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Community-led watershed development activities, including the establishment of exclosures (areas where both livestock and farming activities are excluded) on degraded communal grazing land, have become a common practice in Ethiopia since the 1990s. However, it is not yet fully understood how these exclosures change soil organic carbon and total soil nitrogen in different soil types and under different agroecologies. A meta-analysis using data gathered from the most relevant peer reviewed articles from Ethiopian exclosure systems was conducted to assess the variation in the effects of exclosures on soil carbon and nitrogen and to investigate the factors controlling change. The results demonstrate that after 16 years, exclosures can increase soil organic carbon and total soil nitrogen up to an effect size greater than two. This is moderated by soil type, exclosure age, landscape position and agroecology. More effective restoration of soil carbon was observed in less developed Leptosols and Cambisols than in more developed Luvisols, and in drier than more humid agroecologies. The results suggest that soil type and agroecology should be taken into consideration when planning and implementing exclosures on degraded communal grazing land. The findings of this study provide base line information for the future expansion of exclosures, and guide where to focus implementation. They also provide criteria to be used when planning and establishing exclosures to restore soil carbon and nitrogen. In addition, the results generated through this meta-analysis provide better understanding of the spatial and temporal variation of the effectiveness of exclosures to restore soil carbon and nitrogen.
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INTRODUCTION

Land degradation, resulting in long-term loss of ecosystem services, is one of the world’s most pressing environmental problems (IPBES, 2018). A report on progress toward achieving Sustainable Development Goal (SDG) 15 (life on earth) indicated that 20% of the Earth’s total land area was degraded between 2000 and 2015, resulting in a significant loss of key services underpinning food production, clean water and emissions of greenhouse gases (SDG Report, 2019). Currently, degradation of the Earth’s land surface through human activities is negatively impacting the well-being of at least 3.2 × 109 people and costing more than 10% of the annual global gross product in loss of biodiversity and ecosystem services (IPBES, 2018). Almost all terrestrial biomes, agroecologies, and economies are affected by land degradation. It may pose a particularly serious threat to food production and rural livelihoods in poor and densely populated areas of the developing world (Global Mechanism of the UNCCD et al., 2019).

As in other developing countries, land resources in Ethiopia are facing intense degradation due to deforestation, soil erosion, agricultural land expansion, and overgrazing (Nyssen et al., 2004). Addressing land degradation has become a major policy objective in Ethiopia, where agricultural growth is an important element of economic and social development (Haregeweyn et al., 2015). About 75% of Ethiopians work in agriculture, producing 80% of Ethiopia’s exports and 40% of Gross Domestic Product (Neglo et al., 2021). An 8.35% growth in agricultural value since 2014 has decreased poverty. In line with this, the restoration of degraded landscapes in the country, through implementation of various sustainable land management practices has been underway since the 1980s (Woldeamlak, 2006; Adimassu et al., 2013). To achieve regional and international commitments and to address SDGs, the government of Ethiopia has recently started community-based watershed development activities (Holden et al., 2001).

As part of the African Forest Landscape Restoration Initiative (AFR100), which is a regional commitment that aims to restore 100 million ha of degraded landscapes across Africa, the government of Ethiopia has pledged to restore 7 million ha of degraded land by 2030 (about 6% of total land area) through the establishment of “exclosures.” Exclosures are communal areas that traditionally allowed access to all, but where wood cutting, grazing and other agricultural activities are now forbidden or strictly limited to promote restoration and natural regeneration (Aerts et al., 2009; Teketay et al., 2010). The overall area covered by exclosures in Ethiopia is currently increasing by 2% every year and could reach 5–7 million ha by the early 2030s.

This increase in the area under exclosures can be attributed to many perceived benefits; restoring degraded landscapes (Girmay et al., 2009; Mekuria et al., 2009; Ebabu et al., 2019), increasing soil carbon (C) sequestration (Mekuria et al., 2011; Gessesse et al., 2020), and improving other ecosystem services (Rossiter et al., 2017; Gebre et al., 2019). Positive opportunities for livelihood diversification and enhancement may result, with decreased soil erosion and subsequent sedimentation in farmland and rivers downslope of the exclosure areas (Descheemaeker et al., 2006; Nyssen et al., 2006). This can boost agricultural productivity and livelihoods in the surrounding areas over the medium to long term (Mekuria et al., 2020).

