

[image: image1]
Effects of Grazing Enclosures on Species Diversity, Phenology, Biomass, and Carrying Capacity in Borana Rangeland, Southern Ethiopia
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A grazing enclosure (GE) is one of the most effective techniques for restoring degraded rangelands by modifying the composition, abundance, and diversity of species. However, the effect of GEs on different grazing intensities and durations compared to open-grazing (OG) rangelands is not well known. We aimed to assess the effect of GE on the characteristics of plant species. We established five plots in a short-term enclosure, a long-term enclosure, and an OG treatment to examine the effect of GE on vegetation species’ height, abundance, diversity, phenology, biomass, heterogeneity, and the carrying capacity (CC) of rangeland under grazed and enclosed conditions. We found that GE significantly (P < 0.05) increased vegetation height, abundance, biomass, CC, phenological period, and species diversity. However, the increase in height, diversity, and phenological periods were not consistent with enclosure duration, and higher increments were recorded at the short-term enclosure site. The highest Shannon index value recorded at StGE (2.45) was 28.6 and 12.2% greater than the LtGE (1.75) and OG (2.15) sites, respectively. The advanced phenological periods were higher at the StGE site and showed 22.6 and 60.3% higher values than the LtGE and OG sites, respectively. The highest carrying capacities of 23.4 and 114.3% for livestock were observed at the LtGE compared to the StGE and OG grazing sites. In addition, the heterogeneity of the plants’ community was significantly higher in the long-term GE, due to the decrease in species’ diversity. In conclusion, this paper further contributes to the development of the theoretical basis on the effects of GEs and recommends strategies like rotational grazing and reseeding to be used in tandem with a GE for sustainable management of rangelands.
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INTRODUCTION

Rangelands are major parts of the global ecosystem and occupy more than a quarter of Earth’s land area (Muhammad et al., 2019). The density, richness, and dominance of rangeland species depend on spatial–temporal variation (Bennie et al., 2011). The species’ composition, diversity, biomass production, and CC potential of rangelands are mainly influenced by environmental factors and ecological processes such as human disturbance, interactions between species, and seed dispersal (Shao et al., 2016; Wang et al., 2018). Conserving the diversity of rangeland species is vital to sustaining productivity and minimizing the impact of other ecosystem services (Wu et al., 2014). Grazing, as one of the most important land uses of rangelands, affects the vegetation species’ diversity, biomass, and vegetation structure (Suizi et al., 2019). Grazing animals have a great impact on the formation of vegetation community and cause changes in richness, diversity, productivity, and CC of rangelands (Peper et al., 2011). Some studies indicated that livestock grazing is seen as a promising option for maintaining and promoting grassland biodiversity (Wang et al., 2018). Many other studies have assessed the effects of grazing on forage nutritive value, forage quality, soil physicochemical properties, and biodiversity (Graff et al., 2007; Ma et al., 2019). Under appropriate grazing management, forage value, quality, quantity, and soil properties show an increasing trend or better condition, yet overgrazing has led to a decrease in forage quality, quantity, and overall degradation of rangeland (Maestre and Reynolds, 2006; Chen et al., 2015).

Different grazing species have different effects on grassland vegetation due to their specific nutritional demands, jaw anatomy, and grazing behavior (Suizi et al., 2019). The simplest and most effective method of improving degraded rangeland conditions is to restore natural vegetation by excluding grazers (Al-Rowaily et al., 2015; Zhao et al., 2019; Song et al., 2020). GE is a highly used technique for restoring degraded rangelands in arid and semi-arid rangeland (Hu et al., 2016; Suizi et al., 2019). The productivity of degraded rangeland biomass and species’ cover can be restored through the implementation of GE (Yan and Lu, 2015; Liu et al., 2018; Zhao et al., 2019). Rangeland restoration focuses on grass species’ structure, abundance, diversity, biomass, and CC (Angassa and Oba, 2008, 2010). The Borana rangeland is the largest area of savannah grazing that provides different ecosystem services, such as biodiversity and climate and water conservation (Tadesse et al., 2002; Angassa et al., 2010). It is one of the primary pastoral production areas in east Africa, including Ethiopia, mainly protected by local pastoralists and often used for herding (Abebe et al., 2006; Raiesi and Riahi, 2014). The rangelands are grazed by indigenous herbivores, such as cattle, goats, sheep, camels, mules, donkeys, and horses. These rangelands have traditionally served as the principal pastures for Borana communities and are regarded as one of the major pastoral production bases in Ethiopia (Angassa et al., 2010). Currently, much of the Borana rangelands become severely degraded, due to a combination of overgrazing, encroachment by invasive bush species, and other climatic and anthropogenic factors (Asefa et al., 2003).

