, Peru. Two high-Andean communities were selected: Aziruni (15.841105° S,
70.606909° W) and Tincopalca (15.844075° S, 70.755939° W). Both are located at more than
4250 m above sea level, in an ecological zone characterized by fragile soils, limited forage
resources, and marked climatic seasonality. The rainy season extends from December to
April, the frost season from May to August, and transitional “veranillo” months with dry
winds occur between September and November. These climatic patterns strongly influence
forage availability and animal health. The landscape in both communities is dominated by
native private pastures (praderas) composed mainly of high-Andean grass species such
as Jarava ichu, Festuca dolichophylla, and Calamagrostis vicunarum. All grazing lands are
privately owned, and pasture management is carried out directly by the landowners, who
make decisions regarding grazing schedules, resting periods, and fertilization. Accord-
ing to regional estimates for the Puno highlands, the carrying capacity varies by species:
0.5 ha/year for cattle, 1.5 ha/year for sheep, 1 ha/year for alpacas, and 0.8 ha/year for
llamas, calculated based on the total herd size relative to the available natural pasture area
owned by the farmers.

2.2. Sampling Design

The target population consisted of 936 livestock producers identified in the 2024 Agri-
cultural Census for Cabanillas district. Using a 95% confidence level, 10% margin of error,
and standard sampling formula for finite populations, a representative sample of 88 pro-
ducers was determined. All livestock producers in the study area have access to irrigation
systems within their grazing paddocks, which helps maintain forage availability through-
out the year. Animal feeding relies exclusively on natural grazing, and supplementary feed
is not routinely used. In addition, most producers implement a rotational grazing system,
moving their herds between paddocks to promote vegetation recovery and sustain pasture
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quality. The number of hectares of natural pastures managed by each producer is presented
in Supplementary Table S1, Producers were randomly selected within the communities to
ensure proportional representation of herd sizes and management practices. This study
was designed as a non-experimental, descriptive survey, focusing on the characterization
of management practices within mixed-herd systems. This design was chosen because it
allows documenting the current situation of production without manipulating the variables
under study [6].

2.3. Data Collection

Primary data were collected through structured questionnaires administered directly
to producers. The survey documented herd composition (number and species of animals,
reproductive males, and distribution by age and sex), type of pasture fertilization applied
on each farm (organic manure vs. no fertilization), the water source available for grazing
animals (spring or flowing water), and the total area of natural pastures managed by each
producer (ha). In addition, direct observations of herds, grazing areas, corrals, shelters,
and water sources were conducted, complemented with photographic evidence to validate
survey responses and ensure accuracy. All farms that reported applying pasture fertilization
(“Yes”) used a consistent fertilization practice based exclusively on organic inputs, applying
manure from sheep, alpacas, and llamas. No producer reported the use of synthetic or
inorganic fertilizers. Fertilization was carried out once per year, typically just before the
onset of the rainy season (December-March), allowing rainfall to incorporate nutrients
naturally into the soil. For farms that reported not applying fertilization (“No”), producers
indicated that they did not use any type of manure, organic amendments, or external
nutrient inputs. Instead, these farms relied entirely on the natural regeneration of high-
Andean rangelands, where seasonal rainfall and ecosystem dynamics sustain pasture
growth without deliberate nutrient additions.

2.4. Statical Analysis

A Wilcoxon rank-sum test was employed to assess differences in the abundance of
each livestock species (alpacas, domestic cattle llamas, and domestic sheep) between farms
with and without pasture fertilization. A Generalized Linear Model (GLM) with a Poisson
distribution was used to evaluate the effects of natural pasture area (continuous variable),
pasture fertilization (categorical: Yes/No), and water source (categorical: Spring/Flowing
Water) on livestock size (total number of animals per farm). An interaction term between
pasture area and fertilization was included to explore potential effect modification. All
variables were checked for multicollinearity and transformed into appropriate formats
using make.names() and factor() functions where needed. The model was fitted using the
glm() function in R (v4.3.1), and standard errors, z-values, and p-values were obtained to
assess predictor significance. Model fit was evaluated based on residual deviance and AIC
values. Visualization of interaction effects was performed with ggplot2, applying custom
color palettes and confidence intervals (£1.96 SE) to distinguish fertilization. To facilitate
interpretation of effect sizes, we standardized the continuous predictor (pasture area) prior
to fitting a second Poisson GLM and reported standardized coefficients (std) together
with 95% confidence intervals. These values are presented in Supplementary Table S2.