Most of the studies cited above have reported the effectiveness of exclosures in restoring degraded landscapes and ecosystem services, as well as improving the livelihood of local communities. However, studies that aim to better understand the effects of exclosures on soil properties are fragmented and have been conducted under a range of different agroecologies, soil types and management practices. Underpinning the functioning of any soil is the amount of C stored, which decreases erosion by aggregating unstable soil particles, improves water storage and is accompanied by nutrients such as nitrogen (N) that improves plant productivity (Lal, 2010). To draw out generalizable results from existing studies, available information on the effectiveness of exclosures for restoring soil organic C and total soil N under different conditions needs to be synthesized. Although such syntheses are critical for improving the impact of exclosures on soils, this has not yet been done for Ethiopia. This more holistic assessment is particularly important because of the key role agriculture continues to play in development and poverty alleviation in Ethiopia and the example of successful agricultural led development it has provided to the rest of Sub-Saharan Africa (World Bank, 2016). Therefore, this meta-analysis aims to synthesize the results of fragmented studies in Ethiopia, to evaluate the impacts of exclosures in different agroecologies, soil types and climates, and to scale up these findings to the national level, developing strategies for the use of exclosures to restore degraded landscapes. Specifically, the study aims to evaluate (i) the effects of exclosure age on soil organic C and total soil N compared to communal grazing lands, (ii) the changes in soil organic C and total soil N under exclosures compared to cropland and Eucalyptus plantation, and (iii) the influence of landscape position down the slope on the effectiveness of exclosures for restoring degraded soils.



MATERIALS AND METHODS

Relevant literature was collated during 2020 and 2021 from the online databases, Science Direct, Scopus and CAB abstracts. The terms used in the primary literature search (both separately and in combination) were “exclosures,” “area closure,” “enclosure,” “soil carbon,” “grazing lands,” “land uses,” “land degradation,” and “Ethiopia.” This identified a total of 127 peer reviewed articles published between 2002 and 2020. In the second stage, 89 papers that reported the effects of exclosures on ecosystem services were identified. Finally, 30 papers that reported the effects of exclosures on soil organic C and total soil N, quoting means and standard deviations and providing the information needed for the meta-analysis (agroecology, soil type, comparison of exclosures with adjacent grazed land, cropland, and eucalyptus plantation) were selected. Only papers published in peer reviewed international journals were considered. Studies conducted outside Ethiopia and reviews and modeling studies were not included in the meta-analysis. The values required to calculate the effect sizes, mean, sample size and a measure of variance (standard deviation or standard error) for both control (i.e., grazing lands, croplands, and eucalyptus plantation adjacent to exclosures) and treatment groups (i.e., exclosures) were extracted from the papers. The data were categorized according to agroecology, soil type and time since exclosure establishment (Table 1). The analysis assumed that the exclosures and adjacent communal grazing lands, croplands and eucalyptus plantation had similar conditions before the establishment of the exclosures.


TABLE 1. Categories of exclosures established at different time periods.
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A meta-analysis was used to evaluate the changes in soil organic C and total soil N under different agroecologies and soil types following the establishment of exclosures on degraded communal grazing lands and croplands, as well as comparing soil organic C and total soil N in exclosures and adjacent eucalyptus plantations. The effect of landscape position on the effectiveness of exclosures to restoration of soil organic C and total soil N were also investigated. This work only considered the changes in soil organic C and total soil N in the 0–20 cm depth. The analysis used the calculated soil organic C and total soil N expressed in Mg ha–1 derived from % soil organic C and % total soil N and bulk density presented in each paper. The form of total soil N is also important, but such data were not available in some of the studies collected so we only considered all forms of N together.