Nevertheless, overgrazing, caused by an increase in the human population and domestic livestock in Borana, is widely considered to be the primary cause of rangeland degradation (Abebe et al., 2006). Under conditions of overgrazing by livestock, a significant change was observed in the composition, biomass, CC, phenology, and heterogeneity of vegetation species in rangelands (Raiesi and Riahi, 2014). Currently, to alleviate the problem of rangeland degradation in Borana, the local community and government officials are implementing the GE method to restore degraded rangeland areas by preventing grazing for either long or short periods of time. This management strategy is expected to restore vegetation and enhance rangeland health in overgrazed and degraded rangelands (Zhao et al., 2019; Song et al., 2020). This campaign has been in practice for over 15 years and highlights the question: How does this strategy manage to restore the degraded Borana rangelands and what is its effect? However, research results regarding the effect of GE on rangelands’ plant species were not consistent. Some studies have indicated that GE can have negative effects on plant species’ diversity because of litter accumulation, water change, light competition, and species exclusion (Wu and Thirgood, 2009; Porensky and Young, 2013; Wang et al., 2018), which have occurred in the mechanisms of climatic and biotic interactions. Thus, the GE has significant effects on plant phenological development. Key aspects of plant phenology, such as greening, seeding, and flowering, have profound implications for the restoration of degraded grasslands (Guo et al., 2020). Various studies have indicated that StGE shows a better increase in species’ richness and advances the plant species’ phenology, and the situation may cease as GE duration increases (Komac et al., 2015; Xiong et al., 2016). As a result, an StGE is more highly recommended for restoring degraded rangelands than an LtGE (Dong et al., 2015). During LtGE, internal changes in the enclosure area (grazing disturbance state and colonization process) have a significant role in determining species’ diversity, biomass production, and CC of grasslands in relation to the external influencing factors (Jing et al., 2017; Wang et al., 2018).

Therefore, specific studies are essential for rangelands to be properly managed and for conservation goals to be achieved. In support of these mechanisms, estimation of the general ecological effects of GE on rangeland is important to update knowledge for maintaining sustainable grassland management in the Borana rangeland. In addition, evaluating the effect of GE can be used to understand the variation of plant species’ diversity between the OG and enclosed grassland sites. Nonetheless, many studies conducted in the study area (Tadesse et al., 2002; Asefa et al., 2003; Mengistu et al., 2005; Abebe et al., 2006; Angassa et al., 2010) were limited to estimating the effects of restoration practices using GE on the species’ diversity, biomass productivity, and CC potential of the grazing rangeland. Therefore, rangeland restoration through GE methods requires the use of clear measurable data using comparable spatial methods for all species at the study site. To fill the knowledge gap mentioned above, we posed the following questions: (1) How does GE affect the characteristics and diversity of grass species in the grasslands of Borana? and (2) How does plant phenology respond to GE? In this study, we investigated the impact of GE on abundance, height, diversity, phenology, biomass, and CC potential of plant species in Borana rangeland using both grazed and enclosure (in the short term of 1–3 years, and in the long term of 6–8 years) grazing site. We have implemented the OG and enclosure treatment in the Yabelo rangeland district, as the rangeland site is an area which includes both OG and GE (LtGE and StGE) grazing sites. The objectives of this study were: (1) to assess the effect of GE on the characteristics of plant species; (2) to evaluate the impact of GE on phenological and community heterogeneity of plant species; and (3) to compare the impacts of age of enclosures and other environmental factors on plant characteristics, as well as on the efficiency of the rehabilitation of degraded rangelands. We hypothesized that GE would have a significant effect on diversity of species, evenness, phenology, heterogeneity of plant communities’ biomass production, and CC in sites of the study area.



