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Abstract: The faxinal management system is an endangered agro-silvopastoral system which forms
part of the local traditional management in the Parana federal state (Brazil). Significant changes in
land management since the 1970s caused farmers to look for alternatives to increase the productivity of
their farms. The introduction of new pasture species is causing land degradation problems, of which
soil erosion is the most important challenge. Therefore, in this study, we assessed the environmental
consequences of introducing exotic pasture species, such as Brachiaria decumbens. To achieve this goal,
ten erosion plots were installed with exotic and native pastures (Paspalum notatum Fliiggé) to quantify
soil and water losses in paired plots. Total rainfall per event, soil properties (soil cover, texture, organic
matter, bulk density, porosity, and soil penetration resistance), and pasture production were also
estimated. Our results showed a decrease in organic matter and porosity and an increase of the bulk
density in the exotic pasture plots. Soil erosion monitoring showed higher soil losses for the exotic
cultivated plots (359.8 g m~2 or 3.6 mg ha~1) than for the native plots (90.7 g m~2 or 0.91 mg ha™').
The highest percentage of bare soil surfaces and compaction coincided with the highest soil erosion
rates measured in the exotic pastures. However, the mean fodder production in the exotic plots was
almost five times higher (987 kg DM ha~!) than in the native ones (204 kg DM ha~!). These findings
confirm that farmers have an internal conflict. They want to optimize the production of fodder,
but this leads to high soil erosion rates and reduces soil fertility in the medium- and long-term.
The traditional, less productive pastoral system is more sustainable from an environmental and
cultural point of view. However, this system may not be sustainable from an economic point of view.

Keywords: traditional farming; Brachiaria decumbens; land degradation; pasture production

1. Introduction

The Brazilian faxinal system is a local agrosilvopastoral system originating from the clearing of
Araucaria angustifolia forests. This system was introduced by the Spanish and Portuguese colonizers in
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the 17th and 18th centuries, and continued by mainly Ukrainian and Polish peasants that immigrated
to Parana federal state (Southern Brazil) since the 19th century, after the abolition of slavery [1].
This traditional system covered 20% of the total land surface of Parana state (ca. 200,000 km?) in
the mid-twentieth century [2]. However, since the 1970s, its land surface and social importance has
gradually reduced due to several reasons, such as agricultural intensification, rural exodus, juridical
problems with land tenure, and the introduction of exotic species [3].

The faxinal system is a good example of mutualism between private owners who share common
valuable resources. Similar land systems that are experiencing the same threats of breakdown of the
traditional management system can be identified in other parts of the world. Turner et al. [4] studied
the case of the acequias system in New Mexico (USA) where agriculture-based irrigation communities
have survived for centuries, but are now at risk because of urbanization, economic development,
and the lack of social cohesion [5].

Several activities with a low environmental impact have traditionally coexisted in the faxinal
system where forests of A. angustifolia and native pastures are the ecological basement of this
human-induced ecosystem. The system consists of extensively raising livestock in communal
lands, while wood for self-consumption is extracted from native forests (common tenure), and some
commercial crops, such as mate herb (Ilex paraguariensis), are cultivated in privately-owned areas. Thus,
it is one system in which a community of farmers, who are individual owners of some inner pieces of
land for agricultural purposes, jointly manage the native forest and pasture lands (i.e., each farmer is
the owner of some herds of animals and he/she has the right to use the communal lands following the
rules of each community [6]).

After some changes in land management since the 1970s, the remaining pasture lands with
scattered trees have passed from being the largest land use to be a marginal practice in areas which are
unsuitable for cultivation (size < 2 ha, slope > 20%) [7]. They are usually managed by smallholders
involving family labor for extensive livestock husbandry of cattle and goats for self-consumption and
equines for daily agricultural activities [8]. In the last years, many of these farmers have also increased
the extension of their pasture lands aimed at increasing their livestock numbers, particularly cattle
(i.e., the effects of the agricultural intensification on the faxinal system are evident even in the most
traditional forms of agriculture).

