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Degradation characterized by depleted vegetation cover is a serious environmental problem in African rangelands. It poses a serious threat to millions of pastoralists and agropastoralists who depend on livestock as a source of livelihood. Consequently, there has been a growing global interest to consolidate efforts to restore degraded ecosystems. For example, the UN decade of Ecosystem Restoration initiative aims at uniting the world behind a common goal of preventing, halting and reversing the degradation of ecosystems. Grass reseeding using native perennial species has been identified as one of the practical ecological strategies for restoring degraded African rangelands, enhancing vegetation cover and forage production. Knowledge of the multifaceted performance of African rangeland grasses in terms of morphoecological traits, interaction with weeds and water use efficiencies is however largely limited and often elusive. Perennial grasses indigenous to African rangelands Cenchrus ciliaris L. (African foxtail grass), Enteropogon macrostachyus (Hochst. Ex A. Rich.) Monro ex Benth. (Bush rye grass) and Eragrostis superba Peyr. (Maasai love grass), were established in an African semi-arid rangeland under natural conditions to fill this knowledge gap. Morphoecological plant traits: aboveground biomass (shoot, leaf and stem) production, plant densities, basal cover, tiller densities and plant height were measured 9 months after establishment. Interaction between the target grass species and weeds and water use efficiencies (WUE) were also determined. Enteropogon macrostachyus displayed significantly higher values for plant densities, tiller densities and basal cover, indices commonly used to estimate the potential of grasses for ecological restoration. Eragrostis superba produced the highest shoot biomass and water use efficiencies. This is attributed to its higher leafy biomass fraction. Higher aboveground biomass production of E. superba demonstrate its suitability for enhancing rangeland productivity. Cenchrus ciliaris suppressed the weeds. This is linked to its aggressive and allelopathic nature. In conclusion, the three perennial grasses displayed distinct morphoecological traits. In order to achieve successful seed-based restoration of degraded African rangelands using native perennial grasses, careful selection species to maximize on their unique traits is recommended. Ultimately, this selection process should match the desired restoration outcomes and subsequent use of the rangeland.
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INTRODUCTION

In sub-Saharan Africa (SSA), ~65% of the total landmass is considered arid and semi-arid rangeland (Homewood, 2004). Rangelands have been defined as “land carrying natural or semi-natural vegetation which provides a habitat suitable for herds of wild or domestic ungulates. African rangelands are characterized by low erratic annual rainfall (300–600 mm), high temperatures and nutrient poor soils (Sanchez, 2002). Pastoralists are the main inhabitants of African rangelands. They traverse the vast arid and semi-arid rangelands in search of water and forage resources for their livestock. They are characterized by high levels of biodiversity and encompass a wide range of vegetation formations from grassland with or without some shrub through bush or woodland cover, to savannah woodlands. Consequently, the term “rangeland” recognizes the spatial, temporal and ecological continuities between these land cover types in arid and semi-arid SSA. Primarily, multiple perennial grasses provide a rich and reliable source of forage for grazing domestic and wild herbivores. Such rangeland grasses include Themeda triandra Forssk., Cynodon dactylon (L.) Pers. (Mapinduzi et al., 2003), Chloris roxburghiana Schult., Cenchrus ciliaris L., Enteropogon macrostachyus (Hochst. Ex A. Rich.) Monro ex Benth. Eragrostis superba Peyr. (Mnene et al., 2005), Chloris gayana Knuth., Sorghum sudanense (P.) Stapf. (Koech et al., 2016), Panicum maximum Jacq. (Ludwig et al., 2008) and Panicum coloratum L. (Macandza et al., 2004).

Land degradation, particularly desertification, has been identified as a major environmental issue in SSA rangelands (Mganga et al., 2015a). In African rangelands it is often defined and characterized by the reduction or loss of biodiversity and productivity, increasing the rate of erosion and reducing the ability to produce sustainable activities pertinent to the system of land use. This has led to the continuous reduction and/or disappearance of populations of important indigenous forage species, especially grasses (Mnene et al., 2005). In arid and semi-arid rangeland environments, the process of land degradation normally starts with the formation of smaller denuded and depleted patches that expand and link together to form large bare and degraded areas in the long-run. Increased human population increase and associated land use impacts e.g., overgrazing, are generally assumed to be the dominant factors in their perceived depletion (Cincotta et al., 2000). Indiscriminate grazing and overstocking modify vegetation composition and reduce primary productivity, particularly palatable species, thus decreasing the community resilience and instigating damaging positive feedbacks (Kinyua et al., 2010). Furthermore, degradation in African rangelands and global climatic change has exacerbated continues to pose a serious social and environmental threat leading to food insecurity, poverty, economic losses and destabilized livelihoods.