MATERIALS AND METHODS


Study Area

The study was conducted in the Yabelo district in the Borana region, Southern Ethiopia, using both OG, StGE, and LtGE sites for two consecutive years (2019 and 2020) (Figure 1 and Supplementary Table S1). It is located between 4°30′55.81″ and 5°24′36.39″ north latitude and between 7°44′14.70″ and 38°36′05.35″ east longitude (Dalle et al., 2015). The area is located 566 km south of Addis Ababa (capital city of Ethiopia), along Addis-Moyale road. The total area of the district is 15,430 km2, of which 68% (10,492 km2) is rangelands. The altitude is about 1000–1500 m, with a maximum altitude of 2000 m. Rainfall is bimodal with the main (73%) rainy season occurring between March and May, while the short (27%) rainy season occurs in September to November (Dalle et al., 2015). The two intervening dry seasons are from June to August and December to February, when forage resources are scarce (Angassa, 2014). The mean annual rainfall recorded is between 450 and 700 mm (Gemedo, 2020), while the mean annual temperature varies from 19 to 24°C with little seasonal variation. The potential evapotranspiration is 700–3000 mm (Billi et al., 2015). The main soil types in the study area include red sandy loam soil, black clay, volcanic light-colored silt clay, and silt, and are mainly used to support the growth of grazing grass species (Coppock, 1994; Gemedo, 2020). Based on the relative coverage, the dominant grass species in the investigated sites include Chrysopogon aucheri, Chloris roxburghiana, Cenchrus ciliaris, Harpachne schimperi, and Cyperus bulbosus (greater than 10% both in dry and wet seasons) (Coppock, 1994; Angassa, 2014). According to the latest census conducted in 2017, there is a reported population of 100,501 for this district, including 56,246 men and 44,255 women; 6289 or 14.2% of its population are urban dwellers. Cattle, goats, sheep, camels, mules, donkeys, and horses are the main species of livestock. Further, according to data reported by the zone livestock office, the estimated total number of herds of each species is 244,134, and the proportion in the herd and densities of each species found in the study district are cattle (104,000 or 42.6%), goats (86,039 or 35.2%), sheep (37,591 or 15.4%), camels (13,305 or 5.4%), horses (138 or 0.06%), mules (159 or 0.07%), and donkeys (2902 or 1.2%) of the total livestock population grazed in the study area. Furthermore, for the OG site, all listed species grazed year-round without rest, as pastoralist migration from one area to another is highly restricted by government policy, which is a major cause of overgrazing and degradation of Borana rangelands.
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FIGURE 1. Location of the study area and landscape of study sites. The fence line is clearly visible with a sharp variation of vegetation density and cover inside and outside. Photos by YF. FL, fence line; StGE, short-term grazing enclosure; LtGE, long-term grazing enclosure; OG, open-grazing.




Experimental Design, Field Investigation, and Measurements

We selected a site with two treatments: an enclosed (to evaluate the effect of GE) grazing site and OG sites (as a control). Inside the enclosed grassland, livestock had been abandoned, and to compare the variations in vegetation characteristics and to evaluate the impact of GE duration, GE was divided into StGE (for the last 3 years from 2016 to 2020), locally called Dida Tuyura, and LtGE (for the last 8 years from 2011 to 2020), locally called Danbal Waccu, and was associated with non-fenced year-round OG rangeland used as control treatments, respectively. Two GE treatments with different enclosed durations (3 and 8 years) were selected and investigated within 2 km interval. The selected rangeland sampling areas of these two GE sites and the OG sites were 100 ha for each (in total two GE + two OG sites = 400 ha). The sites were selected from a homogeneous area and had similar geographical conditions like slope, elevation, and soil types. Both in the OG and enclosed rangeland sites, we established five 20 × 20 m plots at 100 m intervals; a total of 20 plots (four treatments with five plots each) were used. Then, in each plot, three 5 × 5 m subplots were randomly assigned as pseudo-replicates out of a total of 60 subplots in grazing and enclosed treatments. Finally, five 1 × 1 m quadrats in each subplot, with a total of 300 quadrats per season, were assigned by randomly casting them back side to minimize any bias resulting from selective placement in each subplot for the collection of samples of plant species over two consecutive years (Supplementary Figure S1). The total sampling of (5 plots × 3 sub-plots × 5 quadrats × 2 seasons × 2 experimental years × 3 replications = 900 for each treatment site) was conducted. Moreover, the sample collection techniques and treatment site are the same during the dry and rainy season. The size of the sampling subplots was chosen due to the vegetation sampling using a random sampling design of 5 m2, with a saturation point of species richness, and the minimum size of sampling unit was 1 m2 (Luzuriaga et al., 2012; Klink et al., 2016).

In each sampling unit, we recorded the number of species, height, and abundance for each grass vegetation species. All the above ground grass samples were harvested by using a cutter and collected in a paper bag. The fresh weight of the collected grass samples was measured in the field with a scale. Then the samples were oven-dried for 24 h at 105°C to determine the biomass. Then the dry matter (DM) measured after 24 h was converted to kilograms per hectare (kg ha–1), and the proper use factor (PUF) was taken as 30% to calculate available forage (Sintayehu, 2006; Meshesha et al., 2019). Thereafter, the DM biomass and livestock CC were determined using procedures described by Niguse (2008). Identification of the grass species was done in the field using identification keys, plates, Flora of Ethiopia books, and the Addis Ababa University national herbarium (Elmore et al., 2000; Dalle et al., 2006). The specific assessment for a detailed palatability value of grass species and soil physicochemical properties was given by a study carried out on the same site and by the same author (Supplementary Table S1) (Yeneayehu et al., 2020). Data collection on grass species sampling was performed twice per year, for two consecutive study periods of the dry season (January to February) and the rainy season (March to May), at the time where grass species were identified easily and peak biomass was recorded. In addition, the field data were collected with three replications for each season.