The optimal number of clusters was determined using complementary numerical and
graphical criteria. Average silhouette widths were computed for k = 2-6, and although
k =2 yielded the highest value, the decrease observed at k = 3 was minimal, indicating that
both solutions had comparable cohesion and separation. To further refine the selection, we
examined the D-index and its second-difference curve, which revealed a pronounced knee
and the strongest peak at k = 3, signaling a substantial improvement in cluster separation
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at this level. Additionally, the NbClust procedure, which integrates multiple clustering
indices, showed near-equal support for k = 2 (11 indices) and k = 3 (10 indices). Considering
the combined evidence—together with the clearer biological interpretability of the three-
group structure—we selected k = 3 as the most robust and meaningful configuration
for characterizing herd composition patterns among producers. A Partitioning Around
Medoids (PAM) algorithm was applied to group production units by similarity in herd
composition, selecting three clusters (k = 3) based on silhouette analysis. No management
variables—including fertilization, water source, or grazing practices—were included in
the clustering process. Each unit was then assigned to a cluster, and stocking density was
calculated as the total number of animals divided by the natural pasture area (hectares).
Differences in species abundance among clusters were tested using the Kruskal-Wallis test.
Additionally, animal abundance was compared between farms with and without pasture
fertilization across the three clusters. A two-tailed ¢-test was conducted within each cluster
to evaluate differences in animal numbers, and the corresponding p-values were displayed
above each boxplot.

3. Results
3.1. Effect of Pasture Fertilization and Pasture Area on Livestock Abundance in Mixed Herds

Figure 1 presents a comparison of the abundance of major livestock species—alpacas,
domestic cattle, llamas, and domestic sheep—between farms that apply pasture fertilization
and those that do not. Overall, the number of animals was highly variable across producers,
with alpacas and domestic sheep being the most abundant species. The Wilcoxon rank-
sum test revealed a statistically significant difference in llama counts (p = 0.04), with
higher numbers recorded on farms where pasture fertilization was applied. In contrast, no
significant differences were observed for alpacas (p = 0.19), domestic cattle (p = 0.73), or
domestic sheep (p = 0.29).
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Figure 1. Effect of Pasture Fertilization on the Abundance of Livestock Species in Mixed-
Herd Systems.

Table 1 summarizes the results of a Poisson regression model evaluating the influence
of natural pasture area, fertilization, and water source on livestock size (total number of an-
imals). A significant positive effect of pasture area (p < 0.001) suggests that larger pastures
tend to support greater livestock numbers. Farms that did not apply pasture fertilization
showed a slight increase in livestock size (p = 0.025), although the significant negative
interaction (p < 0.001) between pasture area owned by the farmers and the absence of
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fertilization indicates that the beneficial effect of pasture area is reduced when fertilization
is not practiced. Water source had no significant effect. Overall, the model indicates that
fertilization status is statistically associated with differences in livestock size, particularly
under larger pasture areas. Because this study did not include direct measurements of ani-
mal productivity, these results should be interpreted as reflecting potential enhancements
in natural pasture utilization rather than confirmed increases in productivity.

Table 1. Generalized Linear Model (Poisson) assessing the effects of pasture area, pasture fertilization,
and water source on livestock size.

Term Estimate Std. Error  z Value p-Value
(Intercept) 5.3205 0.0320 166.36 <0.001 ***
Natural Pasture Area (ha) 0.0020 0.00015 13.40 <0.0071 ***
Fertilization (No) 0.10028 0.0459 2.24 0.025 *
Water Source (Flowing) —0.0027 0.0142 —0.19 0.851
Area x Fertilization (No) —0.003 0.00022 —5.80 <0.001 ***

Significance codes: *** p < 0.001, * p < 0.05.

