Agriculture, Ecosystems and Environment 327 (2022) 107833

Contents lists available at ScienceDirect

Agriculture
Ecosystems &

Environment

Agriculture, Ecosystems and Environment

journal homepage: www.elsevier.com/locate/agee

ELSEVIER

Check for

Understanding herbivore-plant-soil feedbacks to improve grazing e

management on Mediterranean mountain grasslands

Miguel Castillo-Garcia ® Y Concepci(')r} L. Alados?, Javier Ramos ", David Moret ",
Olivia Barrantes ““, Yolanda Pueyo ™"

& Instituto Pirenaico de Ecologia (CSIC). Avenida de Montana, 1005. P.O box 13034, 50059 Zaragoza, Spain

b Estacion Experimental de Aula Dei (CSIC), Avenida de Montanana, 1005, 50059 Zaragoza, Spain

¢ Departamento de Ciencias Agrarias y Medio Natural, Facultad de Veterinaria, (Universidad de Zaragoza), Miguel Servet 177, 50013 Zaragoza, Spain
4 Instituto Agroalimentario de Aragén -IA2- (CITA-Universidad de Zaragoza), 50013 Zaragoza, Spain

ARTICLE INFO ABSTRACT

Keywords:

Ecosystem functioning
Grassland conservation
Ecological feedback
Grazing pressure
Forage quality

Forage productivity

The surface of many European mountain grasslands is decreasing due to global change and extensive grazing
stands out as a key tool for their conservation. Sound knowledge of grassland ecosystem functioning and its
feedback processes is required to implement sustainable grazing management. This study aimed to understand
the effect of different grazing intensities on herbivore-plant-soil feedbacks in Mediterranean mountain grass-
lands. We estimated spatial distribution of sheep grazing intensity using GPS technology in order to assess the
effect of grazing pressure on vegetation and soil properties measured throughout the study area. Our results
showed that grazing intensity ranged from 0.06 to 2.85 livestock units / ha, corresponding to a gradient of
pasture utilisation rates varying from 2.38% to 45.60% of annual productivity from pasture. Increasing grazing
pressure was associated with smaller relative cover and species richness of non-leguminous forbs, while the
opposite trends were observed for graminoids. Forage had a greater concentration of N and smaller C:N ratio in
more heavily grazed areas. Increasing grazing intensity was also associated with higher values of total soil N,
NO3’, NH,™, soil organic carbon, microbial biomass C and activity of p-glucosidase. Higher litter quality was the
main factor explaining greater content of soil organic matter, which favoured both soil microbes and plant
productivity. Grazing induced changes in the plant community triggered positive hervibore-plant-soil feedbacks,
as they ultimately improved forage quality and productivity, which significantly influenced the pasture prefer-
ence of free-ranging domestic grazers. Our work showed that grazing management aiming pasture utilisation
rates of around 45% is critical in sustaining positive herbivore-plant-soil feedbacks and preserving or enhancing
the whole ecosystem functioning in the Mediterranean mountain grasslands studied.

1. Introduction

Conservation of grassland ecosystems is important for preserving the
ecosystem services they provide, such as food production, biodiversity
conservation or sequestration of CO5 (Hopkins, 2009). Preserving these
ecological systems is particularly challenging in European mountain
regions due to socio-economic changes, which lead to land abandon-
ment and modification of traditional grassland management, and
together with global warming promote the encroachment of thermo-
philic and woody plants (Alados et al., 2014; Gartzia et al., 2016; Komac
et al., 2013; MacDonald et al., 2000). In this context, adequate grazing
management may be an important tool for grassland conservation and
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restoration (Komac et al., 2013; Lagendijk et al., 2017; Pykala, 2003),
especially when considering that domestic grazers are the only compo-
nent of the pastoral system that can be readily managed on many
summer mountain ranges (Komac et al., 2014).

Grazing is frequently associated with desirable changes in plant
biodiversity, plant community composition and net aerial primary
productivity of grasslands (Altesor et al., 2005; Komac et al., 2014;
Nunes et al., 2019; Pykala, 2003). Grazing may also increase forage
quality by delaying ecological succession and keeping a low dead:live
biomass ratio (Casasts et al., 2007; Milchunas et al., 1995; Pavli et al.,
2006; Wardle et al., 2004). However, excessive grazing pressure may
lead to grassland degradation in terms of diversity, vegetation
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productivity and nutrient content (Aguiar et al., 1996; Austrheim et al.,
2008; Komac et al., 2014; Skornik et al., 2010). Furthermore, grazing
can modify soil properties such as bulk density (Abdalla et al., 2018;
Pueyo et al., 2013), water infiltration (Pueyo et al., 2013), nutrient
availability through facilitating nutrient cycling (Abdalla et al., 2018;
Bardgett and Wardle, 2003; Medina-Roldan et al., 2012), soil tempera-
ture and microbial activity (Aldezabal et al., 2015; Bardgett and Wardle,
2003).

Knowing the functioning of pastoral ecosystems is critical to imple-
menting sustainable grazing management. Good knowledge of plant-soil
feedback processes and the effect of herbivory on these processes is
required to understand the functioning of terrestrial ecosystems (Bard-
gett and Wardle, 2003). A feedback is a string of interactions that ends
up affecting the conditions that originally caused the process. A feed-
back is said to be positive when the result of the process makes the
process increase in magnitude, generating a cascade effect in a certain
direction (Ehrenfeld et al., 2005). There are several studies focused on
the impact of herbivores on plant-soil feedbacks (e.g. Chen et al., 2017;
Medina-Roldan et al., 2012; Veen et al., 2014). They address the ques-
tion of how diverse grazing intensities imposed in the study area (or
grazing presence/absence) affect different plant-soil feedbacks. How-
ever, little has been done to advance understanding of how these
modified plant-soil feedback patterns may impact on freely moving
herbivores. It is known that pasture quality and productivity determines
the selection patterns of grazers (Durant et al., 2004; Laca et al., 2010;
Treydte et al.,, 2013). Therefore, it would make sense considering
herbivore-plant-soil feedback processes, because the changes in the
plant community and associated soil environment caused by herbivores
will ultimately affect the behaviour and productivity of free-ranging
grazers.

Global positioning systems (GPS) have increasingly been used during
the last 2 decades for tracking movements of free-ranging animals (e.g.
Liu et al., 2018; Turner et al., 2000). This technology has multiple ap-
plications for grazing management, such as assessment of habitat use
(Putfarken et al., 2008) or animal activity (Augustine and Derner, 2013).
GPS technology has also been used to estimate grazing pressure (Akasbi
et al., 2012).

The main goal of this study was to improve knowledge on herbivore-
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plant-soil feedbacks in order to gain information on grazing manage-
ment in Mediterranean mountain grasslands. Specific objectives of this
research included (1) analysing the main effects of increasing grazing
intensity on the plant-soil feedbacks of the studied grasslands; (2) un-
derstanding how these changes in plant-soil feedbacks may affect the
grazing behaviour of free-ranging domestic grazers; (3) identifying the
main feedback mechanisms operating in the study area, based on a
complex conceptual-hypothetical model that includes previously
described interactions within the herbivore-plant-soil system (Fig. 1).

We hypothesised that (1) grazing intensity around the recommended
pasture utilisation rate for humid grasslands would promote diverse
grasslands with a greater proportion of species of high pastoral value,
because it would prevent the colonisation of unpalatable and nutrient-
poor plant species associated with later stages in the ecological succes-
sion of sub-alpine grasslands. (2) This properly-grazed, diverse
ecosystem would be more productive because nutrient cycling would
benefit from nutrient-rich plant material and labile organic matter from
animal excreta. In addition, the higher diversity expected in grazed
pastures should promote more efficient use of resources, due to niche
complementarity among plant species. (3) As a result of the previous
hypotheses, high grazing intensity (without reaching overgrazing)
would be part of positive feedback processes on the herbivore-plant-soil
system, because the changes caused by the livestock on the vegetation
and soil of grasslands will benefit more productive and nutritious pas-
tures that will be preferred by free-ranging grazers.

2. Methods and materials
2.1. Study area

The study was carried out within the natural protected area Parque
Natural de Sierra y Canones de Guara, located on a mountain ridge
limiting the southern section of the Spanish Central Pyrenees. The study
area extends over 358.42 ha, with the centre located at 42.3045° N,
0.1749° W. This region has a Mediterranean climate with an oceanic
influence. Mean annual precipitation and temperature are 944 mm and
8.6 °C, respectively. Mean annual maximum and minimum tempera-
tures are 12.8 °C and 4.3 °C, respectively (Cuadrat et al., 2007). The

Fig. 1. Conceptual model showing the functioning of
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grasslands under study stood between 1200 and 1500 m a.s.l. and are
included within the priority habitat category 6210 “Semi-natural dry
grasslands and scrubland facies on calcareous substrates (Festuco--
Brometalia)” (European Commission, 2013). The studied sub-alpine
grasslands were created as consequence of a long history of agro-
pastoral practices in the area, which transformed the original forested
ecosystem creating a mosaic of open spaces among forested/ shrubby
areas (Riedel, 2007). The slope of all the studied areas was negligible.
Extensive grazing by Rasa Aragonesa sheep flocks averaging 506 adult
ewes is common in the area. However, breeding intensification prac-
tices, depopulation trends and poor communication with remote areas
are leading to the abandonment of remote pastures, which are pro-
gressively colonised by woody plant species associated with later stages
of ecological succession, causing grassland degradation (Bernués et al.,
2005; Riedel, 2007).