Since many of these above-mentioned farms have problems in guaranteeing acceptable levels of
profit needed to maintain livelihoods, farmers have progressively started to introduce exotic pasture
species (e.g., Brachiaria decumbens, B. brizantha, etc.) in order to reach higher levels of productivity [9].
B. decumbens is a well-adapted species to a wide range of climate types, i.e., it can reach a high
production even in years with an irregular interannual distribution of rainfall [10]. Local species,
such as Paspalum notatum, are well-adapted to burning and low temperatures. Its rooting capacity is
concentrated in the first centimeters promoting a good grass cover [11]. Usually, it is accompanied by
a mismanagement of land resources because there are no regulations for animal stocking rates and
it is not common to follow any form of animal rotation-based grazing system. All these factors lead
to serious soil and pasture degradation at different scales [12] among other negative environmental
consequences, such as soil compaction and soil erosion.

The environmental impact of grazing in rangelands and grasslands has been widely studied,
particularly on soil properties [13], pasture production [14], losses of nutrients [15], and organic
matter [16]. Soil and water losses in pasture lands have been also studied worldwide [17-19]. The effect
of grass species on soil and water losses has received little attention, at least in Brazil. Nevertheless,
Turner et al. [20] have shown how replacing perennials with annual species has had detrimental effects
in many watersheds studied in the United States. In any case, these kinds of studies are still scarce
in the faxinal system of Southern Brazil, where the effect of the introduction of exotic species has not
been properly assessed. The main goal of this study was, therefore, to assess the impact of exotic
pastures (Brachiaria decumbens), in comparison to native species (Paspalum notatum Fliiggé), on soil
properties, productivity, and soil and water losses in a representative faxinal farm. We hypothesize that
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the introduction of new pasture species is causing serious problems of soil erosion and, consequently,
a decline in pasture productivity in the long-term.

2. Materials and Methods

2.1. Study Area

The study was carried out in an 8.0 ha rural property, of which 2.5 ha is exclusively used as
pasture land, located in the municipality of Ivai (Parana state, Southern Brazil). The rest of the farm is
used for agricultural purposes (4.0 ha), such as yerba mate plantations and afforestation of Eucalyptus
globulus (1.5 ha) (Figure 1).

Within the pasture land (2.5 ha), one part (1.4 ha) has been covered by perennial grasses (P. notatum
Fliiggé) as native pasture since 1995 and, in the other part (1.1 ha), the exotic grass species B. decumbens
was introduced after removing the native pastures in 2003. There were no fences between both parts,
i.e., animals (10 adult cows with an average weight of 450 kg) had no physical barriers for grazing in
both types of pastures.
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Figure 1. Geographical location and description of the representative farm used as the study area.

2.2. Sampling Design and Analysis

Two representative plots (native vs. exotic) were selected with the same slope inclination and
similar soil properties in order to allow the comparison of the impact of the grass species only on soil
and water losses. To achieve this goal, daily rainfall (measured using a Ville de Paris pluviometer-type
devise), the percentage of bare soil surface [21], and soil and water losses after each rainfall event with
sediment collectors [22] were quantified. A total number of five Gerlach troughs of 2 m? (1 m width x
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2 m length) were installed in each plot from July 2015 to June 2016. In Table 1, number (N) and dates
of each rainfall event with soil erosion sampling were added.

Table 1. Rainfall and soil erosion sampling dates during the studied period.

N  Rainfall Event Rainfall Amount (mm) N  Rainfall Event  Rainfall Amount (mm)
1 24/07 /2015 25.0 14 27/12/2015 60.0
2 13/08/2015 32.0 15 04/01/2016 30.0
3 04/09/2015 95.0 16 10/01/2016 47.0
4 09/09/2015 54.0 17 11/02/2016 61.0
5 27/09/2015 62.1 18 27/02/2016 54.0
6 22/10/2015 74.8 19 21/03/2016 29.0
7 01/11/2015 21.0 20 02/04/2016 82.0
8 05/11/2015 24.5 21 14/04/2016 47.0
9 14/11/2015 23.0 22 25/04/2016 24.0
10 16/11/2015 39.7 23 17/05/2016 38.0
11 17/11/2015 32.0 24 21/05/2016 40.0
12 19/11/2015 49.0 25 10/06/2016 35.0
13 19/12/2015 56.0 26 26/06/2016 42.0