Therefore, there is need to cushion and build resilience of communities that depend on rangeland resources for their livelihoods, against such environmental vagaries and climatic shocks. Natural regeneration of depleted and denuded rangeland landscapes through plant succession processes is generally very slow, and sometimes impossible, depending on the severity of degradation. Consequently, more active restoration interventions have to be applied (Van den Berg and Kellner, 2005). Passive methods such as fencing and withdrawal of grazing herbivores alone are less effective. Degraded African rangeland environments can be relatively stable and resilient in their undesirable state. Active restoration methods such as prescribed burns, bush clearing and reseeding are key in addressing the problem of rangeland degradation in Africa. Reseeding using desirable indigenous forage species is an innovative intervention to restore denuded rangelands (Mnene et al., 2005; Kinyua et al., 2010; Mganga et al., 2015b; Koech et al., 2016) and increase the resilience of pastoral communities.

The choice of indigenous grasses used for reseeding degraded African rangelands is influenced by their forage value for livestock (Mganga et al., 2015a). Interestingly, to our knowledge, very few studies, if any, have incorporated the forage value component in evaluating indigenous grasses used for restoration programmes in African rangelands. Moreover, the classical approach used for estimating aboveground biomass estimation that aggregates leaf and stem biomass fractions conceals significant information related to the contribution of the separate biomass portions (Poorter et al., 2012). This is because: (1) biomass allocation to the leaf and stem fractions of terrestrial plants is not fixed and may vary over time, across environments and among species and (2) leaf-to-stem ratio play a significant role in ruminant diet selection and forage value determination. Subsequently, we estimated biomass yields as: (1) total aboveground biomass and (2) leaf and stem biomass fractions, respectively.

Furthermore, droughts are expected to increase in intensity and/or duration with climate change, as these changes are predicted to entail higher global mean surface temperatures or increased aridity in many regions of the world. Considering that climate variability and droughts are phenomena that characterize African rangelands, it is important to include knowledge about morphoecology and physiology of drought tolerance when evaluating perennial grasses for restoration especially in marginal rangelands with poor water holding capacity. Drought tolerance has been defined as the ability of plants to maintain metabolism and biomass production at low water potentials caused by limited water availability (Jones et al., 2015) and can be characterized by higher water use efficiency (WUE) (Mårtensson et al., 2017). Therefore, plant genotypes with high drought tolerance or WUE can contribute to yield increases and enhance rangeland restoration success. Moreover, competition for water with other users e.g., weeds, makes maximizing water use efficiency vitally important (Kiniry and Kim, 2020). This is because, arid and semiarid rangelands in Africa are infested with aggressive weeds e.g., Ipomoea kituensis that often engulfs emerging grass seedlings leading to poor establishment. Thus, reseeding with grasses adapted to the range site and highly competitive to replace the undesirable species is often the most innovative way to restore degraded rangeland landscapes.

To generate new knowledge of perennial grasses with potential for biomass production and ecological restoration, this study aimed to determine the morphoecology, water use efficiencies and grass-weed interactions of indigenous grasses commonly used to restore degraded African rangelands. Rangeland grasses indigenous to Africa namely C. ciliaris (African foxtail grass), E. superba (Maasai love grass) and E. macrostachyus (Bush rye grass) were established in a typical semi-arid rangeland in Africa. The choice of these species was primarily based on their adaptive mechanisms for survival in African rangelands and their multipurpose uses among pastoral and agropastoral communities i.e., source of livestock feed and income through the sale of seed and hay.



MATERIALS AND METHODS


General Description of Location

The reseeding trial was conducted in a semi-arid rangeland at South Eastern Kenya University (Kitui County, Kenya). Crop-livestock production is the main land use system, characterized by indigenous breeds of livestock notably small East African shorthorn zebu, Red Maasai sheep and small East African goats and drought-tolerant varieties of maize, millet, sorghum, pigeon peas and beans (Mganga et al., 2015a). Rainfall pattern is bimodal, with the long rains in March-April-May and short rains in October-November-December. Long term total annual precipitation range between 300 and 800 mm. Annual temperatures averages range between 14 and 34°C, with a mean of 24°C (Schmitt et al., 2019).