2.2. Grazing pressure estimation

The study area was grazed by a local flock of 700 Rasa Aragonesa
sheep during 90 non-consecutive days between mid-July and early
November 2017, following tradition. The movement of the free ranging
herd was recorded using a GPS device (SPOT trace https://www.
findmespot.com/es-es/products-services/spot-trace) attached to the
collar of one sheep, which recorded the position of the animal every
hour. The local shepherd selected an old sheep with well-known lead-
ership to carry out the GPS, because its movements would be followed
by the majority (or, at least, many individuals) of the flock. It was
considered that the animal was grazing when the average speed from the
previous point was greater than 1 m/min and smaller than 20 m/min
(Putfarken et al., 2008). As we were only interested in the location of the
animal when it was grazing, the rest of the animal locations were dis-
carded. The resulting sheep movement database was used along with the
following formula (Eq. 1), modified from Akasbi et al. (2012), to esti-
mate the spatial variations of grazing intensity using ArcGIS 10.4.1
(ESRI, 2016):

No. animals«  Point density * Recording

interval * Livestock
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the plot, where soil, vegetation and excrement surveys were performed.
In addition, three 1 m x 0.2 m vegetation samples were harvested within
each of the 8 sampling plots in order to analyse pasture nutrients.
Vegetation and soil surveys were carried out in early July, at the peak of
vegetation growth. The number of excrements in every quadrat was
counted at the end of the grazing season. The central quadrat was fenced
off in July 2017 to prevent grazing and obtain an accurate measure of
grassland annual productivity in undisturbed conditions on July 2018.

2.4. Vegetation cover and productivity surveys

The canopy cover of every species within the 1 m? quadrats was
included in one of the cover categories defined by Daubenmire (1959). A
wooden frame and ropes were used to divide the 1 m? quadrat into 100
squares in order to facilitate visual estimation of the canopy cover of the
plant species. Three random measures were taken with a semi-rigid
measuring tape in order to estimate the average height of each species
occurring within a sampling quadrat. Plant species were classified into
the following functional groups: graminoids, legumes, herbs (non-le-
guminous forbs), and woody plants.

The annual productivity in pasture from each 40 m x 40 m sampling
plot was estimated as the dry matter produced within the fenced-off
quadrats at the peak of vegetation growth after one year of grazing
exclusion. Vegetation samples of 1 m x 0.2 m were cut with mechanical
scissors at ground level within the enclosures. Pasture samples were
oven-dried at 60 °C for three days and weighed on a precision scale. As
productivity was only measured on fenced off quadrats, the weighted
height of all the species occurring within a quadrat was used as a pro-
ductivity proxy for statistical analyses (Eq. 2), because it had a signifi-
cantly strong correlation with productivity within the fenced off
quadrats (r = 0.855, P < 0.05):

species  cover;

Weighted height = Z( species hdghli) 2

total cover

Where species cover; is the midpoint of the cover class for the species i

conversion  factor

@

Total number of sheep locations

Where G.I. is the number of livestock units/ha estimated for each
10 m size pixel; No. animals is 700 sheep; Point density is the number of
sheep locations/ha estimated for each 10 m size pixel using the kernel
density tool in ArcGIS; Recording interval is number of hours between two
consecutive GPS fixes, i.e. 1 h; Livestock conversion factor is 0.125 live-
stock units/animal, i.e. the average livestock unit value officially
assigned to an adult sheep in Spain (MARM, 2010).

Autocorrelation of the dataset was tested following the procedure
suggested by Perotto-Baldivieso et al. (2012). The Pearson test revealed
very weak correlation between successive sheep positions (r = 0.128,
P = 0.056), thus we considered the selected time interval between GPS
fixes to be adequate for using the Kernel density estimator.

2.3. Experimental design

On April 2017, 8 square sampling plots of 40 m x 40 m were
distributed across the study site in order to represent a gradient from
very low to approximately the highest grazing intensity in the area. The
location of the plots was based on previous knowledge of the study area
and advice from local shepherds. Each sampling plot consisted of 5 in-
dependent 1 m x 1 m quadrats located in the corners and the centre or

within a given quadrat; total cover is the sum of the cover class midpoints
of every species found in the quadrat; and species height; is the average
height of species i in the quadrat.

2.5. Pasture nutrient estimation

A total of 24 pasture samples of 1 m x 0.2 m were cut using me-
chanical scissors (three pasture samples within each 40 m x 40 m
sampling plot). These samples were more than 20 m apart from each
other. They were oven-dried at 60 °C for 3 days and ground for analysis.
Total N and C content were measured using a Variomax CN elemental
analyser. The fibre composition analysis was carried out following the
procedure proposed by Van Soest et al. (1991). Potential digestibility
was estimated from the results of the fibre analysis using the equation
defined by Van Soest (1994).

2.6. Soil surveys and laboratory analyses

Four soil cores 5 cm in height and diameter were collected within
every 1 m x 1 m quadrat in order to quantify several physical-chemical
and biological soil properties. Two of the cores were used to estimate soil
bulk density (Grossman and Reinsch, 2002). The soil from the other two
cores was passed through a 2 mm sieve. A fraction of each soil sample
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was stored at 4 °C and the rest was oven-dried at 60 °C for three days.
Fresh soil was used to estimate microbial biomass C as proposed by
Vance et al. (1987), N-NO3™ as described by Kaneko et al. (2010),
N-NH4" by using the salicylate method (Kempers and Zweers, 1986),
and activity rate of the C-liberating enzyme f-glucosidase and the
P-liberating enzyme phosphatase as proposed by Tabatabai (1994). Dry
soil was used to quantify total soil N with a Variomax CN elemental
analyser, the content of soil organic carbon (SOC) as proposed by
(Heanes, 1984), and the soil available P (Bray and Kurtz, 1945).

2.7. Statistical analyses

Non-metric multidimensional scaling (NMDS) of the Bray-Curtis
dissimilarity metrics and permutational (9999 permutations) multivar-
iate analysis of variance (perMANOVA) with the “Adonis” function in
the vegan package in R (Oksanen et al., 2019) were used to assess the
effect of grazing on plant species composition. To this end, quadrats
were grouped in three categories of grazing intensity: high, containing
the 33% of quadrats with higher grazing intensity; low, containing the
33% of quadrats with lower grazing intensity; medium, containing the
rest of the quadrats. The Kruskal-Wallis test and the post-hoc Man-
n-Whitney U test were used to identify changes in species cover between
the three groups of grazing intensity. Every species was given a value
from O to 5 corresponding to its specific quality index (Is), which is based
on productivity, palatability and nutritional value (Ascaso and Ferrer,
1993; Daget and Poissonet, 1971). Plant species were reclassified into
three categories of pasture quality: low, when Is is equal to 0 or 1; me-
dium, when Is equals 2 or 3; high, when Is equals 4 or 5
(Table B1-Appendix B).

Linear mixed-effects models (LMM) were used to study the effect of
grazing intensity on the physical-chemical and microbiological soil
properties, vegetation diversity (species richness and Shannon index)
and the structure of the pasture (relative cover of each functional group)
with the nlme package in R (Pinheiro et al., 2020). The sampling plots of
40 m x 40 m were used as a random factor in the LMM analyses. Models
with and without grazing intensity as an explanatory fixed-factor were
compared using the likelihood ratio test in order to find whether the
level of grazing pressure significantly affected the variables of interest.

According to the conceptual model (Fig. 1) there is a direct positive
feedback process between pasture nutrient content and grazing intensity
when the grassland is not overgrazed, thus it would be difficult to define
whether a given variable is the cause or effect in an LMM. A similar issue
occurred when assessing the relationship between grazing and grassland
productivity. For this reason we ran Spearman correlation tests instead
with the “rcorr” function in the Hmisc package in R (Harrell and Dupont,
2020) to analyse the relationship between grazing and both pasture
productivity and quality.