The erosion plots were closed in order to avoid transfers of water and sediments from external
areas. Sediment yield and overland flow in each plot after each rainfall event were provisionally
stored in 25-L containers. The contents were transported to the laboratory to filter, dry, and weigh the
sediments. Animals could graze and freely move within the 10 installed erosion plots (Figure 2).

Area insulation edges
Gerlach trough

Plot surface Flow direction

Trough cover

Surface runoff

— 5
storage container

Figure 2. Details of a parcel installed on native pasture (A) and an illustrative scheme of the parcel (B).

The percentage of bare ground surface was also estimated after each rainfall event using a 1 m?
grid with 100 squares by the same person in each plot. A representative soil profile of each plot was
described [23] and classified [24]. A total of 10 bulk density soil samples from 0 to 10 cm depth were
randomly collected in the backslope position and mixed in a single bag in order to determine the soil
texture [25] and organic matter [26] in the laboratory. Finally, soil penetration resistance as an indicator
of soil compaction was measured in each one of the erosion plots (five repetitions) three days after
each rainfall event (~=field capacity) using a Humboldt H-4200 stainless steel soil pocket penetrometer.

2.3. Data Analysis

Descriptive statistical analysis, such as the mean and standard deviation, were used to describe
the variables of each type of pasture (native vs. exotic). The statistical significance of the comparison
of means between groups was conducted by a Tukey test with a level of significance below 5% of
probabilities. Statistical procedures were carried out using Statistica 6.0 software package [27]. Soil and
water losses were depicted in box plots and a one-way ANOVA was conducted to compare soil and
water losses between the plots using SigmaPlot v.13.0 (Systat. Inc., San Jose, CA, USA).
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3. Results

3.1. Soil Properties and Pasture Production

Table 2 shows the mean values of some soil properties and pasture production of each plot
(native vs. exotic). Pastures were cultivated in moderately-steep slopes over clay loam-textured
soils. Soils were classified as Dystro-ferric Cambisol, with low fertility and high iron contents in
the superficial horizons [24]. No significant differences are found in the soil grain size distribution
among plots. The native pastures show a higher content of soil organic matter (6.3 g k™!) and a
lower bulk density (1.29 g cm~3) than the cultivated pastures (4.8 g k~! and 1.34 g cm~3). The mean
pasture production of exotic pasture was significantly higher (987 kg DM ha~!) than in the native plots
(204 kg DM ha™1).

Table 2. Mean values of soil properties and pasture production of each plot type. Different lower-case
letters (a and b) in the same line indicate significant differences (p < 0.05, Tukey test).

Variable Native Pastures Exotic Pastures
Slope (%) 18 20
Soil type [24] Cambisol Cambisol
Sand (%) 36 34
Silt (%) 30 28
Clay (%) 34 38
SOM (g kg™ 1) 6.3 4.8
Bulk density (g cm~3) 1.29 £ 0.21a 1.34 £ 0.19a
Porosity (%) 51 + 2.16a 48 +1.97a
Pasture production (kg DM ha™1) 204 + 98b 987 + 201a

3.2. Soil and Water Losses

A total number of 26 rainfall events were recorded during the studied period totaling an annual
rainfall amount of 1177 mm from 1 July 2015 to 30 June 2016. Soil losses and runoff are depicted in box
plots per rainfall event (Figures 3 and 4) and total results are summarized in the Table 2. Some rainfall
events (<24 mm) did not cause significant differences in water losses among both plots. The total water
losses are significantly higher in the exotic pastures (88.6 L m~2) than in the native ones (71.8 L m~2),
which mean an average of 6.6% and 5.2% for the runoff coefficients, respectively. These results show a
statistical significance (p < 0.036) for the total average runoff per rainfall event.

