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Ivica Kisic 1, Marijana Kapović Solomun 3 and Paulo Pereira 4

1 Department of General Agronomy, University of Zagreb Faculty of Agriculture, Svetosimunska cesta 25,
10000 Zagreb, Croatia; idugan@agr.hr (I.D.); ljtelak@agr.hr (L.J.T.); ikisic@agr.hr (I.K.)

2 Department of Animal Nutrition, University of Zagreb Faculty of Agriculture, Svetosimunska cesta 25,
10000 Zagreb, Croatia; kkljak@agr.hr (K.K.); dgrbesa@agr.hr (D.G.); mduvnjak@agr.hr (M.D.)

3 Department of Forest Ecology, Faculty of Forestry, University of Banja Luka, Stepe Stepanovića 75A,
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Abstract: Understanding the importance of grassland management is crucial for predicting the effects
on forage production, pasture and ecosystem stability. Studies about the impact of grassland manage-
ment in temperate humid environments on soil, erosion and aboveground biomass properties are
lacking. This study investigates the effect of different grassland managements—no grazing, moderate
grazing and heavy grazing—on soil properties, hydrological responses and herbage quality in an
organic farm located in Croatia. The results showed that heavy grazing significantly increased soil
compaction, structural deterioration, erosion and nutrient transport compared with no grazing. Heav-
ily grazed plots had significantly higher soil organic matter and nutrient concentrations compared
with no-grazing plots. Moderately grazed plots had the highest biomass production and the herbage
with higher quality compared with other treatments. Significantly higher ash contents on heavily and
moderately grazed plots were due to cow trampling. Cow grazing behaviour was a more important
factor for plant regrowth and herbage quality than soil properties. Moderate grazing did not induce
serious soil erosion problems or reduce soil productivity. Soil conservation measures should focus
only on the heavily grazed areas and include the introduction of rotational grazing in combination
with various strategies: excluding grazing, reseeding and increasing the diversity of resting areas.

Keywords: soil compaction; sediment loss; vegetation; soil quality; cow; digestibility

1. Introduction

Grasslands cover more than 40% of the Earth’s surface and are an irreplaceable land-
use type for food supply [1] and for achieving the United Nations Sustainable Development
Goals (SDGs), particularly SDG2 (zero hunger). Grasslands provide a range of ecological
goods and services: they conserve 15% of global organic carbon, control soil erosion, influ-
ence the hydrological cycle, and provide habitats for biodiverse vegetation [2]. However,
the coupled effect of population growth and use of diets richer in animal-based products
is increasing the demand for fodder and grassland-based livestock products, resulting in
more than 1500 million pigs, 800 million sheep, 660 million goats and 575 million cattle [3].
This increases pressure on natural and semi-natural grasslands, which is detrimental to
the environment.

The sustainability of grasslands depends on management intensity, which is influenced
by mowing frequency, fertilisation and grazing pressure [4]. The humidity of vegetation
season and fertilisation increase mowing frequency, indicating higher tractor frequency
and its negative impact on soil structure and soil and water losses [5]. On the other hand,

Agriculture 2022, 12, 921. https://doi.org/10.3390/agriculture12070921 https://www.mdpi.com/journal/agriculture

https://doi.org/10.3390/agriculture12070921
https://doi.org/10.3390/agriculture12070921
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://orcid.org/0000-0002-8345-458X
https://orcid.org/0000-0003-2655-897X
https://orcid.org/0000-0003-0827-7568
https://orcid.org/0000-0002-4463-1221
https://orcid.org/0000-0002-5250-9832
https://orcid.org/0000-0001-5757-5663
https://doi.org/10.3390/agriculture12070921
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com/article/10.3390/agriculture12070921?type=check_update&version=3


Agriculture 2022, 12, 921 2 of 19

grazing involves plant—animal interactions in terms of defoliation and livestock grazing
behaviour, while impacts on the soil include treading, trampling and deposition of faeces
and urine [6]. Furthermore, overgrazing is a global problem that threatens the achievement
of several of the United Nations’ SDGs [7]. Previous studies have reported the impact of
livestock on soil compaction [8], soil structure [9], carbon and nitrogen concentrations or
stocks [10], water infiltration [11], soil water content [12], runoff and soil loss [3,8], nutrient
losses [13], plant cover [14,15] and biomass nutritive properties [16]. Overgrazing distorts
soil structure, especially during excessively wet or dry periods [17]. Increased compaction
modifies pore size [18] and increases soil and water losses in clay [19], sandy [8], loamy [20]
and silty [8] grassland soils. In several environments, overgrazing has been identified as a
cause of soil degradation in 6.9 million km2 [21]. To properly understand the type, extent
and severity of grazing-induced degradation, several factors should be considered: soil
characteristics, topography, climate and socioeconomic conditions [22].

Grassland management in terms of defoliation regime affects biomass production
and plant biodiversity [23,24], with grazing promoting the dominance of grasses and
mowing promoting the dominance of non-leguminous forbs [25]. Although changes in
plant biodiversity imply changes in chemical composition, the nutritional value of herbage
in grazed and mowed grasslands has not often been compared in previous studies. Other
factors such as the frequency of defoliation and fertilisation affect the nutritional value
of herbage regardless of the defoliation regime. Longer regrowth intervals are associated
with lower crude protein and higher fibre contents due to increased stem development and
lower leaf-to-stem ratio, while fertilisation improves biomass production but is associated
with a decrease in crude protein content [26–28]. Another effect on grazed grasslands is
grazing intensity; Pavlů et al. [29] showed that intensive continuous grazing resulted in
herbage of higher crude protein content, lower crude fibre content, and higher organic
matter digestibility than moderate continuous grazing. Although overgrazing implies a
reduction in nutritional value, the changes in the plant community, the regrowth of new
plant tissue and the high nitrogen input from livestock compensate for the herbage crude
protein and digestibility [16,30].