Structural equation models (SEM) were used in order to assess
ecosystem functioning and feedback processes in the grasslands under
study with the “sem” function in the lavaan package in R (Rosseel et al.,
2019). Non-significant weak interactions between variables were pro-
gressively removed from the hypothetical model in order to generate a
more parsimonious model. Grazing intensity was used as the variable to
represent the degree of perturbation caused by grazers. We assumed that
this variable accounted for the effect of excrement depositions, as LMM
showed a significant positive relationship between grazing intensity and
the number of excrements (XZ(D =4.267, P = 0.039). SOC (i.e. the
carbon component of soil organic matter) was used as an indicator of soil
physical-chemical properties, because organic matter is directly or
indirectly linked to many of these (Magdoff and Van Es, 2009). Micro-
bial biomass C was chosen as an indicator of soil microbiological ac-
tivity. Species richness of forbs was selected as the variable for
characterising the diversity and structure of the grassland. Weighted
height was used as a proxy for pasture productivity. C:N ratio of plants
was used as an indicator of forage quality, as it is a good indicator of the
ease with which vegetation decomposes (Nicolardot et al., 2001) and it
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was strongly correlated with plant N (r = —0.978, P < 0.001).

As the samples for plant nutrient analyses were gathered outside the
1m x 1m quadrats where soil and vegetation cover sampling was
carried out, the value of pasture C:N ratio corresponding to each quadrat
was simulated using the “boot” function within the boot package in R
(Canty and Ripley, 2019). The value assigned to each quadrat was the
average of 500 random combinations of the C:N ratio measured for the
three pasture samples taken within the 40 m x 40 m sampling plot in
which the 1 m x 1 m quadrat is located. All statistical analyses were
carried out in R version 3.4.2 (R Core Team, 2017).

3. Results
3.1. Grazing pressure

The grazing intensity calculated with the GPS data for the locations
of the sampling plots ranged from 0.06 to 2.83 livestock units/ha,
whereas the maximum estimated for the study area was 2.85 livestock
units/ha. When comparing these grazing intensities against grassland
productivity, we estimated that the flock of sheep consumed between
2.38% and 45.60% of the annual forage dry biomass production in the
sampling plots during the grazing season (Appendix A). The average
grazing intensity estimated for all the quadrats included in the same
category of grazing intensity was: high, 2.06 livestock units/ha; me-
dium, 0.67 livestock units/ha; low, 0.12 livestock units/ha.

3.2. Effects of grazing on grassland biodiversity and community structure

The NMDS showed significant differences in plant composition,
depending upon grazing intensity (Fo, 44 = 1.673, P < 0.001, stress =
0.159). High grazing intensity showed a different composition from
medium and low grazing pressure that appeared to overlap (Fig. 2). The
Kruskal-Wallis and Mann-Whitney U tests revealed that, among the
plant species presenting significant changes in cover at different grazing
intensities, the majority of the species of medium to excellent specific
quality index showed an increase in cover in high grazing intensity
quadrats. On the contrary, most of the species in the lower specific
quality index categories showed a significant decrease in cover under
high grazing intensity (Fig. B1-Appendix B). The total cover of all species
included in the high pasture quality category was greater in high, rather
than low, grazing intensity. A similar trend was observed in the total
cover of all the species within the medium pasture quality category,
while the opposite tendency was detected in the total cover of all the
species included in the low quality pasture category (Fig. B2-Appendix
B).

The LMM analyses and the likelihood ratio tests revealed that

& terazing level| o ©
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« O [ ® High
1) °
a C
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= O. L
©
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L 09 L
-1.0 -0.5 0.0 0.5 1.0 1.5
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Fig. 2. Non-metric multidimensional scaling (NMDS) of the Bray-Curtis
dissimilarity metrics (n = 40; F5 44 = 1.673,P < 0.001, stress = 0.159). High:
33% of 1 m? quadrats with higher grazing intensity (n = 14); Low: 33% of 1 m?
quadrats with lower grazing intensity (n = 13); Medium: the other 33% of
quadrats (n = 13).
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Fig. 3. LMM showing the effects of grazing intensity on vegetation composition and soil properties of the Mediterranean mountain grasslands studied (n = 40): (A)
Species richness of graminoids in 1 m? quadrats at increasing grazing intensity; (B) Species richness of herbs in 1 m? quadrat as a function of grazing intensity; (C)
Effect of grazing intensity on the relative cover of graminoids; (D) Effect of grazing intensity on the relative cover of herbs; (E) % of soil organic carbon at increasing
grazing intensity; (F) Variation of N from NOj3™ at different grazing intensities; (G) Soil microbial biomass C at increasing grazing intensity; (H) rate of enzymatic
activity of p-Glucosidase as at different grazing intensities. Rm? = marginal R? (i.e. percentage of the dependent variable explained by the fixed factors of the LMM).
Rc? = conditional R? (i.e. percentage of the dependent variable explained by the LMM, including both fixed and random factors). Significance of the effects can be
found in the results section (Subsections 3.2 and 3.4).
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increasing grazing intensity affected the species richness of the 1 m?
quadrats negatively (X%) = 4.084, P = 0.043), but had a negligible
effect on the Shannon diversity index. When looking at the functional
groups, the analyses showed that lower grazing intensities were related
to a higher herb relative cover (Xz(l) =13.212, P < 0.001) and number
of species (sz = 5.110, P = 0.024) within the quadrats (Fig. 3). On the
contrary, increasing grazing intensity favoured greater graminoid rela-
tive cover (X2(1) =8.950, P=0.003) and species richness (XZ(D
= 3.642, P = 0.056). Neither the species richness nor the relative cover
of legumes and woody plants were significantly affected by the level of
grazing.

3.3. Gragzing intensity vs. pasture nutrient content and productivity

Grazing intensity had a moderate positive correlation with dry
biomass and N content of the pasture. On the contrary, it had a moderate
negative relationship with the C:N ratio of the vegetation (Table 1).
Grazing intensity had a weak, marginally-significant positive relation-
ship with neutral detergent fibre. There was no significant correlation
between grazing intensity and other variables related to pasture di-
gestibility (i.e. acid detergent fibre and potential digestibility).

3.4. Grazing intensity and soil properties

Increasing grazing intensity positively affected the amount of total
soil N (X%q) = 3.906, P = 0.048), soil inorganic N from NO3 (X%
=15.794, P < 0.001) and NH,* (sz = 6.397, P = 0.011), soil organic
C (X%11) = 3.364, P = 0.067), soil microbial biomass C (X% = 5.140,
P =0.023), and the activity rate of p-glucosidase (Xz(l) =10.725,
P =0.001) (Fig. 3). The soil bulk density slightly decreased in areas of
greater grazing pressure (X%q) = 2.272, P = 0.099). The amount of
available P in soil and the activity rate of phosphatase were not signif-
icantly affected by the amount of grazing.

3.5. Herbivore-plant-soil-feedbacks

The results of the analysis using SEM, showing the main herbivore-
plant-soil feedbacks operating on the study area are presented on
Fig. 4. The saturated model showed that many of the interactions fol-
lowed the direction predicted in the conceptual model shown in Fig. 1,
though few of them were significant. The results of this model are not
presented, as it was over-fitted due to the high number of interactions in
relation to the number of observations. The parsimonious model indi-
cated that grazing affected the plant composition of the grassland. These
changes in the plant community had a positive effect on the vegetation
nutrient content. This improvement in vegetation nutrient properties
had a positive effect on soil nutrient cycling and soil microbial activity,
which also had a positive effect on grassland productivity. Finally, the
model illustrated that both higher grassland productivity and plant
nutrient content are two important factors defining the site preference of
grazers. In summary, the parsimonious model displayed two positive
feedback mechanisms because the changes in grassland plant composi-
tion caused by grazing had positive (direct or indirect) effects on vege-
tation nutrient quality and productivity, which are at the same time
beneficial for grazers.

Table 1
Spearman correlation tests between grazing intensity and pasture nutritious
traits. NDF = neutral detergent fibre; ADF = acid detergent fibre; n = 24.

r P-value
Dry biomass 0.690 <0.001
% N 0.551 0.005
% NDF 0.367 0.078
% ADF 0.142 0.509
Potential digestibility -0.025 0.907

C:N -0.586 0.003
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R?=0.676

Grazing intensity

R?=0.291 R?=0.184

Grassland Species richness 0.356

Productivity herbs

0.753

R?=0.567

Microbial

biomass

Fig. 4. Structural equation model showing herbivore-plant-soil feedbacks in
the Mediterranean mountain grasslands studied (n = 40, X? =14.813, df = 8,
P =0.063, RMSE = 0.159). Grassland productivity is estimated with the proxy
“weighted height”. SOC = soil organic carbon. Solid lines represent significant
interactions (P < 0.05) and dashed lines represent marginally significant in-
teractions (P < 0.1). Figures in italicface correspond to standardised path
coefficients.

4. Discussion

This study analysed the effect of grazing on plant community and soil
properties in Mediterranean mountain grasslands. Augmenting grazing
pressure had positive effects on plant nutritive quality and soil proper-
ties, and enhanced soil nutrient cycling and grassland productivity.
Therefore the results of this study showed positive feedback mechanisms
in the herbivore-plant-soil system that may have important implications
for grassland management and conservation.