On average, the soils are characterized by the following physicochemical parameters; pH (6.4), total organic C (9.7 g kg−1), total N (1.2 g kg−1), total available N (11.7 mg kg-1), available P (73 mg kg−1), K (1.1 cmol kg−1), Na (0.4 cmol kg−1), and CEC (10.1 cmol kg−1) (Yageta et al., 2019). Surface sealing properties and low infiltration rates make the soils vulnerable to erosion, particularly since intense rains come early in the growing season, when the ground is almost bare. Common tree and shrub species include Lannea triphylla (Hochst. ex A. Rich.) Engl., Commiphora africana (A.Rich.) Endl., Acacia mellifera (M. Vahl) Seigler & Ebinger and Acacia senegal (L.) Britton. The herbaceous layer was dominated by grasses such as C. roxburghiana, E. superba, C. ciliaris, E. macrostachyus, and Rhynchelytrum repens (Willd.) Zizka.



Layout and Site Preparation

A randomized complete block design (RCBD) was laid out on a semi-arid rangeland with minimal patches of native overstorey and understorey vegetation. Briefly, three (3) blocks with an area of 150 m2 (15 × 10 m) were laid horizontally adjacent to each other, and with a 2 m buffer spacing in-between blocks. Each block was further sub-divided into three (3) equal plots, each with an area of 50 m2 (5 × 10 m). Each grass species was sown in one experimental plot across the three (3) blocks. Climate data (rainfall and temperature) during the study period were obtained from the South Eastern Kenya University (SEKU) Meteorological Station.

Grasses were established from seeds in early October, 2017 prior to the onset of the short rains (October-December). Seeds were hand-sown at a constant density as monocultures along shallow ox-driven plowed microcatchments (circa 20 cm deep) at a depth of 2 cm and covered with a thin layer of soil. Spacing between the created microcatchments was around 15 cm wide. Shallow microcatchments were created to trap sufficient rainwater to prolong moisture availability and promote better germination of seeds and subsequent growth and development of the seedlings (Visser et al., 2007; Mganga et al., 2015a). Generally, the recommended seeding rate for pasture grasses indigenous to semi-arid rangelands in Kenya (i.e., 5 kg ha−1) was used for all the species (Kenya Agricultural and Livestock Research Organization, KALRO).



Data Collection and Measurements

Morphoecological plant traits (plant density, basal cover, tiller density, plant height and biomass yields) of the established grasses were measured nine (9) months, after seedling emergence. Plant densities (plants m−2) and average tiller densities per plant species were estimated in six 0.25 m2 quadrats within each plot (Cox, 1990). The height (from the base to the tip of the top leaf) of all the individual plants of the established grasses within the quadrat was measured using a 2 m ruler to the nearest centimeter. Subsequently, plant height of grass species was an average within quadrats. Percentage basal cover was estimated using the step-point method (Evans and Love, 1957). Four 10 m long line transects laid along the 10 m width were used in each of the three plots in all the three blocks. Ten measurements were taken along each transect (1 m interval) to give a total of 40 measurement points in each plot.

Thereafter, aboveground biomass production (established grasses and weeds) was determined by destructive sampling from the same six quadrats used to measure the above-mentioned parameters (i.e., plant density, basal cover, tiller density and plant height). The grasses were at a similar phenological stage (early reproductive stage). The six quadrats (0.5 × 0.5 m, 0.25 m2 area) were clipped to a stubble height of 2 cm. Freshly harvested grass yield was recorded, and then harvested biomass was placed in paper bags and oven dried at 60°C for 24 h to determine dry matter (DM) yield.

The evapotranspiration (ET) for the complete growing season of the three crops was estimated using the equation:
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with precipitation (P), irrigation (I), surface run-off (S), leaching (L) and the change in soil moisture content (ΔR) according to Schoo et al. (2017). There was no grade in the experimental field and no supplemental irrigation. Consequently the surface run-off, S, and irrigation, I, were set to zero. Considering the deep ground water table (>10 m), the capillary ascent of water into the rooted soil layers was negligible. Annual rainfall received during the entire growing season was characteristically low and caused insignificant amount of leaching, L, and was also subsequently set to zero.