Figure 2 illustrates the interaction effect between natural pasture area (ha) and pasture
fertilization (Yes = red; No = turquoise) on livestock size, measured as the total number of
animals (domestic cattle, domestic sheep, alpacas, and llamas). Data points represent indi-
vidual observations, while the shaded areas denote 95% confidence intervals around the
fitted linear model. The red line (fertilized pastures) shows a positive association between
increasing pasture area and livestock size, suggesting that fertilization may enhance the ca-
pacity of natural pastures to support a greater number of animals. In contrast, the turquoise
line (non-fertilized pastures) presents a weaker slope, indicating a more modest increase
in livestock numbers with larger pasture areas. This interaction suggests that fertilization
modulates the relationship between pasture availability and animal abundance in mixed
herds under high-Andean production systems. The standardized coefficients indicated that
pasture area (3std = 0.0429) and its interaction with fertilization (3std = 0.0745) showed
the strongest relative effects on livestock size, whereas fertilization alone had a smaller but
significant positive effect (Bstd = 0.1472) (Table S2).
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Figure 2. Interaction between Natural Pasture Area and Fertilization on Livestock size in
Mixed Herds.

3.2. Clustering-Based Characterization of Mixed Livestock Herds

The Partitioning Around Medoids (PAM) clustering analysis identified three distinct
groups of livestock production units with partially overlapping boundaries (Figure 3).
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The overlap observed between Clusters 1 and 2 suggests a gradual transition in herd
composition among some producers, while Cluster 3 shows clearer separation, indicat-
ing a distinct production strategy dominated by llamas. According to the descriptive
statistics (Table 2), Cluster 1 was characterized by the highest mean number of alpacas
(231.36 + 14.60) and a moderate presence of domestic sheep (39.4 &+ 5.22). In contrast,
Cluster 2 had the largest domestic sheep population (106.38 + 7.48), with alpacas as a
secondary component (145.83 £ 15.16). Cluster 3, while intermediate in domestic sheep
numbers (48.47 &+ 10.27), was clearly differentiated by a markedly greater number of llamas
(78.41 & 4.68) and a more uniform stocking density (1.33 & 0.06 animals/ha). Regarding
pasture management, fertilization practices were most common in Cluster 2, where 65.5%
of units reported applying fertilizers, followed by Cluster 1 with 54.8%, whereas Cluster 3
had the lowest adoption, with only 29.4% of units using fertilization.

cluster

CIT-]
WN =

—2-

-2 0 2 4
Dim1 (29.4%)

Figure 3. Clustering of livestock production units based on PAM analysis showing three groups with

differing herd compositions.

Table 2. Mean = standard error of the mean (SEM) for the number of animals per species and stocking
density across clusters identified by the PAM clustering analysis.

Cluster Domestic Sheep Domestic Cattle Alpacas Llamas Density Pasture
(Mean + SEM) (Mean + SEM) (Mean + SEM) (Mean + SEM) (Mean + SEM)  Fertilization (%)
1 39.4+5.22 54 +1.17 231.36 + 14.60 14.79 + 2.52 1.83 +0.25 Yes (54.8)
No (45.2)
2 106.38 +7.48 2.62 + 0.66 145.83 + 15.16 10.24 £+ 2.37 1.53 £ 0.16 Yes (65.5)
No (34.5)
3 48.47 +10.27 2.88 +1.29 155.06 + 19.43 78.41 + 4.68 1.33 £ 0.06 Yes (29.4)
No (70.6)

The comparison of livestock species among clusters revealed clear differences in the
abundance of alpacas, domestic sheep, and llamas, while domestic cattle numbers remained
relatively similar across groups (Figure 2). Alpacas were most abundant in Cluster 1, with
notably lower numbers in Clusters 2 and 3 (Kruskal-Wallis, p < 0.001). In contrast, domestic
sheep were predominant in Cluster 2, followed by Cluster 3, and were least represented in
Cluster 1 (p < 0.001). Llamas exhibited a distinct pattern, with Cluster 3 showing markedly
higher numbers compared to the lower and more similar values observed in Clusters 1 and
2 (p < 0.001). Meanwhile, domestic cattle had low and relatively uniform counts among
clusters, with no significant differences detected (p = 0.22) (Figure 4).
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Figure 4. Comparison of livestock species abundance across clusters in mixed herds using boxplots.
Significant differences were observed for alpacas, domestic sheep, and llamas.