Data Analysis

A paired difference t-test was conducted to test the differences between the examined parameters (vegetation characteristics, biomass, species diversity, evenness, CC, and change in biomass) between enclosed and grazed plots within each treatment. Grass species diversity was assessed using the Shannon species diversity index (Shannon, 1948). H = −[Σ (pilnpi)], and Pielou evenness index (E) = H/InS was determined by calculating the frequency of each plant species (pi = proportion of individual species in each plot at which species i was recorded; S in is the total number of species in a quadrat) (Suizi et al., 2019). Species frequency, abundance, and dominance were quantified in order to evaluate the grass species’ community and abundance dynamics caused by GE (Wang et al., 2018). The RF, calculated as the frequency of individual grass species divided by the frequency of the total grass species in the sampling plot, RD, calculated as the dominance of individual grass species divided by the dominance of all grass species collected within the sampling plot, and RA, calculated as the total number of individual grass species divided by the total number of all grass species collected within the sampling plot, are described as follows (Eqs 1–3, respectively) (Van wilgen and Richardson, 2014).
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CC dynamics of grazing site was calculated using Eq. 4.
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where CC = carrying capacity in animal units per hectare (AUha–1), D = number of days in the year (or period to be grazed), DM = dry matter (biomass) in kgha–1, Uf = utilization factor (0.3), and r = daily DM required by one grazing animal (2.5% of bodyweight), which is 11.25 kg for an AU [450 kg grazing animal (cattle)]. To assess the effects of GE on grass species’ phenology, we established an evaluation index of the relationship change of phenological stage (EIRCP) to describe phenological differences between GE and OG sites. The index was calculated according to (Eqs 5 and 6) (Guo et al., 2020).
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Psi = the phenological period of species i; APS = the average phenological period of all species inside (GE) or outside (OG) sites; and the number 4 = the maximum phenological differences between inside and outside the enclosure. If the EIRCP value is greater than 0, this tells us the grass phenology improved; if EIRCP value is less than 0, it indicates the grass phenology declined or delayed, and its value ranges between −1 and 1 (Yao et al., 2019; Guo et al., 2020). All statistical analyses were performed using the mean of different variables for the three subplots in both OG and enclosed rangeland. The impacts of GE on grass vegetation characteristics, height, biomass, diversity index, evenness, dominance index, and change of CC in the different rangeland types were tested using two-way analysis of variance (ANOVA) by the general linear model (GLM). This was employed to evaluate the effects of GE on the vegetation community, diversity, and spatial heterogeneity, i.e., to analyze the relationship between species diversity, dominance index, and dominant species heterogeneity. In the ANOVA analysis, fixed factor was Borana rangeland grazing treatments (GE and OG), while the covariates were Rs and Ds. The two covariates, Rs and Ds, were used to fit the ANOVA linear models and were not highly interacted with the fixed factor (P > 0.05). Correlation analysis was used to test the relationships between dominance index, species diversity, and dominant species heterogeneity with vegetation grass community heterogeneity. The least significant difference test was used to compare the means at P < 0.05. All statistical analyses were performed using SPSS 17.0 (SPSS Inc., Chicago, IL, United States), and all significant differences were taken at P < 0.05. The spatial heterogeneity of the grass species was calculated as the standard deviation of the total coverage of four cells (s) divided by the mean value (m) (Weigelt et al., 2008). The spatial heterogeneity of the vegetation community (and of differently dominant species) was calculated as the standard deviation of the total (and differently dominant species) coverage divided by the mean value (m) [coefficient of variation (CV)] (Weigelt et al., 2008).