Many studies focus on soil quality, conservation or herbage properties under different
grassland management. The present study includes all these aspects—a complete survey
of grassland management impacts on soil properties, hydrological response and herbage
nutritional value, which is a missing subject in the semi-humid grassland environments at
the international level. Although Central European ecosystems have similarities in natural
environment and landscapes with other continents, there are also remarkable differences in
economic and institutional frameworks [31–33]. Despite its relevance, the conflict between
ecological (e.g., grassland sustainability) and economic outcomes (e.g., profit in intensive
grazing systems) in grassland environments is still a challenge to overcome. Soil conserva-
tion is crucial to preserving productivity, soil health and sustainability of agroecosystems
to enable the achievement of the United Nations’ SDGs, SDG 15.3 (land degradation
neutrality) in particular, and in improving the quality of services provided by grassland
ecosystems [34,35]. The conflicts between livestock production, plant community changes,
biomass production (herbage quality) and soil conservation in grassland environments
raise new questions. Multidisciplinary studies focused on solutions to identify the best
grassland management practices and decrease their impacts on soil (e.g., structural defor-
mation and organic matter depletion), hydrological response (e.g., sediment concentration,
and sediment and nutrient losses), and on aboveground biomass and its nutritional quality
(e.g., chemical composition and digestibility), are key to optimising grazing environments.
The European Commission has set the target for 75% of all European soils to be healthy
by 2030 [36]. The present study can help achieve this target, and outcomes obtained from
the study will help managers find a balance between ecosystem sustainability and profit,
and provide guidelines for implementing sustainable grassland management measures.
Therefore, this study aimed to identify the impact of grassland management on soil proper-
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ties, hydrological response, and aboveground biomass quality in three different treatments
(machinery mowing—no-grazing, moderate-grazing and heavy-grazing grasslands).

2. Materials and Methods
2.1. Study Site

The experimental farm is located in the central part of Croatia, near Mala Jasenovača
(45◦45′ N 17◦11′ E, 192 m a.s.l.; Figure 1). The total area of the experimental farm is about
221 ha, of which 179 ha are used as pasture and 42 ha as mown grassland for hay production.
The slope aspect is W–E with 11% inclination. The research area has a temperate humid
climate with warm summer (Cfb) according to the Köppen classification [37]. The mean
annual rainfall is 794 mm (from 1981 to 2018), with a wet season from May to October and a
pronounced hot period in summer. Mean annual air temperatures range from 9.8 to 12.9 ◦C
(from 1981 to 2018), with average maximum and minimum values reaching 22 ◦C in July
and 0.3 ◦C in January, respectively. The main soil type is Luvisol [38]. The soil mainly has a
sandy clay loam texture (clay: 21.7%, silt: 27.3% and sand: 51.0%), strong acidic reaction
(pH 5.51) and low content of nutrients (15 mg P2O5 kg−1; 22 mg K2O kg−1) and medium
content of organic matter (2.87%).
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In 2014, the grassland on the experimental site was cleared of bushes, ploughed
and sown with a mixture containing 28% of perennial ryegrass (Lolium perenne), 14% of
timothy (Pheleum pretense), 28% of meadow fescue (Festuca pratensis) and 30% of white
clover (Trifolium repens). The pasture was mulched each year in late spring and early
autumn to remove refused sward and prevent seed formation of the dock (Rumex spp.),
thistle (Cirsium spp.) and nettle (Urtica spp.). Mowed grasslands were mechanically mowed
two—three times per year with light tractors (<4-ton axle load). The experimental site’s
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grazed and mowed grasslands were organically fertilised—in the pastures through dung
and urine of grazing animals and in mowed grassland once a year by the manure of cattle
kept in stables.

Three parts of the experimental site were selected for research according to their dif-
ferent grazing intensities, histories and animal behaviour. The pasture was divided into
two paddocks that differed in the stocking density of grazing animals (Angus beef cows).
The paddock identified as moderate-grazing grassland included continuous grazing with
moderate stocking density (0.76 LU ha−1), while the paddock identified as heavy-grazing
grassland included continuous grazing with high stocking density (1.26 LU ha−1). Vegeta-
tion cover was 5–54% and 71–89% at heavy and moderate-grazing treatments, respectively.
In these two treatments, cows were kept with access to drinking water during the grazing
period, and during the winter period, they were fed ad libitum in the barn with meadow
hay and a lick block of mineral—vitamin premix for cows (Schauman Agri International
GmbH, Pinneberg, Germany). Mowed grassland was identified as the no-grazing grassland,
where cattle had been excluded since 2014 and vegetation cover was in the 90–99% range.

2.2. Soil and Vegetation Sampling and Rainfall Simulation Experiments

The sampling design was based on the different grazing intensity and cow behaviour
(Figure 1). Each treatment included 8 randomly selected sampling points (24 in total)
where sampling and rainfall simulation experiments were carried out by using calibrated
pressurized rainfall simulator (UGT Rainmaker, Müncheberg, Germany). The use of
rainfall simulations has the advantage of showing the hydrological response of the soil to
the intensity and duration of precipitation. This technique was used because long-term
studies with permanent fenced plots under cows are impractical. The distance between
plots established for rainfall simulation experiments was approximately 4 m. The field
research was conducted in July 2019.

Disturbed and undisturbed soil samples (0–10 cm) were collected at each sampling
point before conducting the rainfall simulation experiments. Soil samples were collected
in the vicinity of the rainfall catchment plot. To avoid contamination with soil during
rainfall simulation, the herbage samples were also collected close to the rainfall catchment
plot; the collection area was the same as that of the catchment plot. The herbage samples
were collected by cutting sward 4–5 cm to the soil level. Prior to rainfall simulation, the
slope of the catchment plot was measured to ensure uniformity of treatments, and the plot
was photographed to obtain the percentage of vegetation cover (VC) by comparing the
relation of pixels to the vegetation in addition to the plot area using ArcGIS 10.2 software
(ESRI, Redlands, CA, USA). The simulator used is of the pressurised type (UGT Rainmaker,
Müncheberg, Germany). Detailed characteristics of the rainfall simulation experiment
are described previously by Bogunovic et al. [39]. The plots were circular with an area of
0.785 m2 (metal ring with a diameter of 100 cm). The simulations were carried out in a
duration of 30 min at an intensity of 58 mm h−1, after being calibrated with the plastic
vessel in the dimensions of the plot size. This intensity was chosen because similar heavy
rain events usually occur in spring, with a recurrence rate of seven years [40]. The faucet
on the metal ring (plot) was directed downward and connected to a plastic container where
the runoff was collected. During each simulation, the time to ponding (PT) and time to
runoff generation (RT) were measured with a chronometer.

2.3. Laboratory Analysis

Soil water content (SWC), water-holding capacity (WHC) and bulk density (BD) were
measured using soil cores samples. To achieve this, weighing was carried out before and
after capillary wetting and drying at 105 ◦C for 48 h [41], using the following equations:

BD = dry sample/soil volume (1)

WHC = ((capillary wetted sample − dry sample)/soil volume) ∗ 100 (2)
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SWC = ((sample with field water content − dry sample)/soil volume) ∗ 100 (3)

To measure soil structure, undisturbed samples were collected following Le Bisson-
nais [42]. Mean weight diameter (MWD) and the percentage of water-stable aggregates
(WSA) were determined by dry and wet sieving according to Kemper and Rosenau [43].
Soil chemical properties were determined in the <2 mm fraction after sieving: soil pH was
determined by electrometric method at ratio 1:2.5 (w/v) in KCl suspension using a Beckman
pH meter Φ72; soil organic matter (SOM) was determined by the digestion method [44];
total nitrogen (TN) in soil was determined by the dry combustion method using a Vario
MACRO CHNS analyser; P2O5 was determined by the ammonium lactate method [45].