Cultivated pastures recorded a total soil loss of 364.8 g m™ (3.6 mg ha~!) which meant it was 4.0
times higher than in native pastures, which registered 90.7 g m~2 (0.91 mg ha—'). After applying a
Tukey test, significant differences (p < 0.001) were obtained for the total average soil loss per rainfall
event in the two pasture types.

Rainfall events lower than 30 mm did not show significant differences in soil loss (the mean
value of each event) for the two types of pastures, however, the mean value was three times higher
for the exotic pasture (native 1.0 g m~2 vs. exotic 3.0 g m~2). However, rainfall events higher than
30 mm showed significant differences between native and exotic pastures, reaching 4.4 g m~2 and
18.1 g m~2, respectively.

A significant contrast was found in the rainiest event (E3: 95 mm), where soil losses in the
native pastures were only 12.4 g m~2 and, on the other plots, had up to three times higher soil losses
(36.7 g m~2) for the cultivation of B. decumbens.
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Figure 3. Box plots of soil losses in cultivated and nature pasture plots.
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Figure 4. Box plots of runoff coefficients in cultivated and nature pasture plots.

Finally, in Table 3 the average values of sediment concentration of 1.2 and 4.5 g L~! can be observed
for the nature and exotic pasture, respectively. Additionally, they showed significant differences
(p < 0.001) among them.
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Table 3. Mean values of soil erosion parameters; Re: runoff coefficient, SC: sediment concentration.

Land Use Parameters  Runoff (L m—2) Rc(%) SC(gL™!)  Soilloss (g m~2)

Mean 72.1 52 1.2 90.7
SD 2.6 24 0.6 4.5

Native pastures Max 11.8 12.4 3.0 19.5
Min 0.7 2.8 0.4 0.5

cv 7.0 5.7 0.3 19.8

Mean 88.6 6.6 3.2 364.7

SD 2.8 29 21 19.6

Exotic pastures Max 10.3 154 9.2 76.0
Min 0.8 3.5 0.7 0.6

cv 7.8 8.7 45 385.8

Significant differences (Tukey test) p <0.036 p <0.001 p <0.001

3.3. Bare Soil and Penetration Resistance

Data of the percentage of bare ground and soil penetration resistance as an indicator of the soil
compaction degree can be observed in the Table 4. In general, exotic pastures show a higher soil
compaction than the native species. In native pasture plots, a total average of 2.73 £ 0.32 MPa was
measured. The maximum value reached is 3.5 MPa, and 2.4 MPa is the minimum measured. On the
other hand, for exotic pastures, values as high as 3.25 £ 0.25 MPa were found for the mean soil
penetration. The highest value found was 3.7 MPa and the lowest one was 2.9 MPa. The Tukey test
to observe the statistical differences among plots proved the two sites to be statistical significantly
different (p < 0.001).

Table 4. Mean values of bare soil (%) and penetration resistance (SPR).

Land Use Parameters Bare Soil (%) SPR (MPa)

Mean 9.99 2.73

SD 1.66 0.32

Native pastures Max 12.50 3.50
Min 7.16 2.40

cv 16.63 0.10

Mean 19.16 3.25

SD 2.31 0.25

Exotic pastures Max 23.50 3.70
Min 15.14 2.90

cv 12.08 0.06

The percentage of bare ground was estimated after each rainfall event (n = 26). As average
plots with exotic pastures recorded a mean value (19.16% =+ 2.31) much higher than in plots with
native pastures (9.99% =+ 1.66). The percentage of bare ground in exotic plots ranged from 15 to 24%;
meanwhile, in the native ones, these ranged from 7 to 13%. The data variability was not so high
(CV < 20%) in both cases.