RESULTS


Effects of Grazing Enclosure on Grass Species Characteristics

Grazing enclosure had a significant effect (P < 0.05) on biomass, height, abundance, phenology, CC, and diversity of vegetation species. Comparing the GE site to the OG sites, the height and abundance of grass species increased in the GE (both at StGE and LtGE) sites (Figure 2). The average height of recorded grass species was found to be significantly higher in GE sites than OG sites, especially in the StGE site. GE generally facilitated the increment in grass species’ abundance. The response of grass species’ abundance to GE also varied with enclosure durations. GE significantly increased the abundance of LtGE compared to StGE. In addition, the effect was significant with seasonal variations. This indicates that the effect of GE showed a significant interaction with climate change factors across all grazing sites (Figure 2). In general, there was a clear trend for the differences in height and cover of plant species induced by GE. No significant (P > 0.05) differences were observed in the year-round dominant grass species index both in the GE and OG sites; however, variation was observed on the Simpson’s dominance index when the GE duration interacted with seasonal variation and during the Rs; the lowest dominance index (F = 22.5, P < 0.05) was observed at StGE. This is because of the increment of species’ diversity at StGE (Figure 3A). LtGE significantly (P < 0.05) reduced species’ diversity and increased Simpson’s dominance index. The StGE sites exhibited greater species’ diversity (21 species from total sampling quadrats or 4.2 species per plots) compared to both the LtGE (17 species from total sampling quadrants or 3.4 species per plots) and the OG (19 species from the total sampling quadrats or 3.8 species per plots) sites (Supplementary Table S2). Among the grass species, C. roxburghiana, C. aucheri, C. ciliaris, C. bulbosus, and H. schimperi had higher frequencies in the GE and OG rangelands (Supplementary Table S2) and showed decreasing patterns as the duration of the enclosures decreased and grazing time increased. The Shannon index increased significantly from the beginning to a few years of enclosure, but then declined when the enclosure duration increased, and the highest value recorded at StGE (2.45) was 28.6% and 12.2% greater than the LtGE (1.75) and OG (2.15) sites, respectively (Figure 3B). For the variation in dominance, the LtGE had no significant effect on the index of the dominant grass species but significantly reduced the diversity of the common grass species (from 16 species to 12 species) (Supplementary Table S2). The effect of GE on species’ evenness index was not significant (P > 0.05), but decreased slightly in the LtGE (Figure 3C). The highest biomass, diversity, abundance, height, and CC capacity were recorded during the rainy season at GE and OG sites, but species’ evenness and dominance in enclosures compared to areas grazed were not significant.
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FIGURE 2. Response of height (A) and abundance (B) of grass species under two treatments: grazing enclosure (short and long) and open-grazing of grassland types in relation with seasonal variation. Note: LtGE, long-term grazing enclosure; StGE, short-term grazing enclosure; OG, open-grazing; Rs, rainy season; Ds, dry season. Scatter plots show seasonal variations and bar plots attached show the yearly average value of grass characteristics. Error bars are shown by standard error. Different lowercase letters within bar plots indicate differences with a significant level (P < 0.05) between the treatments.
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FIGURE 3. Species relative dominance (A), Shannon diversity (B), and species evenness (C) under treatments of grazing enclosure and open-grazing in relation with seasonal variation. Note. LtGE, long-term grazing enclosure; StGE, short-term grazing enclosure; OG, open-grazing; Rs, rainy season; Ds, dry season. a* indicates differences but not significant. Bar plots show seasonal variations and scatter plots attached show the yearly average value. Error bars are shown by standard error. Different lowercase letters within bar plots indicate differences with a significant level (P < 0.05) between the treatments.




Effects of Grazing Enclosure on Phenological Characteristics of Grass Species

Besides the height, abundance, diversity, and evenness of vegetation species, GE also had significant (P < 0.05) effects on the phenological (green up, flowering, and seeding) periods of grass species in the study sites. In general, GE advanced the phenological period of grass species, which was also observed in the Borana rangeland (Figure 4), and a better phenological period was recorded during the rainy season across all treatment sites. However, the advancement of the phenological stage of the grass showed a characteristic of decline with increasing duration of GE. An evaluation index of relationship change of phenological stages (EIRCP) describing the phenological differences between treatments recorded average values of 0.41, 0.53, and 0.21 at LtGE, StGE, and OG sites, respectively. From this point on, the advanced phenological periods were higher at the StGE site and showed 22.6 and 60.3% higher values than the LtGE and OG sites, respectively.
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FIGURE 4. Grass species’ phenological difference at grazing enclosure vs. open-grazing sites. Note. LtGE, long-term grazing enclosure; StGE, short-term grazing enclosure; OG, open-grazing; Rs, rainy season; Ds, dry season. Bar plots show seasonal variations and radar plots attached show the yearly average value. Error bars are shown by standard error. Different lowercase letters within bar and radar plots indicate differences with a significant level (P < 0.05) between the treatments.




Effects of Grazing Enclosure on Grass Biomass and Carrying Capacity

The results of our findings showed significant (P < 0.05) variations in terms of grass biomass production between the GE and OG sites. The variations may be due to a decrease in grazing intensity and protection from grazing during the growth season on the GE sites. This resulted in the recovery of grass species, but in the OG site year-round grazing caused their reduction. The highest biomass was recorded in the LtGE (1100 kg ha–1), 19.5 and 53.2% higher than the StGE and the OG sites, respectively (Figure 5). Furthermore, a high accumulated biomass in the GE results in a high CC of the grazing site as compared with the OG site. Therefore, a significant difference of CC was observed between the treatment sites, and a better livestock CC status of rangeland was found at the LtGE (3.85 ha AU–1year–1 or 0.26 Au ha–1 year–1) followed by StGE (4.75 ha AU–1 year–1 or 0.21 Au ha–1 year–1) (the higher CC value indicated that the rangeland CC was low or degraded) (Figure 5). Thus, rangeland management using GE shows a better forage production and can support more livestock in a small grazing site and also reduces overgrazing and degradation of the grazing site. From this result, a high CC of 23.4 and 114.3% for livestock was observed at LtGE compared to the StGE and OG grazing sites. Regarding grass species, the dominant species (C. roxburghiana, C. aucheri, C. ciliaris, C. bulbosus, and H. schimperi) represent more than 80% of biomass production across all treatment sites.
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FIGURE 5. The grass biomass and carrying capacity potential under grazing enclosure and open-grazing conditions. Note. LtGE, long-term grazing enclosure; StGE, short-term grazing enclosure; OG, open-grazing; Rs, rainy season; Ds, dry season; CC, carrying capacity. Bar and line plots show seasonal variations and cylinder plots attached show the yearly average value. Error bars are shown by standard error. Different lowercase letters within bar and line plots indicate differences with a significant level (P < 0.05) between the treatments.