In this research we observed that increasing grazing pressure close to
the 50% pasture utilisation rate recommended for humid grasslands by
Galt et al. (2000) was positively related with several vegetation and soil
properties in the Mediterranean mountain grasslands studied. Previous
studies have associated different grazing intensities to positive or
negative impacts on the plant community or soil properties (e.g. Abdalla
et al., 2018; Austrheim et al., 2008; Chen et al., 2017; Wei et al., 2011),
but our research also traced the main paths or mechanisms causing such
changes in the ecosystem. The SEM showed that modifications in the
plant community caused by grazing are the main drivers of the varia-
tions in pasture productivity, forage quality, and physical-chemical and
microbiological soil properties (Fig. 4). Many authors mentioned the
important role of grazer excrements on soil nutrient cycling as they
provide labile organic matter to the soil (Aldezabal et al., 2015; Bardgett
and Wardle, 2003; Mathews et al., 1994; Medina-Roldan et al., 2012).
However, our results suggest that the proportion of easily decomposable
vegetation in the ecosystem under study, which was associated with
changes in the plant community caused by grazers, is a more relevant
factor influencing the amount of organic matter incorporated into the
soil. This could be explained by the fact that palatable nutrient-rich
vegetation with little recalcitrant organic compounds would decom-
pose easily and may also influence the nutrient content in the excreta
(Bardgett and Wardle, 2003; Nicolardot et al., 2001; Van Soest, 1994).
This agrees with previous research also suggesting that one of the main
ways grazing affects ecosystem functioning is through changes in
vegetation quality, biomass, and/or functional type composition (Aguiar
et al., 1996; Austrheim et al., 2008; Bardgett and Wardle, 2003; Chuan
et al., 2020).
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The plant community in areas under high grazing intensity was
different from that found in areas of low and medium grazing intensity
(Fig. 2). In addition, the species richness at 1 m? was negatively affected
by grazing intensity in the study area. Although grazing is usually
associated with increases in plant diversity (Altesor et al., 2005; Pavla
et al., 2007; Pykala, 2003), heavy grazing can lead to a decrease in
species richness (Skornik et al., 2010; Wei et al., 2011). Nevertheless, we
do not consider the negative relationship between grazing pressure and
species richness to be an indicator of excessive grazing in the study area.
Grazing abandonment can favour the growth of less grazing-adapted
species, low palatability species and woody plants (Aldezabal et al.,
2015; Casasts et al., 2007; Medina-Roldan et al., 2012; Peco et al.,
2005). Wardle et al. (2004) pointed that grazing in fertile, productive
ecosystems tends to retard succession. Therefore, we believe that the
zones under lower grazing pressure within our study area are in an in-
termediate situation in which grazing intensity is not enough to prevent
the progressive colonisation of new species associated to later stages of
ecological succession, while many species of the original grasslands are
still on site. In agreement with this reasoning, Bernués et al. (2005) also
found that grazing reduced the rate of woody plants encroachment in
grasslands located in Sierra de Guara. Kahmen and Poschlod (2008)
found that selective grazing, which is especially high at low grazing
intensities (Nunes et al., 2019), benefited the spread of unpalatable
species. This is supported by our results, which showed greater cover of
several species with little pastoral value on areas of low grazing pressure
(Fig. B1).

Higher grazing intensity was associated with greater graminoid
species richness and relative cover, whereas the opposite was observed
for herbs (Fig. 3). Some studies found forbs to benefit from grazing
(Aldezabal et al., 2015; Altesor et al., 2005; Semmartin et al., 2004),
while others detected a greater abundance of graminoids in grazed areas
(Austrheim et al., 2008; Medina-Roldan et al., 2012). Peco et al. (2005)
pointed out that the changes in the plant composition caused by grazing
are difficult to compare between sites. It is a more common consensus
that suitable levels of grazing in productive ecosystems (normally
associated with humid regions) will favour smaller grazing-adapted
species which usually have a greater pastoral value and high quality
litter (Altesor et al., 2005; Pavli et al., 2007; Semmartin et al., 2004;
Wardle et al., 2004). Our results support these findings, as the cover of
some species of medium to excellent specific quality index was signifi-
cantly greater in areas under high grazing intensity (Fig. B1). Among
these species are Poa bulbosa, Phleum pratense and Trifolium repens,
which have also been found to benefit from grazing in other studies
(Pavlu et al., 2007; Peco et al., 2005). These changes in plant compo-
sition caused a significant increase in the cover of species with medium
to high pastural value in areas of high grazing intensity (Fig. B2). This
explains the positive relationships between grazing pressure and nutri-
tive properties of forage (Table 1). Lower dead:live biomass ratio asso-
ciated with areas under high grazing intensity may also contribute to
enhancing forage quality (Milchunas et al., 1995; Pavlu et al., 2006), but
the SEM analysis indicated that this effect is not significant in the study
site. In areas of greater grazing intensity (i.e. where the cover of medium
and high quality pasture species increased) we found higher values of N
content and smaller values of C:N ratio in vegetation. Rumen
micro-organisms need N to digest forages. In addition, it is the main
constituent of proteins forming muscles and organs (Butler et al., 1997).
A high C:N ratio is associated with complex polymers such as lignin and
polyphenols (Nicolardot et al., 2001), which are difficult to digest by
ruminants (Van Soest, 1994). Despite the increase in the relative cover
of graminoids with increasing grazing intensity, the results of the study
did not display clear signs of reduced digestibility in these areas, because
we only found a weak positive correlation between NDF and grazing
pressure. Although both NDF and ADF reduce energy-use efficiency
(Stergiadis et al., 2015), ADF is more frequently associated with reduced
digestibility of forage and NDF to voluntary intake (Van Soest, 1994).
Furthermore, we detected no significant changes in potential
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digestibility, which takes into account NDF, ADF and acid detergent
lignin (ADL). On the other hand, Stergiadis et al. (2015) found quadratic
relationships showing that increasing N concentration up to 35 and
33 g/ kg of forage dry matter enhanced digestibility of both N and
organic matter in fresh grass cuts, respectively. As the N content of
forage in the study area was below any of these thresholds, there could
have been an increase in forage digestibility in more heavily grazed
areas that was not revealed by Van Soest’s equation of potential di-
gestibility, which does not take into account forage N content. In support
of our first hypothesis, we can assert that grazing pressure around a
pasture utilisation rate of 40-45% was beneficial for biodiversity con-
servation of the Mediterranean mountain grassland studied and for
improving its forage quality.

The structural equation model identified forage quality, which was
positively influenced by changes in plant composition caused by
increasing grazing pressure, as the main driver of nutrient cycling in the
studied ecosystem (Fig. 4). It is commonly accepted that forage with a
low C:N ratio promotes soil nutrient release (Semmartin et al., 2004).
Chuan et al. (2020) found that grazing also favoured the growth of
quality pasture and easily decomposable litter in relatively wet pro-
ductive grasslands in Canada, boosting microbial activity and nutrient
cycling. In agreement with other studies, increasing grazing intensity in
the study site was related to higher content of soil total N (Wei et al.,
2011), soil inorganic N (Chen et al., 2017), SOC (Wei et al., 2011; Zhang
et al., 2018), soil microbial biomass C (Aldezabal et al., 2015; Zhang
et al., 2018) and activity of p-glucosidase (Aldezabal et al., 2015; Chuan
et al., 2020). Other studies observed that increasing grazing pressure
was associated with decreasing levels of total N, activity of p-glucosi-
dase, SOC, and microbial biomass C (Holt, 1997; Prieto et al., 2011).
These works either mentioned overgrazing as the cause of these changes
or showed results pointing in that direction (e.g. decreasing vegetation
cover at higher grazing levels). Our study covered a range of grazing
pressures from very low to approximately the maximum advisable in-
tensity for this type of grassland (Galt et al., 2000), suggesting that the
positive effects of increasing grazing pressure observed in our study area
may change direction and / or magnitude if grazing intensity is not
managed adequately.

Previously described positive effects from grazing, such as a higher
concentration of available P (Wei et al., 2011) or greater activity rate of
phosphatase (Aldezabal et al., 2015; Chuan et al., 2020) were not
observed in this study. However, there is some controversy about the
effect of grazing on available P. In agreement with our results, Chen
et al. (2017) found no correlation between grazing intensity and avail-
able P, whereas Mathews et al. (1994) only found a significant positive
relationship between grazing and extractable P in areas of very high
dung density. Unexpectedly, higher grazing intensity tended to decrease
soil bulk density in the study area. Grazing has very frequently been
associated to soil compaction (Abdalla et al., 2018; Medina-Roldan
etal., 2012; Prieto et al., 2011; Pueyo et al., 2013). Sheep trampling may
cause less compaction than cattle trampling at a given stocking rate
(Cournane et al.,, 2011). We think that the positive effects on soil
structure caused by the higher amount of soil organic matter in areas
under higher grazing intensity may overcome the compaction produced
by the current intensity of sheep trampling.