The overland flow was weighed and filtered to obtain the sediment loss (SL) after
air-drying at room temperature (20 ◦C) and weighing the filter paper. Runoff (Run) was
calculated as the difference between the mass of overland flow and the sediment content.
Sediment concentration (SC) was calculated by dividing the mass of SL by the mass of
the Run. Dry combustion and ammonium lactate methods were used to determine C, N
and P concentrations in sediments. Phosphorus loss (P loss), nitrogen loss (N loss) and
carbon loss (C loss) was calculated by multiplying their concentrations in the sediments
with SL data.

The herbage mass was expressed on a dry matter basis after moisture content was
determined by oven-drying at 103 ◦C for 24 h in a portion of the total mass. After drying at
60 ◦C, the remaining mass was ground to pass a 1 mm sieve and analysed for ash, crude
protein (CP), neutral and acid detergent fibre (NDF and ADF, respectively) and in vitro
digestibility analyses. Ash was determined according to the method ISO 5984 [46]. The
Kjeldahl method was used to determine N content in the samples, and CP was calculated
by multiplying with factor 6.25. NDF and ADF were determined according to the methods
ISO 16472 [47] and ISO 13906 [48], respectively; the calculated NDF and ADF contents do
not include residual ash.

In vitro digestibility analyses involved incubation of herbage samples for 30 h in
DAISYII incubator (ANKOM Technology Corp., Macedon, NY, USA) according to the
method provided by the manufacturer [49]. Samples were weighted in Ankom F57 bags
(0.5 g) in quadruplicate while rumen fluid was collected using an oesophageal probe from
three cows grazing the same pasture where samples were collected. Rumen collection
was performed following Croatian directives (Animal Protection Act, OG 102/17, and
Regulation on the Protection of Animals Used for Scientific Purposes, OG 55/13), corre-
sponding to the European guidelines for the care and use of animals used for scientific
purposes. The Bioethics Committee approved the animal procedures used in this study for
the protection and welfare of animals at the University of Zagreb Faculty of Agriculture
(KLASA 114-01/20-03/07, URBROJ 251-71-29-02/19-20-2). Rumen fluid was handled under
constant flushing with CO2 and mixed with buffer solutions A (10 g of KH2PO4, 0.5 g of
MgSO4 × 7H2O, 0.5 g of NaCl, 0.1 g of CaCl2 × H2O, and 0.5 g of urea in 1 L of deionised
water) and B (15 g of Na2CO3 and 1 g of Na2S × 9H2O in 100 mL of deionised water) just
prior to digestion run. After incubation, the bags were washed with cold water and dried
at 60 ◦C for 24 h. All bags were weighted, and in vitro dry matter digestibility (IVDMD)
was calculated using the equation provided by the manufacturer. Two bags per sample
were ashed according to the method ISO 5984 [46] to determine in vitro organic matter
digestibility (IVOMD); the undigested ash was corrected for the ash content of the F57 bags.
The other two bags per sample were used to determine undigested NDF according to ISO
16472 [47] and calculate in vitro NDF digestibility (IVNDFD).

2.4. Statistical Analysis

Data were checked for normality before the statistical analysis using the Kolmogorov—
Smirnoff test (p > 0.05). WHC, SC, SL, P loss, N loss, C loss, SOM, TN, P2O5, NSC, CSC,
ash and CP did not follow the normal distribution. A Box—Cox transformation was
applied for WHC, SC, SL, N loss, C loss, NSC, CSC, Ash, CP and log transformation for
P loss to meet normality requirements. One-way analysis of variance was carried out to
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identify differences among treatments. If significant differences were identified at p < 0.05,
a Tukey HSD post hoc test was applied. The data presented in Tables 1–5 correspond to
the original values. A principal component analysis (PCA) was performed based on the
correlation matrix to identify the association between the studied variables. The matrix was
rotated using the varimax normalised method. PCA was performed using the Box—Cox
transformed data. All statistical tests were carried out using Statistica 12.0 for Windows
(StatSoft, Tulsa, OK, USA), while Plotly software (Plotly 4.9.2) was used to generate graphs.

3. Results
3.1. Soil Properties

Table 1 represents the slope characteristics of treatments and grassland management
effects on soil physical properties. Heavily grazed treatment had a significantly higher BD
than the moderate and no-grazing treatments. BD was as follows: no grazing (1.47 g cm−3)
= moderate grazing (1.47 g cm−3) < heavy grazing (1.56 g cm−3). WHC values in the heavy-
grazing plots (35.7%) were significantly lower than at the no-grazing plots (41.9%). No
significant differences were found in SWC, which varied from 17.3% in the heavy-grazing
treatment to 19.5% in the moderate-grazing treatment. MWD and WSA values ranged from
2.80 mm (heavy grazing) to 3.45 mm (moderate grazing) and from 78.4% (heavy grazing)
to 92.0% (moderate grazing), respectively. The heavy-grazing treatment had significantly
lower MWD than the moderate- and no-grazing treatments. Soil WSA was significantly
different among all treatments.

Table 1. The effects of grassland management on soil physical properties.

Treatment f(x) Slope
◦

BD
g cm−3

WHC
% vol

SWC
% vol

MWD
mm

WSA
%

Heavy grazing

Mean 7.6 a 1.56 a 35.7 b 17.3 a 2.80 b 78.4 c
Min 4.0 1.5 23.5 12.3 2.3 76.3
Max 13.0 1.6 40.7 22.9 3.3 81.6
SD 3.5 0.1 5.5 3.7 0.3 1.9

Moderate grazing

Mean 7.9 a 1.47 b 39.4 ab 19.5 a 3.45 a 92.0 a
Min 5.0 1.3 35.9 17.4 3.1 86.8
Max 11.0 1.6 46.0 27.4 3.7 97.2
SD 2.2 0.1 3.4 3.3 0.2 3.1

No grazing

Mean 8.0 a 1.47 b 41.9 a 17.8 a 3.28 a 86.0 b
Min 7.0 1.4 39.9 14.4 3.1 83.3
Max 10.0 1.6 43.9 21.6 3.7 89.2
SD 1.4 0.1 1.4 2.2 0.2 1.9

p ns * ** ns *** ***

*** Statistical significance at p < 0.001. ** Statistical significance at p < 0.01. * Statistical significance at p < 0.05.
ns—not significant at p < 0.05. Different letters in the column represent differences in treatment effects at p < 0.05.
BD—bulk density; WHC—water-holding capacity; SWC—soil water content; MWD—mean weight diameter;
WSA—water-stable aggregates.