The water use efficiency (WUE) shoot biomass [total shoot biomass (WUEt), leaf biomass (WUEl) and stem biomass (WUEs)] were calculated as the ratio of accumulated dry matter (DM) biomass yield (Ydm) divided to cumulated evapotranspiration (ET) during the entire growing season (Kørup et al., 2018) from 1st October, 2017 until harvest 30th June, 2018. The climate data (precipitation and temperature) were collected from the local weather station
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Data Processing and Statistical Analysis

The Shapiro-Wilk W test (Shapiro and Wilk, 1965) and quantile-quantile (q-q) plots were used to check for normality of the data set. Statistical analyses were performed using Software STATISTICA 10.0 StatSoft Inc. One-way ANOVA was used to test for significant differences between treatments. Tukey's honestly significance difference (HSD) post hoc test was used to separate significant differences (P < 0.05) between the grass species, at α = 0.05. All displayed results represent arithmetic means of replicates. Linear regression analysis was used to examine the relationship between the measured plant traits. Additionally, a correlation analysis between the measured morphoecological traits was conducted using R statistical environment version 4.0.3 (2020-10-10) (R Core Team, 2020) within RStudio (RStudio Team., 2018) and the correlation matrix was generated using the corrplot package (Wei et al., 2017).




RESULTS


Rainfall and Temperature Data

Total rainfall recorded during the study period i.e., September, 2017 to August, 2018 was 326 mm. Short rains of October-December, 2017 and long rains of March-May, 2018 recorded total amounts of 105 and 198 mm, respectively (Figure 1). There were 153 rainy days in the year, with 69 and 67 rainy days for the short and long rains respectively. March 2018 (92 mm) and June 2018 (3 mm) were the wettest and driest months during the 12 months study period. Average temperature range was between 18 and 22°C. Maximum and minimum temperature ranges were between 23–28°C and 13–17°C, respectively. Highest temperatures were recorded in months before the onset of the short (October, 2017) and long (February, 2018) rainy seasons (Figure 1).


[image: Figure 1]
FIGURE 1. Monthly rainfall (mm) and average monthly temperatures (°C) during the study period and annual rainfall (1981–2016) of the study area (Sources: South Eastern Kenya University (SEKU) Meteorological Station, Kenya Meteorological Department and Kitui Meteorological Department).




Plant Morpho-Ecological Characteristics

Caryopsis weight, seed viability and the number of days for seedling emergence after sowing of the selected grass species are shown in Table 1. Enteropogon macrostachyus had the highest plant density (18 individual plants m−2). These were significantly higher compared with E. superba, which ranked lowest (10 individual plants m−2). Percent basal cover was highest in E. macrostachyus (73%), and lowest in E. superba (49%) (Figure 2). Enteropogon macrostachyus had the highest tiller density (Figure 2). Our results demonstrated a significant and positive correlation between plant densities and basal cover (R2 = 0.73). Figure 3 is a correlogram displaying the correlations (positive and negative) of the measured plant morphoecological traits of the selected perennial grasses indigenous to African rangelands. Average plant height was significantly higher in E. macrostachyus (110 cm) compared to the other established grasses, C. ciliaris (46 cm) and E. superba (76 cm), during the entire growing period. This translated to an increase in plant height of 0.41, 0.17 and 0.29 cm day−1 for E. macrostachyus, C. ciliaris and E. superba, respectively (Table 1).


Table 1. Selected characteristics of perennial African rangeland grasses used for ecological restoration.
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FIGURE 2. Plant density (plants m−2), basal cover (%), tillers (number per plant) and plant height (cm) of three African rangeland grasses used for ecological restoration 9 months after establishment. Where CC, Cenchrus ciliaris; EM, Enteropogon macrostachyus; ES, Eragrostis superba. Error bars represents standard error (± SE) of means (n = 6).



[image: Figure 3]
FIGURE 3. Correlogram of plant morphoecological traits of selected perennial grasses indigenous to African rangelands. Positive correlations are displayed in white and negative correlations in black colored circles. The size of the circles are proportional to the correlation coefficients.