Our results showed that organic matter in soil was the main factor
determining microbial biomass C in the grasslands studied. Although
factors like soil temperature and moisture may influence soil microbi-
ological activity (Aldezabal et al., 2015; Olivera et al., 2014; Zhang
etal., 2018), many authors highlighted the importance of organic matter
for soil microorganisms and enzymatic activity, because it modifies the
physical environment and is an important source of nutrients (e.g. Holt,
1997; Magdoff and Van Es, 2009; Olivera et al., 2014; Rice, 2005). High
levels of microbial activity are related to good soil ecosystem func-
tioning and are important to enhance nutrient release for plants, which
has a positive impact on forage production (Aldezabal et al., 2015;
Magdoff and Van Es, 2009). Regarding our second hypothesis, the
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results of this study showed that the enhanced soil nutrient cycling
caused by changes in the plant community induced by grazing is posi-
tively related to aerial productivity. Indeed, the SEM indicated that soil
organic carbon, which strongly correlated with total soil N (r = 0.918,
P < 0.001), is the most significant factor determining aerial biomass
productivity in the mountain grasslands under study. Previous research
noticed that increasing levels of species and functional group richness
are positively associated to aerial biomass production (Hector, 1999;
Tilman et al., 2001, 1996). These authors stated that higher plant di-
versity implies a more efficient use of the system resources as different
species occupy different ecosystem niches. However, our parsimonious
SEM indicated that the relationship between biodiversity and vegetation
productivity is not significant. These studies compared productivity
between systems that range from monocultures to relatively diverse
systems (e.g. up to 32 species in 4 m? plots). The difference in species
richness observed between lightly grazed and heavily grazed areas in
our study site was much smaller, thus the magnitude of the effect of
plant diversity on aerial productivity should be much more subtle in this
ecosystem than in the aforementioned studies. Grazing may induce
higher relative growth rates in defoliated plants, which could partially
or totally compensate for the biomass eaten by grazers. In addition,
overcompensation can increase the yield to grazers, i.e. the sum of
standing live biomass and tissue eaten by grazers (Oesterheld and
McNaughton, 1991).

The results of the current study suggested that spatial patterns of
grazing intensity of free-ranging sheep are driven by both pasture
quality and productivity. Previous research suggested that grazer se-
lective behaviour was influenced by pasture quality (Durant et al., 2004;
Laca et al., 2010; Treydte et al., 2013), although larger animals tend to
be less selective at finer spatial scales (Laca et al., 2010). The two main
reasons behind this behaviour pattern could be that (1) large grazers
tend to have a digestive system more adapted to extracting energy from
high-fibre forage (Shipley, 1999); (2) there is a balance between the
energy required to move around (the bigger the animal, the more energy
needed for moving) and the benefits of selecting better quality food
(Laca et al., 2010). In the current study, the effect magnitude of both
pasture productivity and forage quality on grazing behaviour of
free-ranging grazers was similar. This is likely to change in areas grazed
by animals with different forage selectivity. The weight of vegetation
productivity could increase in areas grazed by less selective herbivores
such as cows. Further research on this topic would be advisable to un-
derstand how different types of domestic grazers affect
herbivore-plant-soil feedbacks.

Nunes et al. (2019) suggested that pastures of high spatial homoge-
neity in terms of forage quality allow more efficient grazing behaviour.
In the current study, the smaller cover of species of low pastoral value in
areas under high grazing intensity created a more productive and
spatially homogeneous pasture in terms of high-quality forage. This
should be beneficial for both the average quality of fodder intake of low
selective grazers, and the time use efficiency of more selective herbi-
vores. Therefore, our results support the third hypothesis of the study, as
grazing triggered positive herbivore-plant-soil feedbacks in the Medi-
terranean mountain grasslands studied.

5. Conclusions

This paper highlighted the importance of understanding herbivore-
plant-soil feedback processes for the management and conservation of
Mediterranean mountain grasslands. The results of this study suggested
that grazing pressure management could be a useful tool for maintaining
positive herbivore-plant-soil feedbacks in the studied ecosystem.
Increasing grazing intensity up to a pasture utilisation rate of 45% was
beneficial to improving or maintaining soil physical-chemical and
microbiological properties, forage quality and productivity, and to
prevent the encroachment of undesired plant species. The results from
the study also suggested that managing grazing intensity for preserving
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productive and nutrient rich grasslands can also help to improve animal
production. Further research is needed to find out whether the results of
this study can be generalised to other Mediterranean mountain
grasslands.

Funding

This work was funded by Ministerio de Ciencia, Innovacién y Uni-
versidades del Gobierno de Espana, Spain (project CGL2016-80783-R,
2016; and Ph.D. scholarship FPU16,/05508, 2016).

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

We would like to thank to Maria Luz Giner, Pedro Sanchez, Maite
Gartzia and Itxaso Ilzarbe for their support during the field surveys. We
also want to thank to Victoria Ochoa for her help with the enzymology
analyses. We also would like to thank to Departamento de Agricultura,
Ganaderia y Medio Ambiente del Gobierno de Aragén for granting us
permission to carry out the study within a protected area. We would like
to thank as well to Elaine Rowe for revising the English writing in this
manuscript. Finally, we want to thanks to the three anonymous re-
viewers because their comments helped to improve the final version of
this article.

Appendices. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.agee.2021.107833.

References

Abdalla, M., Hastings, A., Chadwick, D.R., Jones, D.L., Evans, C.D., Jones, M.B., Rees, R.
M., Smith, P., 2018. Critical review of the impacts of grazing intensity on soil organic
carbon storage and other soil quality indicators in extensively managed grasslands.
Agric. Ecosyst. Environ. 253, 62-81. https://doi.org/10.1016/j.agee.2017.10.023.

Aguiar, M.R., Paruelo, J.M., Sala, O.E., Lauenroth, W.K., 1996. Ecosystem responses to
changes in plant functional type composition: an example from the Patagonian
steppe. J. Veg. Sci. 7, 381-390. https://doi.org/10.2307/3236281.

Akasbi, Z., Oldeland, J., Dengler, J., Finckh, M., 2012. Analysis of GPS trajectories to
assess goat grazing pattern and intensity in Southern Morocco. Rangel. J. 34,
415-427. https://doi.org/10.1071/RJ12036.

Alados, C.L., Errea, P., Gartzia, M., Saiz, H., Escés, J., 2014. Positive and negative
feedbacks and free-scale pattern distribution in rural-population dynamics. PLoS One
9, €114561. https://doi.org/10.1371/journal.pone.0114561.

Aldezabal, A., Moragues, L., Odriozola, 1., Mijangos, 1., 2015. Impact of grazing
abandonment on plant and soil microbial communities in an Atlantic mountain
grassland. Appl. Soil Ecol. 96, 251-260. https://doi.org/10.1016/].
apsoil.2015.08.013.

Altesor, A., Oesterheld, M., Leoni, E., Lezama, F., Rodriguez, C., 2005. Effect of grazing
on community structure and productivity of a Uruguayan grassland. Plant Ecol. 179,
83-91. https://doi.org/10.1007/s11258-004-5800-5.

Ascaso, J., Ferrer, C., 1993. Valoracion agrondmica de los pastos del valle de Benasque
(Pirineo de Huesca). Clasificacion, valor forrajero y carga ganadera. Pastos 23,
99-127.

Augustine, D., Derner, J., 2013. Assessing herbivore foraging behavior with GPS Collars
in a semiarid grassland. Sensors 13, 3711-3723. https://doi.org/10.3390/
s130303711.

Austrheim, G., Mysterud, A., Pedersen, B., Halvorsen, R., Hassel, K., Evju, M., 2008.
Large scale experimental effects of three levels of sheep densities on an alpine
ecosystem. Oikos 117, 837-846. https://doi.org/10.1111/j.0030-1299.2008.16543.
X.

Bardgett, R., D., Wardle, D.A., 2003. Herbivore-mediated linkages between aboveground
and belowground communities. Ecology 84, 2258-2268.

Bernués, A., Riedel, J.L., Asensio, M.A., Blanco, M., Sanz, A., Revilla, R., Casasds, 1.,
2005. An integrated approach to studying the role of grazing livestock systems in the
conservation of rangelands in a protected natural park (Sierra de Guara, Spain).
Livest. Prod. Sci. 96, 75-85. https://doi.org/10.1016/].Jivprodsci.2005.05.023.