The meta-analysis followed the procedure described by Rosenberg et al. (2000). A random effects model was used to conduct a meta-analysis. This model is one of the most employed statistical models for ecological data, which assumes that differences between treatments are not only due to sampling error but also due to true random variation (Gurevitch and Hedges, 1999). The analyses were conducted using OpenMEE (Open Meta-analyst for Ecology and Evolution) software (Wallace et al., 2017). To minimize heterogeneity in the data, the analysis was completed using sub-groups.

The calculated effect sizes were used to evaluate the changes following establishment of exclosures on degraded communal grazing lands and croplands and to compare the effects on soil organic C and total soil N of exclosures compared to eucalyptus plantation. The effect size, Hedges’ d, was calculated using Equation 1 (Hedges, 1981),
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where Xe is the sample mean of the treatment (exclosure), Xc is the sample mean of control (grazing land, cropland, or eucalyptus plantation adjacent to the exclosure), Sp is the pooled standard deviation and J is the weighting factor based on the number of replicates per treatment. The number of replicates was obtained from the number reported in the reviewed paper for the particular variable. The pooled standard deviation (Sp) and the weighting factors (J) were calculated using Equations 2, 3, respectively (Hedges, 1981),
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where Ne and Nc are the number of replicates, and [image: image] and [image: image] are the standard deviations of the treatment and control groups, respectively.

The variance of d (Vd) was calculated using Equation 4 (Hedges, 1981),
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Standard deviation (S) was derived from percent coefficient of variation (%CV) in cases where the reviewed papers only reported CV using Equation 5,
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where X is the treatment or control mean value.

A positive value of effect size1 indicates the exclosure increases soil organic C or total soil N compared to the adjacent grazing land, cropland, or eucalyptus plantation, whereas negative values indicate it is decreased. If the value of the effect size is zero, there is no effect of the exclosures on the soil organic C and total soil N compared to the control. This also applies for the comparisons of the changes in soil organic C and total soil N among the different age groups. The calculated effect size was significantly different from zero if its 95% confidence interval (CI) did not overlap with the zero.



RESULTS


Research on Exclosures in Ethiopia

Regional differences were observed within Ethiopia in terms of the efforts made to understand the effects of exclosures on soil organic C and total soil N, and variables such as vegetation composition and diversity (Figure 1). Of the 89 papers published between 2001 to 2020 that investigated the changes in soil properties, other biophysical variables and socio-economic factors, 79% were conducted in only two regions, Tigray and Amhara regions (Figure 1). Only ∼3% were conducted in Southern Nations, Nationalities, and People’s Region (SNNPR), which covers 8.5% of Ethiopia’s land area.
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FIGURE 1. Traditional agroecological classification of Ethiopia. See Table 2 for the characteristics of the agroecological zones.



TABLE 2. Characteristics of the traditional agroecological zones of Ethiopia.
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The studies did not cover all agroecological zones of Ethiopia (Figure 1; Hurni et al., 2015), and were distributed to nine agroecological zones (Figure 2) and most of the studies were concentrated in four agroecological zones, dry Weynadega (34%), dry Dega (24%), dry Kolla (11%), and moist Weynadega (11%). This could be attributed to the large coverage (covers 51.3% of the total land area of Ethiopia) of these agroecological zones and severity of land degradation. Table 2 presents the characteristics of the traditional agroecological zones of Ethiopia. The results also showed that most of the studies were conducted in areas dominated by Cambisols and Luvisols followed by Leptosols and Vertisols (Figure 3). This could be attributed to the large coverage of these soil types in Ethiopia (Jones et al., 2013). It is also noted that the soils of the study sites of the 30 papers considered for this meta-analyses were not evenly distributed across the five agroecological zones where most (85%) of the studies were conducted (Figure 4).
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FIGURE 2. Distribution of publications across the nine traditional agroecologies. The values in each agroecological zone indicate the number of publications. NA refers to no data.
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FIGURE 3. Major soil types, defined by World Reference Base Reference Soil Groups, of the study areas covered by the studies.
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FIGURE 4. Distribution of the three soil types across the agroecological zones.