Total dry matter (DM) biomass yields of the established grass species were significantly different. Nine months after establishment, E. superba (3,540 kg DM ha−1) had the highest total biomass yields. Enteropogon macrostachyus (2,600 kg DM ha−1) and C. ciliaris (2,526 kg DM ha−1), were ranked second and third, respectively (Figure 2). Eragrostis superba yielded the highest leafy biomass (2,206 kg DM ha−1), compared to C. ciliaris (1,166 kg DM ha−1) and E. macrostachyus (1,120 kg DM ha−1). This translated to significantly higher leaf-to-stem ratios in E. superba (1.59), compared to C. ciliaris (0.86) and E. macrostachyus (0.79) (Table 1). Cenchrus ciliaris significantly suppressed the weed biomass (711 kg DM ha−1) compared to E. macrostachyus (1,007 kg DM ha−1) and E. superba (1,211 kg DM ha−1) (Figure 3). Total grass biomass to weed ratio was highest in C. ciliaris (3.54 ± 0.6). Eragrostis superba (3.94 ± 0.5) and E. macrostachyus (2.58 ± 0.3) were ranked second and third, respectively (Figure 4).


[image: Figure 4]
FIGURE 4. Biomass yields (kg DM ha−1) water use efficiencies (DM ha−1 mm−1), weed biomass (kg DM ha−1) and grass-weed biomass ratio of three African rangeland grasses used for ecological restoration 9 months after establishment. Where CC, Cenchrus ciliaris; EM, Enteropogon macrostachyus; ES, Eragrostis superba. Error bars represents standard error (± SE) of means (n = 6).




Whole Plant and Aboveground Biomass Fractions Water Use Efficiencies

Total shoot biomass WUEt of E. superba was higher (10.9 ± 1.8 kg DM ha−1 mm−1) compared to those of E. macrostachyus (7.9 ± 0.9 kg DM ha−1 mm−1) and C. ciliaris (7.7 ± 1.4 kg DM ha−1 mm−1). The WUEs of the three grasses E. superba (4.3 ± 0.7 kg DM ha−1 mm−1), E. macrostachyus (4.5 ± 0.5 kg DM ha−1 mm−1) and C. ciliaris (4.2 ± 0.8 kg DM ha−1 mm−1), were comparable. However, WUEl was significantly higher in E. superba (6.8 ± 1.5 kg DM ha−1 mm−1) compared to C. ciliaris (3.6 ± 0.8 kg DM ha−1 mm−1) and E. macrostachyus (3.4 ± 0.8 kg DM ha−1 mm−1) (Figure 4).




DISCUSSION

The pattern of precipitation in Kenya is dominated by two mainly dry “monsoon” seasons, and two rainy seasons (bimodal pattern) associated with the movement of the Intertropical Convergence Zone (ITCZ). During the study period, the two peaks that occurred in March-May (long rains, LR) and October-December (short rains, SR) illustrated this rainfall pattern (Figure 1). Previous studies conducted in the same study area (e.g., Opiyo et al., 2011; Yageta et al., 2019) have also observed a similar rainfall pattern. Annual rainfall during the study period (326 mm) and average temperature range of between 18°C and 22°C recorded during the study period are typical of the area. Climate in semi-arid Kitui is generally hot throughout the year with temperatures ranging from 14 and 34°C and average annual precipitation is erratic and unreliable from year to year ranging between 250 and 1,050 mm (Yageta et al., 2019).

In the arid and semi-arid rangelands in Kenya, the SR are the most important and reliable (Eriksen and Lind, 2009). Consequently, in this study, sowing of the indigenous grass seeds was conducted prior to the onset of the SR. This strategy is often used in reseeding programmes in African rangelands to enhance the survival of the established grasses. This is because it ensures grasses established during the SR: (1) utilize the reliable SR for establishment, (2) experience a subsequent shorter dry spell (January-February), and (3) take advantage of LR showers between March and May. This approach contributed to the successful establishment and survival of all the seeded species in this reseeding trial. Other studies (e.g., Mganga et al., 2015a,b) have also demonstrated that timing is strongly associated with seeding success in African rangelands. Dry planting is also a traditional agronomic practice aimed at preventing critical stages of crop development from coinciding with periods of water deficit. It ensures that, the seed, once in the soil, has sufficient moisture to trigger germination and further crop development. This synchronization has contributed to the adoption of the use of indigenous grass reseeding technology for rangeland restoration among pastoralists and agropastoralists in semi-arid Kenya.