Bray, R.H., Kurtz, L.R., 1945. Determination of total, organic, and available forms of
phosphorus in soils. Soil Sci. 59, 39-46.


https://doi.org/10.1016/j.agee.2021.107833
https://doi.org/10.1016/j.agee.2017.10.023
https://doi.org/10.2307/3236281
https://doi.org/10.1071/RJ12036
https://doi.org/10.1371/journal.pone.0114561
https://doi.org/10.1016/j.apsoil.2015.08.013
https://doi.org/10.1016/j.apsoil.2015.08.013
https://doi.org/10.1007/s11258-004-5800-5
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref7
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref7
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref7
https://doi.org/10.3390/s130303711
https://doi.org/10.3390/s130303711
https://doi.org/10.1111/j.0030-1299.2008.16543.x
https://doi.org/10.1111/j.0030-1299.2008.16543.x
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref10
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref10
https://doi.org/10.1016/j.livprodsci.2005.05.023
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref12
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref12

M. Castillo-Garcia et al.

Butler, L.D., Cropper, J.B., Johnson, R.H., Norman, A.J., Shaver, P.L., 1997. National
Range and Pasture Handbook. National Resource Conservation Service. Grazing
Lands Technology Institute.

Butterbach-Bahl, K., Gundersen, P., Ambus, P., Augustin, J., Beier, C., Boeckx, P.,
Dannenmann, M., Gimeno, B.S., Ibrom, A., Kiese, R., Kitzler, B., Rees, R.M., Smith, K.
A, Stevens, C., Vesala, T., Zechmeister-Boltenstern, S., 2011. Nitrogen processes in
terrestrial ecosystems. In: Sutton, M.A., Howard, C.M., Erisman, J.W., Billen, G.,
Bleeker, A., Grennfelt, P., van Grinsven, H., Grizzetti, B. (Eds.), The European
Nitrogen Assessment. Cambridge University Press, Cambridge, pp. 99-125. https://
doi.org/10.1017/CB09780511976988.009.

Canty, A., Ripley, B., 2019. Package “boot”. Bootstrap Functions (Originally by Angelo
Canty for S). Version 1.3.20, University of Oxford. (https://cran.r-project.org/web/
packages/boot/index.html).

Casasts, 1., Bernués, A., Sanz, A., Villalba, D., Riedel, J.L., Revilla, R., 2007. Vegetation
dynamics in Mediterranean forest pastures as affected by beef cattle grazing. Agric.
Ecosyst. Environ. 121, 365-370. https://doi.org/10.1016/j.agee.2006.11.012.

Chen, T., Christensen, M., Nan, Z., Hou, F., 2017. The effects of different intensities of
long-term grazing on the direction and strength of plant-soil feedback in a semiarid
grassland of Northwest China. Plant Soil 413, 303-317. https://doi.org/10.1007/
s11104-016-3103-y.

Chuan, X., Carlyle, C.N., Bork, E.W., Chang, S.X., Hewins, D.B., 2020. Extracellular
enzyme activity in grass litter varies with grazing history, environment and plant
species in temperate grasslands. Sci. Total Environ. 702, 134562 https://doi.org/
10.1016/j.scitotenv.2019.134562.

Cournane, F.C., McDowell, R., Littlejohn, R., Condron, L., 2011. Effects of cattle, sheep
and deer grazing on soil physical quality and losses of phosphorus and suspended
sediment losses in surface runoff. Agric. Ecosyst. Environ. 140, 264-272. https://doi.
org/10.1016/j.agee.2010.12.013.

Cuadrat, J.M., Saz, M.A., Vicente-Serrano, S.M., 2007. Atlas Climatico de Aragon., first.
ed. Gobierno de Aragon, Zaragoza.

Daget, P., Poissonet, J., 1971. Une méthode d’analyse phytologique des praires. Ann.
Agron. 22, 5-41.

Daubenmire, R., 1959. A canopy-coverage method of vegetational analysis. Northwest
Sci. 33, 43-64.

Durant, D., Fritz, H., Duncan, P., 2004. Feeding patch selection by herbivorous Anatidae:
the influence of body size, and of plant quantity and quality. J. Avian Biol. 35,
144-152. https://doi.org/10.1111/j.0908-8857.2004.03166.x.

Ehrenfeld, J.G., Ravit, B., Elgersma, K., 2005. Feedback in the plant-soil system. Annu.
Rev. Environ. Resour. 30, 75-115. https://doi.org/10.1146/annurev.
energy.30.050504.144212.

ESRI, 2016. ArcGIS Desktop: Realease 10.4.1. Redlands, CA: Environmental Systems
Research Institute.

European Commission - Directorate General for Environment, 2013. The interpretation
manual of European Union habitats - EUR28, Natura 2000. (https://ec.europa.eu/en
vironment/nature/legislation/habitatsdirective/docs/Int_ Manual EU28.pdf).

Galt, D., Molinar, F., Navarro, J., Joseph, J., Holechek, J., 2000. Grazing capacity and
stocking rate. Rangelands 22, 7-11. https://doi.org/10.2458/azu_rangelands v22i6_
galt.

Gartzia, M., Pérez-Cabello, F., Bueno, C.G., Alados, C.L., 2016. Physiognomic and
physiologic changes in mountain grasslands in response to environmental and
anthropogenic factors. Appl. Geogr. 66, 1-11. https://doi.org/10.1016/j.
apgeog.2015.11.007.

Grossman, R.B., Reinsch, T.G., 2002. Bulk density and linear extensibility. In: Dane, J.H.,
Topp, G.C. (Eds.), Methods of Soil Analysis. Part 4, SSSA Book Series No. 5. Soil
Science Society of America, Madison, WI, pp. 201-225.

Harrell, F.E., Dupont, C., 2020. Package “Hmisc”. Hmisc: Harrell MIscellaneous. Version
4.2.0. (https://cran.r-project.org/web/packages/Hmisc/index.html).

Heanes, D.L., 1984. Determination of total organic-C in soils by an improved chromic
acid digestion and spectrophotometric procedure. Comm. Soil Sci. Plan. 15,
1191-1213. https://doi.org/10.1080/00103628409367551.

Hector, A., 1999. Plant diversity and productivity experiments in European grasslands.
Science 286, 1123-1127. https://doi.org/10.1126/science.286.5442.1123.

Holt, J.A., 1997. Grazing pressure and soil carbon, microbial biomass and enzyme
activities in semi-arid northeastern Australia. Appl. Soil Ecol. 5, 143-149.

Hopkins, A., 2009. Relevance and functionality of semi-natural grassland in Europe —
status quo and future prospective. In: Proceedings of the International Workshop of
the SALVERE-Project, 26-27 May, Agricultural Research and Education Centre,
Raumberg-Gumpenstein, 9-14.

Kahmen, S., Poschlod, P., 2008. Effects of grassland management on plant functional
trait composition. Agric. Ecosyst. Environ. 128, 137-145. https://doi.org/10.1016/j.
agee.2008.05.016.

Kaneko, K., Inagaki, M., Morishita, T., 2010. A simple method for the determination of
nitrate in potassium chloride extracts from forest soils. In: Proceedings of the
Nineteenth World Congress of Soil Science. Soil solutions for a changing world, 1-6
August, Brisbane, Australia.

Kempers, A.J., Zweers, A., 1986. Ammonium determination in soil extracts by the
salicylate method. Commun. Soil Sci. Plan. 17, 715-723. https://doi.org/10.1080/
00103628609367745.

Komac, B., Domenech, M., Fanlo, R., 2014. Effects of grazing on plant species diversity
and pasture quality in subalpine grasslands in the eastern Pyrenees (Andorra):
Implications for conservation. J. Nat. Conserv. 22, 247-255. https://doi.org/
10.1016/j.jnc.2014.01.005.

Komac, B., Kefi, S., Nuche, P., Escds, J., Alados, C.L., 2013. Modeling shrub
encroachment in subalpine grasslands under different environmental and
management scenarios. J. Environ. Manag. 121, 160-169. https://doi.org/10.1016/
j.jenvman.2013.01.038.

Agriculture, Ecosystems and Environment 327 (2022) 107833

Laca, E.A., Sokolow, S., Galli, J.R., Cangiano, C.A., 2010. Allometry and spatial scales of
foraging in mammalian herbivores. Ecol. Lett. 13, 311-320. https://doi.org/
10.1111/j.1461-0248.2009.01423.x.

Lagendijk, D.D.G., Howison, R.A., Esselink, P., Ubels, R., Smit, C., 2017. Rotation grazing
as a conservation management tool: vegetation changes after six years of application
in a salt marsh ecosystem. Agric. Ecosyst. Environ. 246, 361-366. https://doi.org/
10.1016/j.agee.2017.05.023.

Liu, D., Chen, L., Wang, Y., Lu, J., Huang, S., 2018. How much can we trust GPS wildlife
tracking? An assessment in semi-free-ranging Crested Ibis Nipponia nippon. PeerJ 6,
€5320. https://doi.org/10.7717/peerj.5320.

MacDonald, D., Crabtree, J., Wiesinger, G., Dax, T., Stamou, N., Fleury, P., Gutierrez
Lazpita, J., Gibon, A., 2000. Agricultural abandonment in mountain areas of Europe:
Environmental consequences and policy response. J. Environ. Manag. 59, 47-69.
https://doi.org/10.1006/jema.1999.0335.