Changes in Soil Carbon Following the Establishment of Exclosures on Communal Grazing Lands

Significant differences were observed in the magnitude of changes in soil organic C following the establishment of exclosures on communal grazing lands (Figures 5, 6 and Table 3). The results suggest that the magnitude of change in soil organic C varies with soil type, exclosure age, and agroecological zones (Figures 5, 6 and Table 3). The effect sizes were significantly positive for all soil types (Table 3). The magnitude of effect sizes varied with exclosure ages in all three soil types (Figures 5A–C). In two of the three soil types, the Cambisols and Luvisols, an increasing trend in soil organic C with exclosure age was observed, while no distinct trend was observed in Leptosols. In Cambisols and Luvisols, the magnitude of effect sizes was significantly lower at younger age (<10 years) compared to the older exclosures (>16 years) (Figures 5A–C).
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FIGURE 5. Changes in soil organic carbon following establishment of exclosures on communal grazing lands in Ethiopia: (A) Cambisols, (B) Luvisols, and (C) Leptosols. Values are effect sizes with 95% confidence intervals (CI). A significant response is when the CI does not overlap with zero. The number of observations in each age category is shown in parenthesis.
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FIGURE 6. Changes in soil organic carbon following establishment of exclosures on communal grazing lands in Ethiopia: (A) dry Dega, (B) moist Weynadega, (C) dry Weynadega, and (D) dry Kolla Agroecologies. See Figure 5 for further details.



TABLE 3. Changes in soil organic carbon after establishment of exclosures on communal grazing lands.
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In most cases, exclosures increased soil organic C, although the magnitude of the effect sizes varied among agroecologies and exclosure age. For example, in Dry Dega region (see details in Table 2), the magnitude of the effect was larger compared to the other two agroecologies considered (Table 3). The effects of exclosure age on soil organic C in dry Weynadega and dry Kolla agroecologies were not significant (Figures 6C,D).



Changes in Total Soil N Following the Establishment of Exclosures on Communal Grazing Lands

Exclosures significantly improved total soil N in both Luvisols and Cambisols, but not in Leptosols where a net decrease was observed (Figure 7C and Table 4). There was an increase in total soil N in all agroecologies following the establishment of exclosures, but the effect size was smaller in Dry Kolla agroecology. In most cases, an increasing trend in total soil N with exclosure age was observed for the studied soil types (Figures 7A,B) and agroecologies (Figures 8A–D).
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FIGURE 7. Changes in total soil N after establishment of exclosures on communal grazing lands in Ethiopia: (A) Cambisols, (B) Luvisols, (C) Leptosols. See Figure 5 for further details.



TABLE 4. Changes in total soil nitrogen after the establishment of exclosures on communal grazing lands.
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FIGURE 8. Changes in total soil N after the establishment of exclosures on communal grazing lands in Ethiopia: (A) Dry Dega, (B) Dry Kolla, (C) Dry Weynadega, and (D) Moist Weynadega. See Figure 5 for further details.




Changes in Soil Bulk Density and pH Following the Establishment of Exclosures

Exclosures significantly decreased soil bulk density irrespective of soil type and agroecology, except for Dry Dega (Table 5). Soil pH significantly increased in moist Weyna Dega following establishment of exclosures on communal grazing lands, while it significantly decreased in Dry Kolla; no significant effect was seen for other agroecologies or soil types (Table 6).


TABLE 5. Changes in soil bulk density following the establishment of exclosures on communal grazing lands.
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TABLE 6. Changes in soil pH following the establishment of exclosures on communal grazing lands.
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Effects of Landscape Positions on Soil Organic Carbon and Total Soil Nitrogen

The effects of exclosures on restoring soil organic C and total soil N varied with landscape positions and the highest increase was observed at the foot slope position compare to the upper slope position (Figures 9A,B). Significant increase in total soil N and soil organic C were observed in all the three landscape positions.
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FIGURE 9. Changes in soil organic carbon (A) and total soil nitrogen (B) following establishment of exclosures on communal grazing lands under three landscape positions; Foot slope, Mid-slope and Upper slope. See Figure 5 for further details.