The comparison of domestic sheep abundance across clusters revealed a clear interaction
between pasture fertilization practices and herd composition (Figure 5). Within clusters, the
t-test analysis showed a significant difference in Cluster 1 (p = 0.0065), indicating that farms
applying fertilization tended to have lower domestic sheep numbers than those that did
not. In Cluster 2, the difference between fertilized and non-fertilized units was marginally
non-significant (p = 0.0689), while in Cluster 3, no significant effect was detected (p = 0.5902).
For the other livestock species (alpacas, llamas, and domestic cattle), no significant differences
were observed between fertilized and non-fertilized farms within each cluster.
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Figure 5. Effect of Pasture Fertilization on domestic sheep abundance across Clusters.
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4. Discussion

Our results indicate that pasture fertilization plays a complex role in shaping herd
composition and livestock size in high-Andean mixed production systems. Domestic sheep
numbers varied significantly across clusters, and these patterns were statistically associated
with fertilization status, while alpacas, llamas, and domestic cattle showed no significant
differences. This aligns with previous studies in South American pastoral systems, which
highlight that domestic sheep are highly responsive to improvements in pasture biomass
and quality derived from fertilization, while camelids such as alpacas and llamas have
evolved physiological adaptations to efficiently utilize lower-quality forage, reducing their
sensitivity to short-term improvements in forage condition [17,18].

The finding that farms not applying fertilization exhibited slightly higher overall
livestock size (p = 0.025) seems counterintuitive at first glance. However, this pattern is
consistent with the negative interaction observed between pasture area and the absence of
fertilization (p < 0.001), suggesting that while larger pastures can support more animals,
this benefit diminishes when pasture quality is not enhanced through fertilization. In other
words, when no fertilization is applied, expanding pasture area alone cannot compensate
for the declining nutrient availability per hectare, leading to lower productivity per unit
area. This result is consistent with studies showing that nutrient depletion in unimproved
pastures limits carrying capacity, especially under high grazing pressure [19,20].

Similar patterns have been reported in other regions, where fertilization increases
pasture productivity and nutritive value, enabling more efficient use of land area and higher
stocking densities [21]. In tropical grasslands, forage productivity and ecosystem capacity
are strongly mediated by grazing management, with management practices determining
the balance between biomass production, biodiversity, and carrying capacity [11]. Without
these inputs, producers often need to expand pasture areas to sustain livestock, but this
strategy leads to land degradation and lower long-term sustainability [13].

The lack of a significant fertilization effect on alpacas, llamas, and domestic cattle
across clusters reflects species-specific responses. Differences in fertilization effects are likely
mediated by forage availability and quality rather than uniform responses across livestock
species [18]. Domestic cattle may benefit from fertilization; however, low population sizes
and heterogeneous management practices can obscure detectable statistical effects. Previous
studies of Andean pastoral systems highlight that variability in management and resource
availability often leads to context-dependent responses rather than uniform outcomes [17].

This study has several limitations. Some variables were based on self-reported in-
formation from producers, which may introduce recall or reporting bias despite the field
validation performed. The cross-sectional design captures management practices at a
single moment, limiting causal interpretation of fertilization effects. In addition, this study
did not directly measure forage quality or biomass, which would strengthen inferences
about pasture responses. Finally, results reflect conditions in two specific high-Andean
communities and may not fully represent other Andean production systems.

Overall, these findings suggest that targeted pasture fertilization in combination
with adaptive grazing management could optimize the balance between pasture area
and animal productivity. Instead of simply expanding grazing areas, improving pasture
quality may support higher livestock size and productivity while reducing environmental
degradation, aligning with recommendations for sustainable intensification in high-altitude
Andean systems [11,13].

5. Conclusions

This study provides an integrated characterization of high-Andean mixed-herd sys-
tems and shows how fertilization practices relate to differences in herd composition and
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livestock abundance. While the three identified clusters reflect distinct production strate-
gies, the overall pattern highlights that pasture quality may be an important factor asso-
ciated with herd productivity. The species-specific response of sheep to fertilization also
underscores the need for management recommendations tailored to the biological and
nutritional requirements of each livestock species.

Beyond describing current practices, the findings offer practical guidance for producers
and extension programs. They suggest that organic fertilization, when combined with
rotational grazing and adequate pasture resting periods, can strengthen the resilience
of native pastures and contribute to more stable livestock performance in high-altitude
environments. For practitioners, these results highlight the value of integrating simple,
low-cost soil nutrient management practices into existing grazing systems to enhance
long-term sustainability.

Future research should evaluate the temporal dynamics of fertilization effects through
longitudinal monitoring and incorporate direct measurements of forage biomass and nutri-
tive value. Expanding this approach to additional Andean regions would help determine
the broader applicability of the patterns observed here and inform evidence-based strategies
to improve mixed-herd management under high-altitude conditions.
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