Soil chemical properties for the different grassland managements are summarised
in Table 2. Soil pH, SOM, TN and P2O5 were significantly affected by grazing treat-
ments. Soil pH was significantly different among all treatments in the following order:
no grazing (4.78) < moderate grazing (5.23) < heavy grazing (6.51). SOM and TN were
significantly different between heavy grazing and no-grazing treatments as follows: heavy
grazing (4.83% SOM; 0.25% TN) ≥moderate grazing (3.35% SOM; 0.18% TN) ≥ no grazing
(2.38% SOM; 0.13% TN). Soil P2O5 ranged from 9.6 at no grazing to 55.0 mg kg−1 in the
heavy-grazing treatment. P2O5 values were also significantly different among the heavy
grazing and no-grazing treatments.
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Table 2. The effects of grassland management on soil chemical properties.

Treatment f(x) pH SOM
%

TN
%

P2O5
mg kg−1

Heavy grazing

Mean 6.51 a 4.83 a 0.25 a 55.0 a
Min 6.10 4.64 0.25 35.4
Max 6.89 5.03 0.27 65.2
SD 0.30 0.12 0.01 9.9

Moderate grazing

Mean 5.23 b 3.35 ab 0.18 ab 20.6 ab
Min 4.94 3.20 0.17 19.7
Max 5.41 3.55 0.19 21.3
SD 0.19 0.11 0.01 0.5

No grazing

Mean 4.78 c 2.38 b 0.13 b 9.6 b
Min 4.50 2.25 0.12 8.0
max 4.99 2.47 0.13 12.8
SD 0.19 0.07 0.01 1.6

p *** *** *** ***

*** Statistical significance at p < 0.001. Different letters in the column represent differences in treatment effects at
p < 0.05. SOM—soil organic matter; TN—total nitrogen.

3.2. Soil Hydrological Response

The effects of grassland management on hydrological response are shown in Tables 3 and 4.
No significant difference was detected in the PT, RT and Run between treatments, while SC
and SL showed different behaviour. Significantly higher values were detected in heavily
grazed plots than in moderately grazed or no-grazing plots. The SL values ranged from
8.5 to 58.7 g m−2 in the heavy-grazing plots, from 0.5 to 14.6 g m−2 in the moderate-
grazing plots and from 0.6 to 4.7 g m−2 in the no-grazing plots. Carbon, N and P loss were
significantly higher in heavily grazed plots than in moderately and ungrazed plots (Table 4).
Sediment nutrient concentrations showed a significant difference between all treatments
(Table 4). The CSC, NSC and PSC significantly differed among treatments as follows: heavy
grazing > moderate grazing > no grazing.

Table 3. The effects of grassland management on overland flow properties.

Treatment f(x) PT
s

RT
s

Run
L m−2

SC
g L−1

SL
g m−2

Heavy grazing

Mean 360 a 577.5 a 11.3 a 2.94 a 32.8 a
Min 300.0 420.0 7.9 0.96 8.5
Max 420.0 780.0 14.9 5.37 58.7
SD 55.5 128.0 2.3 1.70 18.7

Moderate grazing

Mean 382.5 a 570 a 10.9 a 0.49 b 5.9 b
Min 180.0 240.0 5.4 0.09 0.5
Max 540.0 780.0 14.5 1.12 14.6
SD 119.7 187.0 2.8 0.40 5.4

No grazing

Mean 337.5 a 435 a 11.9 a 0.17 b 2.3 b
Min 180.0 300.0 7.3 0.05 0.6
Max 540.0 600.0 16.6 0.37 4.7
SD 110.8 114.5 2.6 0.10 1.3

p ns ns ns *** ***

*** Statistical significance at p < 0.001. ns, not significant at p < 0.05. Different letters in the column represent
differences in treatment effects at p < 0.05. PT—time to ponding; RT—time to runoff; Run—runoff; SC—sediment
concentration; SL—sediment loss.
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Table 4. The effects of grassland management on nutrient losses and sediment chemical properties.

Treatment f(x) C Loss
g m−2

N Loss
g m−2

P Loss
g m−2

CSC
g kg−1

NSC
g kg−1

PSC
g kg−1

Heavy grazing

Mean 3.87 a 0.42 a 0.031 a 122.0 a 13.4 a 0.96 a
Min 1.16 0.13 0.008 70.5 7.2 0.80
Max 6.76 0.74 0.057 149.5 17.2 1.14
SD 2.17 0.24 0.018 26.4 3.3 0.12

Moderate grazing

Mean 0.40 b 0.04 b 0.002 b 69.9 b 7.8 b 0.33 c
Min 0.04 0.00 0.000 53.4 6.3 0.08
Max 1.19 0.13 0.006 86.1 9.4 0.55
SD 0.39 0.04 0.002 11.8 1.4 0.16

No grazing

Mean 0.10 b 0.01 b 0.001 b 43.2 c 5.3 c 0.50 b
Min 0.02 0.00 0.000 39.3 4.6 0.42
Max 0.24 0.03 0.003 51.7 6.6 0.56
SD 0.07 0.01 0.001 4.3 0.7 0.04

p *** *** *** *** *** ***

*** Statistical significance at p < 0.001. Different letters in the column represent differences in treatment effects at
p < 0.05. C loss—carbon loss; N loss—nitrogen loss; P loss—phosphorus loss; CSC—carbon sediment concentration;
NSC—nitrogen sediment concentration; PSC—phosphorus sediment concentration.

3.3. Biomass Properties and Nutrition

The VC was significantly lower at the heavy-grazing plots than in the no-grazing
plots. Herbage biomass production was similar (p > 0.05) among treatments. However,
regardless of observed similarity, treatments differed in herbage chemical composition
(Table 5). Moderate-grazing herbage had significantly the lowest DM content, which
was 65 g kg−1 lower than in no-grazing herbage and 87 g kg−1 in heavy-grazing herbage.
The ash content was significantly different between moderate-grazing and no-grazing
treatments, while the heavy-grazing treatment was in the middle of their range. The CP
and NDF content showed an opposite pattern between treatments. The moderate-grazing
herbage had the highest CP (164.0 g kg−1) and the lowest NDF content (405.2 g kg−1),
which were opposite in the heavy-grazing and no-grazing treatments (on average 142.6
and 478.7 g kg−1, respectively). Unlike NDF, the ADF content was significantly different
between all treatments, with the lowest value in moderate-grazing (267.7 g kg−1) and
the highest in the heavy-grazing treatments (377.3 g kg−1). Consistent with differences
in herbage chemical composition, treatments differed in IVDMD, IVOMD and IVNDFD
(Table 5). Heavy-grazing and moderate-grazing treatments significantly differed in IVDMD
and IVOMD, and moderate-grazing herbage had on average 214.1 and 222.2 g kg−1 more
digestible DM and organic matter than heavy-grazing herbage, respectively. The IVNDFD
was lowest in heavy-grazing treatment (202.1 g kg−1), while moderate-grazing and no-
grazing treatments had on average 287.7 g kg−1 more digestible NDF.