Effects of Grazing Enclosure on Grass Community Spatial Heterogeneity

The effects of GE exerted an influence on the spatial heterogeneity of grass community across the treatment sites. In general, LtGE showed an increasing and StGE a decreasing pattern of the total and dominant grass community heterogeneity compared with the OG site, but neither was significant. The simple linear regression model showed that grass community heterogeneity was negatively related with species diversity (Figure 6B), but positively related with the dominance index (Figure 6A) and dominant species spatial heterogeneity (Figure 6C). Heterogeneity of dominant grass species was a significantly negatively related with species diversity. This resulted from variations of the GE period, and livestock grazing intensity and duration became a universal driver or cause for dynamics of species diversity, richness, and dominance across the sampling site, and variation of spatial heterogeneity of species significantly depends on the dynamics of the vegetation community.
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FIGURE 6. The relationships of dominance index (A), species diversity (B), and dominant species heterogeneity (C) with grass community heterogeneity within the study sites.




DISCUSSION


Effects of Grazing Enclosure on Grass Species’ Composition and Characteristics

In this study, we observed that GE had an impact on height, abundance, diversity, and evenness of vegetation species, and on dominance index in the Borana rangeland site (Figures 2, 3 and Supplementary Table S2). In general, GE facilitated an increment of grass species’ height both in LtGE and StGE treatments, significantly at the StGE site (Figure 2A). This finding is in line with the results found in other studies (Li et al., 2017; Suizi et al., 2019; Guo et al., 2020). This is basically due to the decrease in livestock grazing, which allowed the recovery of species and accumulation of biomass (Muhammad et al., 2019; Song et al., 2020). We found that GE positively impact on grass species’ abundance and increased in both the long-term and the short-term enclosed areas, significantly at Lt GE areas (Figure 2B and Supplementary Table S2). This result verifies the different responses of grass species’ abundance to GE across various enclosure durations in the Borana rangeland (Angassa and Oba, 2010; Dalle et al., 2015). Grass species’ abundance was more vulnerable to grazing intensity and other environmental factors, such as seasonal variation. Such a difference in abundance of grass species between enclosure and grazing plots indicates that the rehabilitation of degraded rangeland through recovery of grass species using GE techniques is possible (Li et al., 2014; Gemedo, 2020). However, in arid and semi-arid rangelands like Borana, a change in grass abundance through GE takes many years, so we strongly recommend that other management strategies, like reseeding local grass species and fertilization or animal manure, may be better to speed up the rehabilitation rate of degraded rangeland by increasing grass abundance. This result is entirely in agreement with the data reported by Tadesse et al. (2002) and Guo et al. (2020).

The response of species’ diversity for GE was both positively and negatively significantly impacted. The highest species’ diversity was recorded in the StGE sites and at the LtGE in both Rs and Ds (Figure 3B). But there were no statistical effects on dominant species’ diversity (Figure 3A and Supplementary Table S2). Our data are consistent with the findings in other grassland ecosystems, both within Ethiopia (Niguse, 2008; Angassa et al., 2010; Meshesha et al., 2019) and in other countries (Li et al., 2014; Zhu et al., 2016; Yao et al., 2019; Guo et al., 2020), and are contradictory to the results reported by others (Zhang and Zhao, 2015; Sagar et al., 2019). The possible reason for the increasing of species’ diversity in the StGE and OG as compared to the LtGE is due to the existence of empty space and heterogeneity of habitats which favors species’ coexistence (Raiesi and Riahi, 2014). Further, the other possible reason for the lower diversity in LtGE is to prevent seeds from freely dispersing, forming climax species, which increases species’ competition for light and water resources, and thus decreases grass diversity (Zhu et al., 2016). This is in line with typical discussions of enclosure duration impact on the grass species’ diversity. Such a condition was explained by the “competitive exclusion hypothesis” (Suizi et al., 2019). As GE duration increases, the competitors gain an advantage and surpass the groups with weaker competition (Digitaria milanjiana, Bothriochloa insculpta, Dactyloctenium aegyptium, and Enteropogon somalensis) (Supplementary Table S2), and thus, become a cause for decreasing species’ evenness. As a result, in the LtGE site, species’ evenness decreased but not significantly, and this was highly observed during dry season. In general, the “intermediate disturbance hypothesis” explained that species’ diversity will increase with the intensity of appropriate grazing in a short-term enclosure, which helps to improve the ecological function of the species to promote the appropriate use of environmental resources (Wan et al., 2015). In addition, seasonal variations considerably influenced the height, abundance, diversity, and evenness of vegetation species, and during the rainy season, an increment of all mentioned grass characteristics was observed across all study treatment areas (Figures 2A,B, 3A–C).