Differences in Soil Organic Carbon and Total Soil Nitrogen Among Exclosures, Cropland, and Eucalyptus Plantation

Exclosures displayed significantly greater soil organic C compared to the adjacent cropland. The difference in soil organic C in exclosures and Eucalyptus plantations was not significant (Figure 10A). Significantly greater total soil N in the topsoil was recorded in exclosures than in cropland or Eucalyptus plantations (Figure 10B).
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FIGURE 10. Differences in soil organic carbon (A) and total soil nitrogen (B) among exclosures, cropland, and eucalyptus plantation. See Figure 5 for further details.





DISCUSSION

The increase in soil organic C and total soil N following the establishment of exclosures in Ethiopia with an effect size greater than two resulted in improvement in other key soil properties underpinning ecosystem services. The changes can be attributed to greater organic matter inputs to the soil through litter fall, decomposition of roots of herbaceous species and grasses, and protection of the site from soil erosion. The difference in the magnitude of the effect sizes among the three soil types was related to the texture of the dominant soil type (Table 3). The higher clay content of Cambisols and Luvisols could contribute to increased soil organic C accumulation as clay improves soil organic matter accumulation by protecting the organic matter from decomposition (López-Ulloa et al., 2005; Dlamini et al., 2016). A meta-analysis conducted in Qinghai-Tibetan Plateau (Liu et al., 2020) indicated that grazing exclusion in major grassland types (e.g., Alpine meadow) significantly increased soil organic carbon. Although this study reported the positive contribution of grazing exclusion, the results are not transferable to Ethiopia due to differences in types of grazing land, management and climate variables. Similarly, a meta-analysis by Yayneshet and Treydte (2015) across Sub-Saharan Africa detected higher soil organic C concentrations in exclosures than in communal grazing systems, but is not specific to the systems, soils and agroecological zones of Ethiopia.

The magnitude of the effect size varied with exclosure age. The lower effect size in soil organic C at younger age (<10 years) compared to the older exclosures (>16 years) in both Cambisols and Luvisols could be attributed to the initial conditions of the sites before the establishment of the exclosures. Both Cambisols and Luvisols are typically used intensively for agriculture and grazing in Ethiopia (Rabia et al., 2013); this can result in severe degradation of soil organic C and total soil N, requiring several years before the site is able to recover. A meta-analysis by Dlamini et al. (2016) carried out using 55 studies from across the globe indicated that degradation induced by livestock grazing considerably reduced soil organic C. Such global studies are key to providing a global perspective, but the changes observed are not specific to the situation in Ethiopia. This requires a focus on Ethiopian studies, as done in this study. In less well-developed Leptosols, a positive effect was observed from the early stages of exclosure establishment (Figure 5C), but the effect of exclosure age was less than observed in Cambisols and Luvisols. Leptosols occur mainly on steep slopes and exclosures established on steep slopes usually have less encroachment by livestock and humans; this could increase the establishment of grasses in the exclosures at an early stage, with a positive early impact on soil organic C.

Differences in effect size in soil organic C among agroecologies could be attributed to the effect of climate (rainfall and temperature) on soil biogeochemical processes (mainly organic matter decomposition and N mineralization). Accumulation of organic matter in the soil can be greater under dry condition because of slowed organic C decomposition (Wang et al., 2016; Petraglia et al., 2019). The higher effect size in dry Dega could also be attributed to the dominance of both Cambisols and Luvisols in this agroecology (Figure 4). By contrast, in moist Weynadega agroecology, negative impacts of exclosures on soil organic C were observed (Table 3). The soils in exclosures displayed lower bulk densities (Table 5), which may result in increased soil moisture holding capacity. This, in turn, might increase the rate of soil organic matter decomposition and reduce soil organic C accumulation in the soils of the exclosures (Deng et al., 2014). The decrease in the effect size of exclosure age in soil organic C in dry Weynadega and dry Kolla agroecologies (Figures 6C,D) could be due to reduction in grass production and increase in woody plants or shrubs with time, which consequently reduced organic matter input due to litterfall and decomposition of fibrous roots.