Previous studies (e.g., Xu et al., 2010; Scotton, 2019) have used plant density and cover indices as a measure of ecological restoration success. Our results demonstrate that E. macrostachyus exhibited higher plant densities and cover compared to C. ciliaris and E. superba. These observed differences could partly be linked to differences in seed size and germination (Table 1). Larger seeds of E. macrostachyus led to higher germination and faster establishment compared to C. ciliaris and E. superba. More resources in larger compared to smaller seeds enhance the successful establishment of grasses. Size of grass seed has been associated with early seedling vigor a critical phase in ecological restoration (Chang et al., 2017). Likewise, Sanderson et al. (2002) also demonstrated that seed sizes influence germination rate, emergence rate, and growth of Panicum virgatum that has been planted extensively for habitat restoration across the prairie grasslands (Chang et al., 2017). Larger seed size can be an advantage under semi-arid conditions and correlates positively with seedling survival (Veenendaal et al., 1996).

Lower plant densities and cover displayed by C. ciliaris and E. superba in this study can also be associated with seed dormancy mechanism. According to Baskin and Baskin (2004), more than 80% angiosperms occurring in arid and semi-arid drylands, produce seeds with some form of dormancy. Seed dormancy mechanism reduces recruitment failure by inhibiting germination during transient periods that are suitable for germination, but suboptimal for subsequent plant growth. This strategy optimizes the likelihood of plant survival across space and time (Childs et al., 2010). Previous studies (McIvor and Howden, 2000; Sharif-Zadeh and Murdoch, 2001; Daehler and Goergen, 2005) have demonstrated that C. ciliaris exhibits dormancy period ranging between 4 and 24 months. Similarly, Veenendaal and Ernst (1991) and Voigt and Tischler (1996) demonstrated that under field conditions, seeds of E. superba showed high seed dormancy. These previous studies strongly suggest that the observed low plant densities and cover observed in C. ciliaris and E. superba in this study can be explained by the seed dormancy mechanism. Consequently, in the context of ecological restoration, seed dormancy can hinder stand establishment and may lead to establishment failure or delay.

Higher plant densities and cover displayed by E. macrostachyus compared to C. ciliaris and E. superba suggest that E. macrostachyus is more effective than C. ciliaris and E. superba in preventing surface erosion, covering a large area of the soil, slowing down runoff and keeping the soil surface porous. Studies (e.g., Snyman and du Preez, 2005; Mohammad and Adam, 2010) have demonstrated that landscapes characterized by bare patches produced significantly more runoff than those with higher plant cover. This is because higher density of plant stems increase the hydraulic roughness for surface flow. Our results differ from those of Koech et al. (2016), who observed highest plant densities and cover in C. ciliaris compared to E. superba and E. macrostachyus, respectively. These differences can be linked to the inherent site specific edaphic (soil type, vertisol) and climatic (arid climate, annual rainfall range 220–500 mm) factors. Cenchrus ciliaris ecotypes have developed the capacity to withstand drought periods and flooding. Consequently, C. ciliaris is more likely to perform better in ecological sites dominated by heavier clay soils e.g., Vertisols, that become waterlogged (Marshall et al., 2012). Subsequently, these contradictory results demonstrate that variable outcomes of the measured plant traits are expected when the same grasses are established in different ecological sites and climatic zones.

Height is an important plant ecological strategy and major determinant of a species' ability to compete for light (Moles et al., 2009). Larger and heavier seeds of E. macrostachyus in this study provided more energy to support its early seedling growth compared to C. ciliaris and E. superba. This often translates into taller plants at subsequent phenological stages of development. Plants that achieve the greatest height in the shortest time have a competitive advantage, giving them access to most of the available light (Jefferson, 2004). Moreover, taller plants of E. macrostachyus compared to C. ciliaris and E. superba suggest its higher capacity in absorbing the kinetic energy of raindrops and subsequently protecting the ground from the explosive impact that breaks soil aggregates and weakening its structure. Rainfall simulation studies conducted in semi-arid African rangelands (e.g., Nyangito et al., 2009; Mganga et al., 2019) have demonstrated that grass height contributed significantly to reducing sediment loss in reseeded African rangelands. Moreover, taller grasses are more suitable for reducing grazing pressure because they are readily accessible to grazing herbivores. For example, cattle preferentially grazed on the taller plants as opposed to shorter plants when put out to pasture composed of layers of plants of different heights (Santos et al., 2013). Therefore, taller plants of E. macrostachyus compared to C. ciliaris and E. superba show its suitability for abating splash erosion, reducing grazing pressure and maintaining vegetation cover in reseeded African rangelands.