Table 5. The effects of grassland management on vegetation cover, biomass production, and herbage
chemical composition and digestibility.

Treatment f(x) VC
%

Biomass
g m−2

DM
g kg−1

Ash CP NDF ADF IVDMD IVOMD IVNDFD

g kg−1 DM g kg−1

Heavy
grazing

Mean 23.9 b 126.6 a 370.3 a 146.5 ab 143.5 b 473.7 a 377.3 a 461.0 b 412.4 b 202.1 b
Min 5.0 6.4 303.0 106.6 132.2 416.2 330.9 442.0 389.1 151.7
Max 54.0 401.3 424.0 174.7 160.8 521.6 405.7 506.9 450.1 317.4
SD 19.9 128.4 41.3 21.6 8.1 40.8 27.3 22.6 22.2 50.7
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Table 5. Cont.

Treatment f(x) VC
%

Biomass
g m−2

DM
g kg−1

Ash CP NDF ADF IVDMD IVOMD IVNDFD

g kg−1 DM g kg−1

Moderate
grazing

Mean 81.9 ab 219.0 a 282.9 b 168.3 a 164.0 a 405.2 b 267.7 c 675.1 a 634.6 a 502.8 a
Min 71.0 159.2 265.0 159.7 138.5 370.1 233.3 657.9 605.8 443.6
Max 89.0 350.3 313.0 174.8 184.1 421.7 294.6 705.7 667.9 557.9
SD 6.4 65.9 15.3 4.9 17.5 19.4 22.0 18.7 22.2 33.4

No
grazing

Mean 94.9 a 175.2 a 348.1 a 126.5 b 141.6 b 483.7 a 299.7 b 612.2 ab 576.9 ab 476.7 a
Min 90.0 76.4 308.0 97.6 121.1 458.0 285.6 569.7 544.8 444.6
Max 99.0 363.1 392.0 185.1 171.4 526.1 322.7 652.9 613.6 541.7
SD 3.3 88.3 32.7 28.2 14.5 23.1 14.0 25.2 22.6 29.9

p *** ns *** ** ** *** *** *** *** **

*** Statistical significance at p < 0.001. ** Statistical significance at p < 0.01. ns—not significant at p < 0.05.
Different letters in the column represent differences in treatment effects at p < 0.05. VC—vegetation cover;
DM—dry matter; CP—crude protein; NDF—neutral detergent fibre; ADF—acid detergent fibre; IVDMD—in vitro
digestibility of dry matter; IVOMD—in vitro digestibility of organic matter; IVNDFD—in vitro digestibility of
neutral detergent fibre.

3.4. Principal Component Analysis

The PCA identified four major factors that explained 85.75% of the total variance.
Factor 1 explained 52.50%, while Factor 2, Factor 3, Factor 4 and Factor 5 explained 14.81%,
7.95%, 6.12% and 4.37% of the total variance, respectively (Table 6). More than 60% of
the variables were explained by factor 1 (Table 7). Factor 1 had high positive loadings in
BD, pH, SOM, TN, P2O5, CSC, NSC, PSC, SC, SL, C loss, N loss, P loss and ADF, and high
negative for VC, MWD, WSA, IVDMD, IVOMD and IVNDFD (Table 7). Factor 2 had high
positive loadings for Run, DM and NDF and high negative loadings for RT, Ash and CP.
Factor 3 had high positive loadings in PT, while Factor 4 had positive loadings in slope and
WHC and negative in SWC. Finally, Factor 5 had high positive loadings in biomass.

Table 6. Principal component analysis (PCA): eigenvalues of the correlation matrix
and related statistics.

Factors Eigenvalue % Total Cumulative Cumulative

1 16.27550 52.50160 16.27550 52.5016
2 4.59165 14.81178 20.86715 67.3134
3 2.46697 7.95798 23.33412 75.2714
4 1.89933 6.12686 25.23345 81.3982
5 1.35619 4.37482 26.58964 85.7730
6 0.89063 2.87300 27.48027 88.6460
7 0.78471 2.53133 28.26499 91.1774
8 0.60147 1.94022 28.86645 93.1176
9 0.53799 1.73546 29.40445 94.8531

10 0.41320 1.33292 29.81765 96.1860
11 0.28630 0.92356 30.10395 97.1095
12 0.25566 0.82471 30.35961 97.9342
13 0.20028 0.64605 30.55989 98.5803
14 0.15002 0.48395 30.70991 99.0642
15 0.12148 0.39186 30.83139 99.4561
16 0.04647 0.14992 30.87786 99.6060
17 0.04555 0.14694 30.92342 99.7530
18 0.02426 0.07826 30.94768 99.8312
19 0.02024 0.06530 30.96792 99.8965
20 0.01795 0.05790 30.98587 99.9544
21 0.00807 0.02602 30.99394 99.9804
22 0.00501 0.01617 30.99895 99.9966
23 0.00105 0.00339 31.00000 100.0000

Bold values represent the factors that explain at least one variable.



Agriculture 2022, 12, 921 10 of 19

Table 7. PCA: factor weight of the variables.

Variable Factor 1 Factor 2 Factor 3 Factor 4 Factor 5

Slope (◦) −0.183759 0.032073 −0.214286 0.663564 0.324816
VC (%) −0.961015 0.129630 0.012466 −0.008547 0.114473

BD (g cm−3) 0.617639 0.057457 −0.042061 −0.343910 0.039515
WHC (% vol) −0.528064 0.356454 0.068039 0.600091 −0.084749
SWC (% vol) −0.254294 −0.116006 −0.423325 −0.616309 −0.350686
MWD (mm) −0.638579 −0.080164 −0.440569 0.361168 −0.140333

WSA (%) −0.858883 −0.353635 −0.230797 0.085808 0.023776
pH 0.953004 −0.220063 −0.012102 0.031722 −0.046014

SOM (%) 0.909988 −0.349247 −0.042062 −0.001616 −0.000434
TN (%) 0.919469 −0.300987 −0.025132 0.023900 0.002939

P2O5 (mg kg−1) 0.878189 −0.389188 −0.042100 0.078834 0.021319
PT (sec) 0.015776 −0.347535 0.622939 0.402547 −0.410930
RT (sec) 0.246695 −0.589114 0.632577 0.158676 −0.058854