3.4. Relationships between Variables

Table 5 shows the coefficients of correlations among all the studied variables. Bare soil looked
to be the most influencing factor on soil loss in the exotic pastures (r = 0.452, p < 0.05); meanwhile,
penetration resistance had the highest influence on soil loss in the native pastures (r = 0.532, p < 0.01)
although it was not significant in the exotic ones. Rainfall was positively correlated with soil and water
losses in both pastures (native and exotic), but these coefficients were higher in the native pasture
(r=0.795, p < 0.01; soil loss). Furthermore, penetration resistance was positively correlated with bare
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soil, being particularly high in the exotic pastures (r = 0.879, p < 0.001). The percentage of bare soil was
a key influencing factor on soil and water losses, as well as on penetration resistance on exotic pastures.

Table 5. Pearson’s correlation coefficients among soil erosion parameters, rainfall, bare soil percentage,
and penetration resistance of both types of pastures. Significant correlations have been highlighted in
bold. *, **, *** mean significant at p < 0.05, < 0.01, and < 0.001, respectively.

Native Pastures

Rainfall Bare soil Soil loss Water loss  Penetration resistance
Rainfall 1.000
Bare soil 0.011 1.000
Soil loss 0.795 *** 0.169 1.000
Water loss 0.884 *** —0.001 0.909 *** 1.000
Penetration resistance 0.267 0.450 * 0.532 ** 0.303 1.000
Exotic Pastures
Rainfall Bare soil Soil loss Water loss  Penetration resistance
Rainfall 1.000
Bare soil 0.209 1.000
Soil loss 0.664 *** 0.452 * 1.000
Water loss 0.756 *** 0.397 * 0.919 *** 1.000
Penetration resistance 0.097 0.879 *** 0.357 0.271 1.000

Figure 5a shows the scatterplot of bare soil against soil losses. In the native pastures, we observed
soil losses lower than 10 g m~2, which is produced under a soil exposure ranging from 9 to 24%. In the
cultivated pastures, soil losses increased as the percentage of bare soil increased. Soil losses up to
20 g m 2 are generated with a percentage of bare soil lower than 20%. The highest losses are recorded
when soil exposure reached percentages from 30 to 35%.
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Figure 5. Scatterplots of bare soil, soil losses (a), and runoff (b) in cultivated and native pastures.
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In Figure 5b, scatterplots of soil bare ground against runoff coefficient by groups are depicted.
Rainfall is highly correlated with water losses in both cases: native (r = 0.895, p < 0.001) and exotic
(r=0.627, p < 0.001). In the latter case, some data variability is found in rainfall events lower than
30 mm ranging from 25 to 35% rainfall runoff coefficient. Rainfall events higher 60 mm are able to
generate significant runoff coefficients in both cases (see Figure 4). The water loss dynamics condition
soil loss production. Figure 5b shows the scatterplot of water losses against soil losses in both cases.
In both the native, as well as the cultivated, pastures there is a high correlation between water and soil
losses (r = 0.773, p < 0.001 for native, and r = 0.570 for cultivated, pastures).

4. Discussion

We have compared values obtained from nearby plots which were located on similar topographical
and edaphic conditions. Nevertheless, the effects of cultivating, or not, exotic pasture species since 2003
can be now recognized. The cultivated area recorded a higher bulk density and content of soil organic
matter 1.5% lower than in native plots. This fact could be due to the necessity of some tillage during
the process of seeding. These values partially agree with those showed by Neil and Davidson [28] who
found gains or losses of C depending on the type of Brachiaria.

The most outstanding effects of cultivating pastures were observed in soil losses because exotic
plots recorded losses up to four times higher than in the native plots. Native species of perennial
grasses, such as P. notatum Fliiggé, are highly valuable in terms of soil protection by its capacity of
generating large covered patches at the soil surface level due to its rooting capacity [29]. It has stems of
the short rhizome type and prostrates aerial, flat, and green or reddish shoots which grow sympodially,
quickly covering the area where the plant is installed. Furthermore, this species is heat-tolerant
(tropical areas), and it can grow in soils with low fertility and water deficit (semi-arid areas), as well as
under overgrazing conditions [30]. Nevertheless, farmers are reluctant to continue using this pasture
because its productivity is up to five times lower than other exotic species.