The general trend of increases in total soil N after the establishment of exclosures on communal grazing lands could be explained by organic matter accumulation in exclosures derived from above ground biomass (trees, shrubs, and herbaceous species) (Yimer et al., 2015). The results of the study demonstrated that significant trends do not always follow soil organic C increases (Table 3). This could be attributed to the difference in the characteristics of litterfall accumulated in different sites (e.g., the C:N ratio). A meta-analysis by Liu et al. (2021) conducted using global data also demonstrated increases in total soil N stocks in topsoil (0–30 cm) following grazing exclusion. Another meta-analysis by Yayneshet and Treydte (2015) used data derived from Sub-Saharan African countries and reported significant increases in total soil N under complete exclusion of livestock.

A major driver for the reduction of bulk density following the establishment of exclosures on communal grazing lands was likely to be reduced soil compaction by livestock trampling, but increased soil organic C can also improve resilience to compaction (Zhang et al., 2005). Reduced soil bulk density in exclosures could increase soil aeration, water absorption, and water holding capacity and reduce runoff (Kozlowski, 1999; Lal and Kimble, 2001) which in turn could affect soil organic C accumulation by improving physical conditions for plant growth.

The effects of landscape positions on soil organic C and total soil N reported in this study could be attributed to increased soil moisture in lower slopes and biomass production (Danalatos et al., 1995) and hence organic matter addition to the soil. Furthermore, removal of materials (e.g., top soils) from upper slopes and deposition in lower slopes could contribute to improved soil organic C and total soil N in the foot slopes (Mekuria et al., 2018; Welemariam et al., 2018).

The significant difference between exclosures and adjacent cropland in soil organic C and total soil N can be explained by the deterioration of soil structure in cropland due to agricultural disturbance (Gelaw et al., 2014), continuous tillage operations (Kibet et al., 2016) and removal of crop residues (Gelaw et al., 2014; Abegaz et al., 2016; Araya et al., 2016; Negasa et al., 2017), which are major causes of soil organic C and total soil N losses from cultivated lands.

Planning in Ethiopia for establishment of exclosures requires a better understanding of the factors controlling their effectiveness for restoring soil organic C and total soil N. Our analysis of available research suggests that the impacts of exclosures differ according to soil type, exclosure age, landscape position, agroecology, and severity of land degradation. The results demonstrate that the focus of the Ethiopian government on establishing exclosures on severely degraded communal grazing lands should broaden to less degraded landscapes. The results also suggest that the establishment of exclosures should initially be concentrated in drier agroecologies because significantly more soil organic C and total soil N can be restored in dry than in humid areas. Establishing exclosures on steep slopes of Leptosols will achieve improvements in soil organic C and total soil N immediately after exclosure establishment (<10 years). Such positive short-term impacts are also likely on Cambisols and Luvisols, which have deeper topsoil, if exclosures are established on less degraded soils. In the long term (>15 years), considerable improvements are likely in exclosures established on Cambisols and Luvisols, irrespective of the severity of soil degradation. This meta-analysis has provided initial criteria that can be used when planning exclosures to restore soil organic C and total soil N (focus on less degraded soils, drier agroecologies, and Leptosols, Cambisols, and Luvisols), but there is a need for further field measurements in exclosures across Ethiopia to better capture the diverse impacts of exclosures in different agroecologies, soil types and cropping practices. In particular, data are concentrated in northern Ethiopia, so surveys should be extended to other regions.
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FOOTNOTES

1 Effect size is a statistical concept that measures the strength of the relationship between two variables on a numeric scale (Cohen, 1969). In meta-analysis, the effect size assesses the effect reported in different studies and is then used to combine all the studies into single analysis.
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