Run (L m−2) −0.030979 0.395014 −0.587246 0.112238 0.284968
SC (g L−1) 0.893559 −0.065884 −0.310475 0.167852 −0.040668
SL (g m−2) 0.873726 0.018496 −0.377215 0.173405 −0.025723

CSC (g kg−1) 0.813553 −0.526616 −0.000448 −0.037554 0.017502
NSC (g kg−1) 0.807193 −0.480970 0.031671 −0.095151 0.056135
PSC (g kg−1) 0.875397 0.264242 0.046979 0.000117 0.111611

C loss (g m−2) 0.921717 −0.087232 −0.300082 0.130282 −0.015013
N loss (g m−2) 0.920666 −0.077394 −0.303310 0.122562 −0.007143
P loss (g m−2) 0.929140 0.133749 −0.268330 0.114938 0.007901

Biomass (g m−2) −0.471516 −0.407509 0.278880 −0.044277 0.654176
DM (g kg−1 DM) 0.501803 0.760707 0.180183 −0.085565 −0.132941
Ash (g kg−1 DM) 0.012669 −0.684581 −0.218870 0.302757 −0.346448
CP (g kg−1 DM) −0.170207 −0.705055 −0.036165 −0.127101 0.406272

NDF (g kg−1 DM) 0.284386 0.792613 0.205550 0.135080 −0.000821
ADF (g kg−1 DM) 0.871804 0.358475 0.187814 −0.038619 −0.075313
IVDMD (g kg−1) −0.890311 −0.305665 −0.208680 −0.035865 −0.189955
IVOMD (g kg−1) −0.907558 −0.256672 −0.221250 −0.057043 −0.143371
IVNDFD (g kg−1) −0.932813 −0.144867 −0.158518 −0.003038 −0.133803

VC—vegetation cover; BD—bulk density; WHC—water-holding capacity; SWC—soil water content; MWD—mean
weight diameter; WSA—water-stable aggregates; SOM—soil organic matter; TN—total nitrogen; P2O5—available
phosphorous; PT—time to ponding; RT—time to runoff; Run—runoff; SC—sediment concentration; SL—sediment
loss; CSC—carbon sediment concentration; NSC—nitrogen sediment concentration; PSC—phosphorus sediment
concentration; N loss—nitrogen loss; C loss—carbon loss; P loss—phosphorous loss; DM—dry matter; CP—crude
protein; NDF—neutral detergent fibre; ADF—acid detergent fibre; IVDMD—in vitro digestibility of dry matter;
IVOMD—in vitro digestibility of organic matter; IVNDFD—in vitro digestibility of neutral detergent fibre. Bold
values represent the variables explained by each factor.

The relationship between Factor 1 and Factor 2 is shown in Figure 2A. The pH, SOM,
TN, P2O5, BD, SC, CSC, NSC, PSC, SL, P loss, N loss, C loss and ADF were strongly associated.
On the other hand, these variables exhibited the opposite behaviour of WSA, MWD, WHC,
VC, IVOMD, IVDMD and IVNDFD. The grassland management showed different effects
on investigated properties in all treatments. The impact is visibly different between the
heavy grazing and the two remaining treatments (moderate and no grazing). Through
higher variability, a higher animal impact on the heavy-grazing treatment compared with
moderate- and no-grazing treatments is visible in Figure 2B.
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Figure 2. Interaction between Factors 1 and 2 for variables (A) and cases (B) considering different
grassland management. Abbreviations: VC—vegetation cover; SOM—soil organic matter; TN—total
nitrogen; P2O5—available phosphorous; BD—bulk density; WHC—water-holding capacity; SWC—
soil water content; MWD—mean weight diameter; WSA—water-stable aggregates; TP—time to
ponding; TR—time to runoff; Run—runoff; SC—sediment concentration; SL—sediment loss; N loss—
nitrogen loss—C loss; carbon loss; P loss—phosphorus loss; CSC—carbon sediment concentration;
NSC—nitrogen sediment concentration; PSC—phosphorus sediment concentration; DM—dry matter;
CP—crude protein; NDF—neutral detergent fibre; ADF—acid detergent fibre; IVDMD—in vitro
digestibility of dry matter; IVOMD—in vitro digestibility of organic matter; IVNDFD—in vitro
digestibility of neutral detergent fibre.

4. Discussion
4.1. Soil Properties

The impact of grazing on soil properties has been studied and it is well known [8–12].
However, the interesting outcome of the present study was the absence of a significant
difference between moderately grazed and no-grazing soils in BD, WHC and MWD. Soil
physical properties were better in no-grazing and moderate-grazing plots than in heavy-
grazing plots. WHC and MWD were higher and BD lower in the no-grazing treatment
than in heavy-grazing treatment, which was attributed to a number of processes, includ-
ing trampling in the heavy-grazing plots and machinery traffic in the no-grazing plots.
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Moreover, grazing-induced soil compaction on moderate-grazing plots is more widespread
and dispersed than the machinery-induced soil compaction caused by tractor traffic in
no-grazing plots [50]. This could be a possible reason for the lack of significant differences
in WHC, BD and MWD between moderately grazed and no-grazing plots. In addition, the
mowing on no-grazing plots was carried out up to three times per year with light tractors.
Likely, this frequency and grassland management during the vegetation period (mostly
dry period of the year) did not significantly affect topsoil compaction. On the other hand,
besides SWC and terrain slope, physical deterioration by cows also depends on the tram-
pling intensity and plant cover [5]. In heavy-grazing plots, trampling intensity was high.
At the same time, plant cover was low, showing a high degree of structural degradation
due to cows’ pressure, as they have a large hoof surface (between 264 and 460 cm2) and
produce pressure between 98 and 192 MPa [51]. Such forces break soil aggregates and
reduce MWD. Soil homogenisation by breaking up soil aggregates as a result of grazing
leads to SOM losses from the aggregates [52] and is a possible reason for the low WSA at
heavily grazed plots.

Grassland management had significant implications on soil chemical status. Such
results are expected knowing the fact that livestock modifies chemical fluxes and pH in
soil by ingesting nutrients and returning them through excreta. Significantly higher pH,
SOM and soil nutrients were observed in heavy-grazing plots compared with no-grazing
plots. Previous studies also showed an impact of grazing intensity on many soil properties,
such as pH, SOM [53] and nutrient concentrations [54,55]. Soil acidity was higher in no-
grazing soils, probably due to (1) a higher return of base nutrients through plant residues
and microbial decomposition [56] and (2) an altered balance between the generation and
consumption of hydrogen ions in soils during the nutrient cycling process [57]. Results of
the present study are consistent with other studies [53,58]. The SOM, TN and P2O5 results
agree with Paz-Kagan et al. [54], where all were significantly higher in heavy-grazing plots
than under moderate- or no-grazing treatment. Higher stocking density under heavy-
grazing treatment was the main reason for the significantly high levels of nutrients and
SOM; cows excrete urea and faeces, a source of nitrogen, organic matter and other nutrients,
which is higher in areas with higher stocking density. In addition, high SOM in the heavy-
grazing treatment was also one reason for the increased pH in this treatment, as observed
by Smet and Ward [59].