Enteropogon macrostachyus also displayed significantly higher tiller densities compared to C. ciliaris and E. superba. Tillers perform two significant functions during the lifespan of herbaceous plant species e.g., grasses. First, tillers in young seedlings support establishment. Rapid tillering during the early stages of grass establishment is advantageous because it increases leaf surface area for light interception. In addition to height, higher tiller densities displayed by E. macrostachyus enables it to gain competitive advantage to access most of the available light (Jewiss, 1972). Secondly, tillers are essential for the regeneration of the sward after defoliation. African rangeland grasses used for ecological restoration are prone to defoliation by grazing herbivores. This can be productive and destructive. Depending on the proportion of the leaf tissue removed from plants, defoliation reduces the photosynthetic capacity of grazed swards. Consequently, the supply of energy from photosynthesis is generally insufficient to meet the plant's demands for subsequent growth of new leaves and respiration. Mobilization of energy reserves (e.g., glucose, fructose) stored at the base of tillers supports growth of new leaves and ensures that the plant has sufficient leaf area and photosynthetic capacity to meet the energy requirements for growth and development. Subsequently, African rangeland grasses characterized by higher tiller densities, like E. macrostachyus observed in our study, have a higher capacity to regenerate and play a critical role in ecological restoration, enhancing the resilience of the ecosystems after defoliation and replenishing aboveground biomass, compared to species with much lower tiller densities e.g., C. ciliaris and E. superba. These results suggest that E. macrostachyus has evolved effective structural and functional strategies to better cope with defoliation.

Forage production is an important ecosystem service provided by African rangelands. However, biomass yield is seldomly used as a measure of successful ecological restoration. This is because of it characteristic high spatiotemporal variability. Excluding aboveground biomass production measurements could be detrimental especially when selecting grasses for the restoration of degraded African arid and semi-arid rangelands. Previous studies e.g., (Mganga et al., 2015a) have demonstrated that the choice of grass species for restoration among pastoral and agropastoral communities in east African rangelands is greatly influenced by their forage value for livestock. Our results show that E. superba was ranked lowest in the typical plant morphoecological traits used to measure restoration success (i.e., plant density and cover) compared to C. ciliaris and E. macrostachyus. However, E. superba yielded the highest dry matter biomass. This is mainly linked to its high leafy biomass fraction (Figure 4), exhibited by the higher leaf-to-stem ratios compared to C. ciliaris and E. macrostachyus. Leaf-to-stem ratio of perennial grasses provide an appropriate estimate of the proportion of structural and metabolic tissues, an important factor affecting diet selection, forage intake and quality (Annicchiarico, 2015). Reduced leaf-to-stem ratio is a major cause of the decline in forage quality with maturity. This is because leaf biomass fraction is of higher quality than stem biomass fractions, and the proportion of leaves in forage declines as the grass matures. Subsequently, higher leaf biomass fraction displayed by E. superba compared to C. ciliaris and E. macrostachyus after 9 months demonstrates its significance role in rangeland livestock production and restoration of African rangelands (Mureithi et al., 2016). Pastoral communities e.g., Pokot, Maasai, and Il Chamus have observed a higher preference for E. superba compared with C. ciliaris and E. macrostachyus, among free-ranging grazing livestock. It is no surprise that E. superba has been identified as a grass forage species to fatten livestock and improve their body condition score (BCS) among the Pokot and Il Chamus pastoral communities in Kenya (Wasonga et al., 2003; Mureithi et al., 2016).