Regarding the water losses, the runoff coefficient was not significantly different between both
types: native 5.7% vs. exotic 8.7%. Although these values are slightly higher than those reported
by Vadas et al. [15] in comparable conditions, nevertheless, our results suggest moderate rainfall
(25-39 mm) has a negative effect in terms of water losses in the cultivated pastures of B. decumbens.
Moreover, if bulk density and penetration resistance are higher and, consequently, porosity is lower,
therefore, the infiltration will be lower and runoff higher. This causes more transport capacity and
more soil loss in the cultivated sites.

Soil losses were significantly higher in the cultivated pastures than in the native plot. This latter
recorded value of soil loss (151.8 g m~2) is similar to those published by da Rocha Junior [19] in mixed
livestock-crop farming (108.0 g m~2). Nonetheless, the main soil loss found in cultivated pastures
(359.8g m~2) is almost double that of the main soil loss for pasture land estimated by Panagos et al. [31]
in Europe (202.0 g m~2).The higher soil and water losses quantified in cultivated pastures can be due
to their inherent characteristics. A higher soil loss was observed in more clayey soils. Thus, a greater
capacity to withstand erosion through binding forces (clay) can become more erosive if those binds
are broken.

Cultivated pastures of B. decumbens were more productive (Table 1) than the native pastures.
It probably produced a higher concentration of animals grazing in this part of the farm. In this case,
higher water and soil loss rates can be explained as a consequence of a higher grazing pressure [32]
since animal trampling and defoliation causes a reduction in the number of plants, biomass availability,
and litter cover that protects soils and provides organic matter for plants [33].

The cultivated pastures showed a higher percentage of bare ground surfaces (24.8 £ 6.7%) than
the native pastures (13.4 £ 3.8%). These values are lower than those quantified by Zhou et al. [13]
in China. Bartley et al. [34] reported soil and water losses between 6 and 9 times higher in (pasture
land) hills with large patches of bare soil than in other comparable vegetation covered hills at the
surface level. This reduction in vegetation cover causes a decrease of soil moisture because more
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water is lost by surface runoff. Exposed soil is more vulnerable to splash effects provoking a higher
soil detachment. Soil porosity is also reduced making the capacity of soils to infiltrate water and soil
aeration more difficult.

Soil compaction looked to be the most influencing factor on soil loss in the native pastures.
Since soil was relatively well-covered throughout the year, animal trampling may have provoked
the soil and water losses [35-37]. Nevertheless, larger surfaces of bare ground in spring time should
be considered as a good indicator of soil compaction and a serious problem for farmers in terms of
pasture productivity [14,38,39].

Our findings clearly show the two sides of the coin linked to the introduction of new pasture
species. From a conservationist point of view, soils are altered and, consequently, soil, water,
and nutrient losses are higher in the exotic pasture than in the native pastures. However, from an
economic profitability point of view, farmers need to produce more biomass to avoid extra expenses in
fodder supply acquisition. Therefore, we recommend looking for a balanced management approach
that guarantees sustainable use of pastures with appropriate inputs by farmers. Solutions may focus
on promoting rotational grazing systems adjusting animal stocking rates to land capacity for pasture
production, and finding ways of fertilizing that can enhance the productivity of native species.

5. Conclusions

The introduction of exotic species of pastures, such as Brachiaria decumbens, replacing well-adapted
local species, such as Paspalum notatum Fliiggé, in the faxinal system of Southern Brazil induces
increased soil erosion. Native species properly protect soil due to their carpet effect even under
conditions of heavy grazing. Nevertheless, the newly-introduced cultivated pastures reached a
production up to five times higher than the native ones. It can be very positive in terms of
incomes for farmers, but it is indirectly promoting practices considered as land mismanagement,
such as overgrazing and overstocking. Our findings suggest farmers must find a balance between
productivist practices, such as the introduction of new pastures, and conservationist techniques,
such as rotational grazing, reduction of animal stocking rates, or seek alternative improvements to
increase the productivity of native pastures.
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