Magdoff, F., Van Es, H., 2009. Building Soils for Better Crops: Sustainable Soil
Management, third ed. SARE,, Beltsville, Maryland.

MARM, 2010. Ministerio de Medio Ambiente, y Medio Rural y Marino. Real Decreto
1131/2010, de 10 de septiembre, por el que se establecen los criterios para el
establecimiento de las zonas remotas a efectos de eliminacion de ciertos
subproductos animales no destinados a consumo humano generados en las
explotaciones ganaderas,Madrid. (https://www.boe.es/diario_boe/txt.php?
id=BOE-A-2010-15123).

Mathews, B.W., Sollenberger, L.E., Nair, V.D., Staples, C.R., 1994. Impact of grazing
management on soil nitrogen, phosphorus, potassium, and sulfur distribution.

J. Environ. Qual. 23, 1006-1013. https://doi.org/10.2134/
j€q1994.00472425002300050022x.

Medina-Roldan, E., Paz-Ferreiro, J., Bardgett, R.D., 2012. Grazing exclusion affects soil
and plant communities, but has no impact on soil carbon storage in an upland
grassland. Agric. Ecosyst. Environ. 149, 118-123. https://doi.org/10.1016/j.
agee.2011.12.012.

Milchunas, D.G., Varnamkhasti, A.S., Lauenroth, W.K., Goetz, H., 1995. Forage quality in
relation to long-term grazing history, current-year defoliation, and water resource.
Oecologia 101, 366-374. https://doi.org/10.1007/BF00328824.

Nicolardot, B., Recous, S., Mary, B., 2001. Simulation of C and N mineralisation during
crop residue decomposition: A simple dynamic model based on the C:N ratio of the
residues. Plant Soil 228, 83-103. https://doi.org/10.1023/A:1004813801728.

Nunes, P.A., de, A., Bredemeier, C., Bremm, C., Caetano, L.A.M., de Almeida, G.M., de
Souza Filho, W., Anghinoni, I., Carvalho, P.C., de, F., 2019. Grazing intensity
determines pasture spatial heterogeneity and productivity in an integrated crop-
livestock system. Grassl. Sci. 65, 49-59. https://doi.org/10.1111/grs.12209.

Oesterheld, M., McNaughton, S.J., 1991. Effect of stress and time for recovery on the
amount of compensatory growth after grazing. Oecologia 85, 305-313. https://doi.
org/10.1007/BF00320604.

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., Minchin,
P.R., O’Hara, R.B., Simpson, G.L., Solymos, P., Stevens, M.H., Szoecs, E., Wagner, H.,
2019. Package “vegan”. Community ecology package. Version 2.5.4. (https://cran.
r-project.org/web/packages/vegan/index.html).

Olivera, N.L., Prieto, L., Carrera, A.L., Cisneros, H.S., Bertiller, M.B., 2014. Do soil
enzymes respond to long-term grazing in an arid ecosystem? Plant Soil 378, 35-48.
https://doi.org/10.1007/s11104-013-2010-8.

Pavli, V., Hejeman, M., Pavld, L., Gaisler, J., 2007. Restoration of grazing management
and its effect on vegetation in an upland grassland. Appl. Veg. Sci. 10, 375-382.
https://doi.org/10.1111/j.1654-109X.2007.tb00436.x.

Pavli, V., Hejeman, M., Pavli, L., Gaisler, J., Nezerkova, P., 2006. Effect of continuous
grazing on forage quality, quantity and animal performance. Agric. Ecosyst. Environ.
113, 349-355. https://doi.org/10.1016/j.agee.2005.10.010.

Peco, B., de Pablos, 1., Traba, J., Levassor, C., 2005. The effect of grazing abandonment
on species composition and functional traits: the case of dehesa grasslands. Basic
Appl. Ecol. 6, 175-183. https://doi.org/10.1016/j.baae.2005.01.002.

Perotto-Baldivieso, H.L., Cooper, S.M., Cibils, A.F., Figueroa-Pagan, M., Udaeta, K.,
Black-Rubio, C.M., 2012. Detecting autocorrelation problems from GPS collar data in
livestock studies. Appl. Anim. Behav. Sci. 136, 117-125. https://doi.org/10.1016/j.
applanim.2011.11.009.

Pinheiro, J., Bates, D., Saikat, D., Deepayan, S., Heisterkamp, S., Van Willigen, B., 2020.
Package “nlme”. Linear and Nonlinear Mixed Effects Models. Version 3.1.137.
(https://cran.r-project.org/web/packages/nlme/index.html).

Prieto, L.H., Bertiller, M.B., Carrera, A.L., Olivera, N.L., 2011. Soil enzyme and microbial
activities in a grazing ecosystem of Patagonian Monte, Argentina. Geoderma 162,
281-287. https://doi.org/10.1016/j.geoderma.2011.02.011.

Pueyo, Y., Moret-Fernandez, D., Saiz, H., Bueno, C.G., Alados, C.L., 2013. Relationships
between plant spatial patterns, water infiltration capacity, and plant community
composition in semi-arid Mediterranean ecosystems along stress gradients.
Ecosystems 16, 452-466. https://doi.org/10.1007/s10021-012-9620-5.

Putfarken, D., Dengler, J., Lehmann, S., Hardtle, W., 2008. Site use of grazing cattle and
sheep in a large-scale pasture landscape: a GPS/GIS assessment. Appl. Anim. Behav.
Sci. 111, 54-67. https://doi.org/10.1016/j.applanim.2007.05.012.

Pykala, J., 2003. Effects of restoration with cattle grazing on plant species composition
and richness of semi-natural grasslands. Biodivers. Conserv 12, 2211-2226.

R. Core Team, 2017. R: a Language and Environment for Statistical Computing. Version
3.4.2, Vienna, Austria. (https://www.R-project.org/).

Rice, C.W., 2005. Carbon cycle in soils. Dynamics and management. In: Hilel, D. (Ed.),
Encyclopedia of Soils in the Environment. Elsevier, Columbia University, New York,
pp. 164-170. https://doi.org/10.1016/B0-12-348530-4/00183-1.

Riedel, J.L., 2007. Los sistemas ganaderos y sus interacciones con la vegetacion en el
Parque de la Sierra y Canones de Guara: bases para una gestion sostenible (Doctoral
thesis). University of Zaragoza, Zaragoza, Spain.


http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref13
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref13
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref13
https://doi.org/10.1017/CBO9780511976988.009
https://doi.org/10.1017/CBO9780511976988.009
https://cran.r-project.org/web/packages/boot/index.html
https://cran.r-project.org/web/packages/boot/index.html
https://doi.org/10.1016/j.agee.2006.11.012
https://doi.org/10.1007/s11104-016-3103-y
https://doi.org/10.1007/s11104-016-3103-y
https://doi.org/10.1016/j.scitotenv.2019.134562
https://doi.org/10.1016/j.scitotenv.2019.134562
https://doi.org/10.1016/j.agee.2010.12.013
https://doi.org/10.1016/j.agee.2010.12.013
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref19
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref19
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref20
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref20
https://doi.org/10.1111/j.0908-8857.2004.03166.x
https://doi.org/10.1146/annurev.energy.30.050504.144212
https://doi.org/10.1146/annurev.energy.30.050504.144212
https://ec.europa.eu/environment/nature/legislation/habitatsdirective/docs/Int_Manual_EU28.pdf
https://ec.europa.eu/environment/nature/legislation/habitatsdirective/docs/Int_Manual_EU28.pdf
https://doi.org/10.2458/azu_rangelands_v22i6_galt
https://doi.org/10.2458/azu_rangelands_v22i6_galt
https://doi.org/10.1016/j.apgeog.2015.11.007
https://doi.org/10.1016/j.apgeog.2015.11.007
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref25
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref25
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref25
https://cran.r-project.org/web/packages/Hmisc/index.html
https://doi.org/10.1080/00103628409367551
https://doi.org/10.1126/science.286.5442.1123
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref28
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref28
https://doi.org/10.1016/j.agee.2008.05.016
https://doi.org/10.1016/j.agee.2008.05.016
https://doi.org/10.1080/00103628609367745
https://doi.org/10.1080/00103628609367745
https://doi.org/10.1016/j.jnc.2014.01.005
https://doi.org/10.1016/j.jnc.2014.01.005
https://doi.org/10.1016/j.jenvman.2013.01.038
https://doi.org/10.1016/j.jenvman.2013.01.038
https://doi.org/10.1111/j.1461-0248.2009.01423.x
https://doi.org/10.1111/j.1461-0248.2009.01423.x
https://doi.org/10.1016/j.agee.2017.05.023
https://doi.org/10.1016/j.agee.2017.05.023
https://doi.org/10.7717/peerj.5320
https://doi.org/10.1006/jema.1999.0335
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref37
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref37
https://www.boe.es/diario_boe/txt.php?id=BOE-A-2010-15123
https://www.boe.es/diario_boe/txt.php?id=BOE-A-2010-15123
https://doi.org/10.2134/jeq1994.00472425002300050022x
https://doi.org/10.2134/jeq1994.00472425002300050022x
https://doi.org/10.1016/j.agee.2011.12.012
https://doi.org/10.1016/j.agee.2011.12.012
https://doi.org/10.1007/BF00328824
https://doi.org/10.1023/A:1004813801728
https://doi.org/10.1111/grs.12209
https://doi.org/10.1007/BF00320604
https://doi.org/10.1007/BF00320604
https://cran.r-project.org/web/packages/vegan/index.html
https://cran.r-project.org/web/packages/vegan/index.html
https://doi.org/10.1007/s11104-013-2010-8
https://doi.org/10.1111/j.1654-109X.2007.tb00436.x
https://doi.org/10.1016/j.agee.2005.10.010
https://doi.org/10.1016/j.baae.2005.01.002
https://doi.org/10.1016/j.applanim.2011.11.009
https://doi.org/10.1016/j.applanim.2011.11.009
https://cran.r-project.org/web/packages/nlme/index.html
https://doi.org/10.1016/j.geoderma.2011.02.011
https://doi.org/10.1007/s10021-012-9620-5
https://doi.org/10.1016/j.applanim.2007.05.012
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref52
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref52
https://www.R-project.org/
https://doi.org/10.1016/B0-12-348530-4/00183-1