Effects of Grazing Enclosure on Phenological Characteristics of Grass Species

Our study shows that GE had a significant impact on grass phenological advancement and tended to happen earlier in enclosed plots of sampling rangelands in terms of the whole grass community. This is because GE enhanced the growth of grass roots that increased the utilization of underground water resources (Peper et al., 2011; Guo et al., 2020). Further, we found that phenological periods of grass species decreased as the duration of GE increased and an evaluation index of relationship change of phenological stages (EIRCP) showed a decreasing pattern (Figure 4). The phenological stages’ changes were observed in all grass species in all enclosed plots, either increasing or decreasing during both rainy and dry seasons, and our data are in contrast with the data reported by Guo et al. (2020). For further study, we recommend that further evaluation of environmental factors, such as soil moisture, temperature, and microorganisms, in both GE and OG treatments in Borana grasslands, should be carried out to provide a strong conclusion on the impact of GE on grass phenology. It should also be noted that it is difficult to produce enough data using daily specific measurements of grass phenology to use for evaluating the response to GE, unless considering the exact identification of grass species for how many and at what specific times were eaten by grazing livestock (Wu and Thirgood, 2009; Hu et al., 2016).



Effects of Grazing Enclosure on Grass Biomass and Carrying Capacity

The effect of GE on grass biomass production and rangeland CC shows an increasing trend compared to the OG rangeland sites, and our findings were in agreement with the data reported in different areas of Ethiopia (Mengistu et al., 2005; Angassa et al., 2010), Kenya (Oba et al., 2001), Uganda (Lenzi-Grillini et al., 1996), and Tanzania (Mwalyosi, 2000). The reason for an increase in grass biomass in the GE sites is because of the effects of rest and recovery of grass species, and advancement of their phenological period (Wan et al., 2015). The vegetation species recorded in this study area were mainly focused on the species palatable to the livestock species that grazed in the study area; their palatability rate was identified by Mengistu et al. (2005) and Angassa et al. (2010). Further, GE increased the proportion of palatable species and decreased the unpalatable species found in the enclosed areas. The greatest impact on the proportion of palatable species was observed at the LtGE site. The GE duration also showed a significant impact on grass biomass production and this is related to the abundance of grass species (if the abundance of species high, then the biomass is also high) and our result disagrees with the data reported by Zhu et al. (2016) who stated that the age of enclosures has no effect on grass biomass. Seasonal variation had a significant impact on grass species’ productivity and indicates that inter-annual rainfall variability has a vital role in determining the availability of forage biomass in the rangeland site (Figure 5). Furthermore, biomass increased considerably during the Rs compared to the Ds in both the GE and the OG sites (Wan et al., 2015). Our result was somewhat different from this, which suggests that the duration of GE had a negative impact on grass biomass production. Contrary to the suggestions forwarded by Zhu et al. (2016) and Wang et al. (2018), the older GE sites accumulated a high grass biomass and CC potential compared to the younger GE and OG sites. The average annual CC potential was 3.85, 4.75, and 8.25 ha AU–1year–1 for the LtGE, StGE, and OG sites, respectively. This indicted that the LtGE had 23.4 and 114.3% higher CC potential compared with the StGE and OG sites, respectively (Figure 5). Generally, grass biomass production and CC showed a positive correlation with the abundance of grass species (Figure 2B and Supplementary Table S2) and did not have a significant correlation with grass species diversity (Figure 3B and Supplementary Table S2); thus, our result was opposed to the data explained by others (Klein et al., 2007; Zhu et al., 2016; Wang et al., 2018).