4.2. Hydrological Response

PT, RT and Run had a similar pattern. All variables showed no significant variation
between treatments. Although soil structure [11] and VC [8,60] were key to overland
flow behaviour, the absence of significant differences in PT, RT and Run between the
treatments in the present study was because the soil on heavy-grazing plots was more
covered with faeces compared with other treatments. This increases water retention on
sandy [61], sandy loam [62], silty loam [63] or clay loam soil [64]. Moreover, the lack
of difference between moderate-grazing and no-grazing plots was due to a similar VC
in both treatments. Under conditions where VC was >80%, surface runoff was reduced,
and its variability decreased [65]. Besides, both treatments had no difference in most soil
physical properties (Table 2), indicating a similar structural condition of the soil and similar
infiltration compared to the heavily grazed treatment.

Sediment concentration, SL, C loss, N loss and P loss behaved similarly. They were all
significantly higher in the heavy grazing than other treatments, indicating that intensive
grazing increases land degradation [54,66]. Heavy grazing resulted in higher losses of sedi-
ments and nutrients than moderate and ungrazed plots, which may be attributed to the fact
that overgrazing reduces vegetation cover and increases soil compaction, disaggregation
and sediment availability for transport [5,15]. Moreover, the soil in the present study was
highly susceptible to compaction and erosion [67], resulting in a large difference in SC and
SL between heavy-grazing plots with low VC and vegetated moderate and no-grazing
plots. Vegetation protects the soil from raindrop impacts, reducing the effects of splash
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erosion [68]. Previous works also observed a high amount of sediment transported in the
heavily grazed plots compared with the less-grazed plots [69,70]. Nutrient losses were
consistent with the concentrations in soil between grazing treatments and were reflected
in hydrological responses. This was due to the contribution of cattle faeces following the
LU/area ratio, while in the no grazed treatment, nutrient concentrations were associated
with changes in soil physical properties and thus surface runoff processes [71].

4.3. Herbage Biomass Properties

The grassland management in the present study caused similar production of herbage
biomass but different in chemical composition and digestibility. The observed similarity
between treatments in herbage biomass production was not expected due to high grazing
intensity and low VC in heavily grazed plots. In addition, Dumont et al. [72] showed that,
in natural pasture in the upland area of central France, herbage biomass production was
higher in moderate-grazing plots than in high-grazing-intensity plots in July, the month
when the present study was conducted. Grassland management treatments in the present
study showed a wide range of biomass production, and high variability of plots within
each treatment was the cause of similarity among treatments. Despite the absence of
significant differences, the average value of herbage biomass production was twice as high
for moderately grazed plots than for heavily grazed plots.

The observed high variability in chemical composition and digestibility (Table 5) is
the main characteristic of grasslands due to herbage community composition, season, soil
composition, fertilisation level, growth stage and grassland management [23,28,73]. The
average nutrient contents and digestibilities are within the range of values reported in
the INRA dataset [74] for permanent lowland pastures in July. Moderate-grazing plots
distinguished from heavy- and no-grazing plots in most chemical properties determined.
The higher CP and lower fibre contents are associated with the higher nutritional value
of herbage, and thus, moderate-grazing treatment resulted in herbage of higher quality
than the heavy- or no-grazing treatments [29]. Lower DM, NDF and ADF and higher CP
in herbage from moderate-grazing plots resulted from the regrowth of new plant tissue
after grazing, as previously reported by Turner et al. [75]. This effect of plant regrowth was
not observed in heavily and ungrazed plots. In heavily grazed plots, there was a greater
reduction in the proportion of edible herbage and a higher proportion of less palatable
plants [30], and in ungrazed plots, due to longer regrowth intervals [26]. The CP decreases
while fibre content, both in terms of NDF and ADF, increases with plant maturity, as shown
by Elgersma and Søegaard [27] for individual grass and legume species.

In contrast to DM and fibre content, the current study showed a higher ash content
in moderate-grazing than in no-grazing plots. Since less mature plants have lower ash
content [76], as in no-grazing plots in the present study, contamination with soil particles
could be the reason for higher content in moderate-grazing plots. Soil particles adhere
to leaves and stems of vegetation cover [77]. In addition, soil contamination from cow
trampling and reduction in herbage biomass [77] was a possible reason for increased ash
content in heavily grazed plots.

Besides chemical composition, digestibility is an essential aspect of the herbage nutri-
tional value. It indicates the proportion of the total nutrient content available for absorption
by the animal after digestion. Previous studies have shown that the defoliation regime has
no effect on DM or organic matter digestibility of herbage [26,78], and observed similarity
between moderate-grazing and no-grazing plots in the present study is consistent with
these previous findings. Furthermore, the difference between the heavy and moderate-
grazing treatments was likely due to a difference in chemical composition—IVDMD and
IVOMD decreased with the increasing NDF content [27,79]. The younger herbage has
a higher leaf-to-stem ratio associated with higher digestibility [27], consistent with the
regrowth of new plant tissue after grazing in moderate-grazing plots. The highest ADF
supported the lower leaf-to-stem ratio in heavily grazed plots among treatments; higher
ADF implies higher lignin content, which is negatively correlated with IVNDFD [80].
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4.4. Association between Properties