M. Castillo-Garcia et al.

Rosseel, Y., Jorgensen, T.D., Oberski, D., Byrnes, J., Vanbrabant, L., Savalei, V., Merkle,
E., Hallquist, M., Rhemtulla, M., Katsikatsou, M., Barendse, M., Scharf, F., 2019.
Package “lavaan”. Latent variable analysis. Version 0.6.5, Universiteit Gent. (htt
ps://cran.r-project.org/web/packages/lavaan/index.html).

Semmartin, M., Aguiar, M.R., Distel, R.A., Moretto, A.S., Ghersa, C.M., 2004. Litter
quality and nutrient cycling affected by grazing-induced species replacements along
a precipitation gradient. Oikos 107, 148-160. https://doi.org/10.1111/j.0030-
1299.2004.13153.x.

Shipley, A., 1999. Grazers and browsers: how digestive morphology affects diet selection.
In: Launchbaugh, K.L., Mosley, J.C., Sanders, K.D. (Eds.), Grazing Behavior of
Livestock and Wildlife. University of Idaho Forest: Wildlife and Range Experiment
Station, pp. 20-27.

Skornik, S., Vidrih, M., Kaligari¢, M., 2010. The effect of grazing pressure on species
richness, composition and productivity in North Adriatic Karst pastures. Plant
Biosyst. 144, 355-364. https://doi.org/10.1080/11263501003750250.

Stergiadis, S., Allen, M., Chen, X.J., Wills, D., Yan, T., 2015. Prediction of nutrient
digestibility and energy concentrations in fresh grass using nutrient composition.
J. Dairy Sci. 98, 3257-3273. https://doi.org/10.3168/jds.2014-8587.

Tabatabai, M.A., 1994. Soil enzymes. In: Weaver, R.W., Angle, J.S., Bottomley, P.S.
(Eds.), Methods of Soil Analysis: Microbiological and Biochemical Properties, Part 2
Book Series 5. Soil Science Society of America, Madison, WI, pp. 775-883.

Tilman, D., Reich, P.B., Knops, J., Wedin, D., Mielke, T., Lehman, C., 2001. Diversity and
Productivity in a Long-Term Grassland Experiment. Science 294, 843-845. https://
doi.org/10.1126/science.1060391.

Tilman, D., Wedin, D., Knops, J., 1996. Productivity and sustainability influenced by
biodiversity in grassland ecosystems. Nature 379, 718-720. https://doi.org/
10.1038/379718a0.

Treydte, A.C., Baumgartner, S., Heitkonig, .M.A., Grant, C.C., Getz, W.M., 2013.
Herbaceous forage and selection patterns by ungulates across varying herbivore

10

Agriculture, Ecosystems and Environment 327 (2022) 107833

assemblages in a South African savanna. PLoS One 8, e82831. https://doi.org/
10.1371/journal.pone.0082831.

Turner, L.W., Udal, M.C,, Larson, B.T., Shearer, S.A., 2000. Monitoring cattle behavior
and pasture use with GPS and GIS. Can. J. Anim. Sci. 80, 405-413. https://doi.org/
10.4141/A99-093.

Van Soest, P.J., 1994. Nutritional ecology of the ruminant. Cornell University Press,
Ithaca and London (USA).

Van Soest, P.J., Robertson, J.B., Lewis, B.A., 1991. Methods for dietary fiber, neutral
detergent fiber, and nonstarch polysaccharides in relation to animal nutrition.

J. Dairy Sci. 74, 3583-3597. https://doi.org/10.3168/jds.50022-0302(91)78551-2.

Vance, E.D., Brookes, P.C., Jenkinson, D.S., 1987. An extraction method for measuring
soil microbial biomass C. Soil Biol. Biochem. 19, 703-707. https://doi.org/10.1016/
0038-0717(87)90052-6.

Veen, G.F.C., de Vries, S., Bakker, E.S., van der Putten, W.H., OIff, H., 2014. Grazing-
induced changes in plant-soil feedback alter plant biomass allocation. Oikos 123,
800-806. https://doi.org/10.1111/j.1600-0706.2013.01077 x.

Wardle, D.A., Bardgett, R.D., Klironomos, J.N., Setéla, H., Van der Putten, V.H., Wall, D.
H., 2004. Ecological linkages between aboveground and belowground biota. Science
304, 1629-1633. https://doi.org/10.1126/science.1094875.

Wei, L., Hai-Zhou, H., Zhi-Nan, Z., Gao-Lin, W., 2011. Effects of grazing on the soil
properties and C and N storage in relation to biomass allocation in an alpine
meadow. J. Soil Sci. Plant Nutr. 11, 27-39. https://doi.org/10.4067/50718-
95162011000400003.

Zhang, M., Li, X., Wang, H., Huang, Q., 2018. Comprehensive analysis of grazing
intensity impacts soil organic carbon: a case study in typical steppe of Inner
Mongolia, China. Appl. Soil Ecol. 129, 1-12. https://doi.org/10.1016/j.
aps0il.2018.03.008.


https://cran.r-project.org/web/packages/lavaan/index.html
https://cran.r-project.org/web/packages/lavaan/index.html
https://doi.org/10.1111/j.0030-1299.2004.13153.x
https://doi.org/10.1111/j.0030-1299.2004.13153.x
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref55
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref55
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref55
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref55
https://doi.org/10.1080/11263501003750250
https://doi.org/10.3168/jds.2014-8587
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref58
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref58
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref58
https://doi.org/10.1126/science.1060391
https://doi.org/10.1126/science.1060391
https://doi.org/10.1038/379718a0
https://doi.org/10.1038/379718a0
https://doi.org/10.1371/journal.pone.0082831
https://doi.org/10.1371/journal.pone.0082831
https://doi.org/10.4141/A99-093
https://doi.org/10.4141/A99-093
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref63
http://refhub.elsevier.com/S0167-8809(21)00537-5/sbref63
https://doi.org/10.3168/jds.S0022-0302(91)78551-2
https://doi.org/10.1016/0038-0717(87)90052-6
https://doi.org/10.1016/0038-0717(87)90052-6
https://doi.org/10.1111/j.1600-0706.2013.01077.x
https://doi.org/10.1126/science.1094875
https://doi.org/10.4067/S0718-95162011000400003
https://doi.org/10.4067/S0718-95162011000400003
https://doi.org/10.1016/j.apsoil.2018.03.008
https://doi.org/10.1016/j.apsoil.2018.03.008

	Understanding herbivore-plant-soil feedbacks to improve grazing management on Mediterranean mountain grasslands
	1 Introduction
	2 Methods and materials
	2.1 Study area
	2.2 Grazing pressure estimation
	2.3 Experimental design
	2.4 Vegetation cover and productivity surveys
	2.5 Pasture nutrient estimation
	2.6 Soil surveys and laboratory analyses
	2.7 Statistical analyses

	3 Results
	3.1 Grazing pressure
	3.2 Effects of grazing on grassland biodiversity and community structure
	3.3 Grazing intensity vs. pasture nutrient content and productivity
	3.4 Grazing intensity and soil properties
	3.5 Herbivore-plant-soil-feedbacks

	4 Discussion
	5 Conclusions
	Funding
	Declaration of Competing Interest
	Acknowledgements
	Appendices Supporting information
	References