Effects of Grazing Enclosure on Grass Community Spatial Heterogeneity

The heterogeneity of grass communities showed an increasing trend due to GE in the study area, which is consistent with the results of a livestock exclusion experiment conducted by Adler and Lauenroth (2000) in a Colorado rangeland site. The results of our study showed that the GE duration had a positive impact on the grass species heterogeneity, which means that if the rangeland enclosed duration was high, then the grass community heterogeneity was high; this is mainly because of the decreasing of species’ diversity while GE duration increased. A simple linear regression model showed that as the species diversity increases, the grass community diversity decreased, and such observable effects of GE are consistent with our estimated hypothesis. The stability of rangeland area is more sensitive to the loss of diversity and this affects not only biomass productivity but also spatial heterogeneity (Yan and Lu, 2015; Yang et al., 2017). The stability of the grazing area is mainly affected by the stability of the dominant species (Yang et al., 2017) and in LtGE dominant species is more stable, which is also one major cause of high grass community heterogeneity (Suizi et al., 2019) (Figure 7). In this study, the LtGE caused the loss of some common species, but increased the dominant species, which led to an increase of grass community spatial heterogeneity. The evidence we have discussed here suggests that LTGE is not more effective in rehabilitation of the degradation of Borana grasslands but increases heterogeneity due to the decreased existing grass diversity, and that StGE is better for improving degraded rangeland and increasing existence grass species, but deceases heterogeneity. Our finding is similar to the results and suggestions found in other studies (Wang et al., 2018; Muhammad et al., 2019; Suizi et al., 2019; Guo et al., 2020; Song et al., 2020) and opposite to the results reported by Angassa and Oba (2008, 2010), Yan and Lu (2015), and Yao et al. (2019).
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FIGURE 7. A conceptual model of the effects of grazing enclosure and its duration of application on grass community spatial heterogeneity. Note. + and - signs across each arrow indicate significant positive and negative impacts, and * sign indicates non-significant impacts.




Grazing Enclosure Implications for Rangeland Management Strategies

In order to overcome the effects of rangeland degradation on the Borana rangeland, GE is highly applicable at government and private levels. From a sustainable rangeland management perspective, GE is an effective approach if we apply GE for a short period of time or in the form of rotational grazing, which facilitates a better performance in restoring grass species diversity and promoting species’ coexistence (Angassa et al., 2010; Chen et al., 2015). But if the duration of GE increases, its effectiveness decreases (shows decreasing trends of vegetation diversity, the vegetation phenological periods, height, and evenness).Thus, taking into account the impacts of enclosure duration on rangeland rehabilitation practices is important for the implementation of effective and sustainable management strategies (Komac et al., 2015). Thereby, based on our current findings, using LtGE as a restoration practice is not effective; instead, StGE shows a better capacity for species existence and is also more timely. In addition, GE increased the abundance of grass species and decreased the proportion of bare areas, and also increased the N and C storage capacity through enhancing soil quality in the degraded rangelands (Zhang and Zhao, 2015). In general, our results show that GE is an effective method to rehabilitate degraded rangelands and that it is more effective if used for short time periods (Figure 2B). In the Borana zone, rapid rangeland degradation has become a bottleneck problem for the pastoral community; as a result, the local community, government officials, and other non-governmental organizations are applying the practice of GE to minimize and restore degraded rangelands. Therefore, for an effective solution to this rapid degradation of rangeland, priority should be given to the restoration of the area with a more rapid and timely result and the area selection should be based on the primary objective of techniques and status of the areas (Suizi et al., 2019).



CONCLUSION

In conclusion, GE was found to have a significant effect on height, abundance, biomass, phenology, diversity, spatial heterogeneity, and CC of vegetation species, yet had no significant effects on species’ evenness and yearly average dominance index in all the treatment sites of the Borana grassland. However, seasonal variation showed a significant variation in species’ dominance index and a relatively lower dominance index was observed in StGE than LtGE and OG during the Rs (Figure 3A). The effects are strongly related to the duration of the GE. The duration of GE has a positive effect on species abundance, biomass, and CC, although it has a negative effect on species’ diversity, phenology, and height of grass species and decreased the proportion of poisonous herbs and weeds. Our results indicated that the LtGE failed to improve grass diversity, height, and species’ phenological periods and changed the grass community heterogeneity in the rangeland. From this, our data indicated that the decrease in grass species’ diversity was the main reason for the increase in grass community heterogeneity in the LtGE at the Borana rangeland. Furthermore, we suggest that application of the StGE practice has restored most grass species’ diversity and maintained their stability. GE also plays a positive role in restoring degraded rangelands and the effects of GE are the highest in StGE techniques. However, for effective management practices, it is strongly recommended that short-term fencing, in the form of rotational grazing and applied reseeding technology, be considered and the use of animal manure and fertilizers should also be considered. In addition, not only management practice, but also seasonal variations have influenced rangeland productivity and diversity of grass species. In general, focusing on the impact of GE on different aspects of the grass species’ characteristics and assessing the interaction effect with other environmental factors are needed for effective and sustainable management of degraded rangeland like Borana. The results of this study may serve as a reference for further study both in the study area and in other rangelands with similar features. Finally, we recommend that including the differences in soil physico-chemical characteristics between GE and OG would be advisable to discuss the effects on rangeland condition both in the Borana and in other similar rangeland areas.
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