The PCA (Figure 2A) revealed that pH, SOM, TN, P2O5, BD, SC, CSC, NSC, PSC, SL, P
loss, N loss, C loss, and ADF were strongly associated and showed the opposite behaviour
of WSA, MWD, WHC, VC, IVOMD, IVDMD, IVNDFD, biomass and SWC. This is partially
consistent with other findings since high SOM concentration in soils increases WSA and
MWD, positively affecting the WHC [62,63]. The present study showed the opposite, which
is most likely due to the high organic matter content on heavy-grazing plots due to cow
faeces (Table 1) at the moment of rainfall simulation experiments. SOM is known to act
as a major source of nutrients [81], and it is positively associated with TN, P2O5, NSC, PSC
and CSC. As confirmed in this study, highly compacted grasslands are recognised as more
susceptible to soil loss and lose more soil nutrients [70,82]. High BD modifies the pore
system, decreases the medium-sized pores that retain soil water, and explains the negative
relationships between BD, WHC and SWC. On the other hand, VC was negatively related
to BD and positively related to WHC, MWD, WSA and biomass. High VC increases root
development, soil biological activity and structure, increasing MWD and WSA [1,42]. High
SC and SL are attributed to overgrazing that generally reduces the VC and the size of MWD
and WSA [51,82] and increases the susceptibility of soil detachment by raindrops. This
is particularly evident in soils with low VC [83], as observed in heavy-grazing plots. The
SC and nutrients concertation in sediments were strongly associated with the content of
the same nutrients in the soil as observed elsewhere [69]. Overall, grassland management
is crucial in controlling erosion and nutrient losses. PCA-obtained relationship between
Factor 1 and Factor 2 also showed interrelations between soil properties and herbage
nutritional value. ADF was positively associated with BD and negatively with VC, most
likely due to the older vegetation composition of less palatable plants on more compacted,
heavily grazed plots. High BD had a negative effect on vegetation growth, which was
expected since soil compaction reduces root growth and the capacity of roots to uptake
water and nutrients. Vegetation on compacted soils regrows slowly [5], so the remaining
species (most of which were not palatable for consumption by cows) were older than in
moderate-grazing and no-grazing plots and could be a reason for the highest ADF content
among treatments.

IVNDFD, IVOMD and IVDMD were positively related to biomass, VC, MWD and
WSA and negatively related to BD, pH and SOM. The nature of these interrelations was
complex and not studied before. Structured soils on no-grazing and moderate-grazing plots
improved the vegetation cover and biomass production while trimming and moderate-
grazing positively supported regrowth of new plant tissue that is more digestible and
therefore had higher IVNDFD, IVOMD and IVDMD [84]. Regrowth of new plant tissue
or even young plants are almost absent in the structurally deteriorated heavy-grazing
treatment, so IVNDFD, IVOMD and IVDMD values were lower than in no-grazing or
moderate-grazing plots. On the other hand, cow behaviour was probably the reason for
the negative relationships between IVNDFD, IVOMD, IVDMD, biomass and VC on one
side and BD, pH, TN and P2O5 on the other. As mentioned earlier, cow trampling in
heavy-grazing treatment overturned the usually positive effect of nutrient-rich soils in
increasing vegetation cover and biomass production. Instead, such soils were compacted,
with low vegetation cover and covered mostly with older plants that were not palatable
to the cows, possibly explaining the negative relationship of BD, pH, TN and P2O5 with
IVNDFD, IVOMD and IVDMD values.

4.5. Uncertainties and Limitations of the Study

The present study results clearly show the effects of grassland management on soil
properties and hydrological response, as well as on herbage nutritional value. Furthermore,
the study provides valuable insight into relationships between soil properties and herbage
nutritional value under different grassland management systems. However, several uncer-
tainties and limitations of the research should be presented and discussed. Uncertainties
and limitations in the experimental setup, in situ measurements and herbage sampling are
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recognised as disputable points in the present paper. The experimental setup limitation
is related to the mechanically managed grassland (no-grazing treatment). The selection
of the area presenting the no-grazing treatment was driven by proximity to the grazing
area [1], so grassland without access to livestock was selected. The Croatian environment
lacks natural grasslands because they are dominantly under the forest biome. Therefore,
grassland management is usually carried out with machinery to obtain fodder and reduce
the afforestation process, which occurs rapidly in semi-humid conditions [85]. Although
the influence of tractors is usually associated with their axle load and frequency [5], this
study showed that the negative effect of tractor circulation in no-grazing plots was lower
than grazing in heavy- and moderate-grazing plots.

Other uncertainties were related to the in situ measurements. Rainfall simulations
are widely used in soil and hydrological sciences. However, standardising this tool at
the international level is crucial to ensure proper comparability of results extrapolated at
scales greater than 1 m2 [86]. Installing permanent plots and measuring annual erosion
rates using the USLE standard was not feasible due to the heterogeneity of the terrain, so
the use of rainfall simulators to measure potential erodibility was desirable. In contrast,
the installation of permanent plots on multiple sites could introduce further uncertainty
regarding topographical conditions, which are desirable to be similar for this type of work.
Secondly, the sampling of vegetation biomass was conducted close to the rainfall simulation
plots to avoid contamination of herbage samples with soil particles. Although the most rep-
resentative herbage sample would be collected in the same plot, this could only be achieved
after the rainfall simulation. Otherwise, removal of the biomass would affect the VC and
hydrological response of the plot during rainfall simulation measurements. However,
herbage sampling after rainfall simulations would not ensure uncontaminated samples
because raindrops affect the topsoil and detached particles contaminate biomass [87], which
could significantly increase the ash values during herbage analysis.

4.6. Implications for Land Management

The different grassland management approaches indicated future management direc-
tions under current pedological, environmental and management conditions. The study
results support that the current system with moderate grazing intensity was not harmful
to the environment. Moreover, actual losses in the moderately grazed plots were entirely
sustainable since soil tolerance level and rainstorm returning ratio [68] did not exceed the
rate higher than 59 kg ha−1 (min 5 kg ha−1, max 146 kg ha−1) when extrapolated on the
hectare level. However, better management is needed to decrease erosion and runoff in
heavily grazed areas. In heavily grazed plots, high concentrations of nutrients and organic
matter did not override the negative effect of cow grazing on vegetation regrowth, biomass
production or nutritional value of herbage. Such a condition is ecologically unsustainable,
and the adoption of rotational grazing management is a desirable alternative. In general,
rotational grazing in different environments reduces compaction and increases SOM and
biomass production [1] in comparison with continuous grazing. Moreover, future restora-
tion strategies on degraded areas could be a mixture of measures such as seeding grasses
on bare heavily grazed areas, increasing the diversity of resting places, or occasionally
fencing (grazing exclusion) the endangered areas to allow natural vegetation to recover.

5. Conclusions

Heavy grazing increases soil compaction, structural deterioration, soil erosion and
nutrient losses compared with moderate grazing and no grazing. The moderate-grazing
treatment had a higher herbage quality than the no-grazing and heavy-grazing treatments.
However, this depends more on cow grazing behaviour and regrowth of new plant tissue
than on soil physical and chemical properties. Different grassland managements affect
herbage chemical composition. Increased ash content in the vegetation of heavily and
moderately grazed plots showed that cow trampling and biomass reduction increased
herbage ash content through contamination with soil particles. This study demonstrates
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that a moderate-grazing system does not cause severe soil erosion and does not reduce
land productivity. In conclusion, switching to different grazing management and adopting
environmental protection measures on heavily grazed areas could ensure grassland sus-
tainability by reducing soil and nutrient losses and increasing vegetation cover, biomass
production, and the herbage nutritional value.
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