Weeds and invasive species are a threat to the establishment of desirable plants in seed-based restoration projects Table 2 (Shackelford et al., 2019). This view is mainly attributed to the aggressive, adaptive and persistent nature of most invader plant species that colonize reseeded areas and outcompete target plant species. Yet, our finding displayed high biomass of weeds in the established E. superba and E. macrostachyus swards that also yielded higher grass biomass compared to C. ciliaris. Our results suggest a possible positive interaction between E. superba and E. macrostachyus and the weeds (Table 2). Generally, weeds are perceived to promote negative interactions leading to ecological restoration failures. However, our results demonstrated that the interaction between the target species and weeds in reseeded African rangelands could also lead to positive restoration outcomes, illustrated by high grass biomass production. Limited nutrients characteristic of African rangeland soils may have led to direct positive interactions between E. superba and weeds. This relationship is less likely to occur in nutrient rich soils where few plant species dominate in terms of biomass production and outcompete others (Cierjacks et al., 2016). However, some plant species native to African rangelands are also known to be aggressive outcompeting other plant species through various mechanisms. This characteristic is displayed by the interaction between the established C. ciliaris and weeds. Significantly lower biomass of weeds in C. ciliaris sward demonstrates its competitive and aggressive nature. Our results conform well with previous studies (Marshall et al., 2012; Bebawi et al., 2013; de Albuquerque et al., 2019) that have also displayed the aggressive nature of C. ciliaris. African foxtail grass-dominated rangeland sites exhibit fewer herbaceous species than did non-African foxtail grass sites, and species richness is negatively associated with increasing C. ciliaris biomass (Jackson, 2005). This can partly be attributed to the allelopathic nature of C. ciliaris (Jackson 2005; Mganga et al., 2015b) which can also be used as a biological method to control weeds in reseeded landscapes and a rationale for ecological restoration in African rangelands where C. ciliaris is native.


Table 2. Brief description of some of weed species occurring in the reseeded areas as described in literature.

[image: Table 2]

Shoot biomass is a robust parameter for indicating WUE (Mårtensson et al., 2017). Three African rangeland grasses established in this study displayed comparable WUEt that ranged between 7 and 11 kg DM ha−1 mm−1. This is within range of WUEs of other perennial African rangeland grasses established under different water regimes and environments. For example, six perennial African rangeland grasses (C. ciliaris, E. superba, C. roxburghiana, C. gayana, E. macrostachyus, and Sorghum sudanense) established under natural rainfall in an arid rangeland in Kenya, exhibited WUEs of between 2 and 19 kg DM ha−1 mm−1 (Koech et al., 2015). Other studies e.g., Snyman (2009) have reported WUEs of between 2 and 5 kg DM ha−1 mm−1 in South African rangelands in good (T. triandra dominated), moderate (genus Eragrostis dominated) and poor (Tragus koelerioides and Aristida congesta dominated) condition. Under different irrigation regimes, WUE's of five African rangeland grasses (C. ciliaris, C. dactylon, Digitaria eriantha, P. maximum, Pennisetum clandestinum) ranged between 7 and 22 kg DM ha−1 mm−1 Marais et al. (2006). Our results and those from other studies demonstrate that perennial African rangeland grasses exhibit a wide range of WUEs when established in different environments and soil water regimes. Higher WUEl of E. superba is indicative of its capacity to utilize available water more efficiently to produce more leaf biomass compared to C. ciliaris and E. superba. Considering that African rangelands occupy landscapes characterized by rainfall variability and droughts, careful selection of plant species that maximize WUE is important for successful ecological restoration using indigenous grass reseeding.



CONCLUSIONS

Perennial grasses indigenous to African rangelands (Cenchrus ciliaris, Enteropogon macrostachyus, and Eragrostis superba) displayed unique plant morphoecological attributes that make them suitable for ecological restoration in semi-arid African rangelands. Plant densities, basal cover and tiller densities, were highest in E. macrostachyus. This shows its potential role in restoring vegetation cover in denuded African semi-arid rangeland landscapes. Eragrostis superba displayed high biomass productivity and water use efficiencies. These characteristic features suggest its suitability for livestock production and capacity to maximize water availability to enhance rangeland primary productivity. Cenchrus ciliaris aggressive nature contributed significantly to suppressing weed biomass. These findings offers valuable insights and serve as a first step in developing a deeper understanding of species-level agronomic and growth traits of three perennial grasses commonly used for restoring degraded semi-arid African rangelands. Careful selection of grasses to maximize on species specific traits is critical to achieve desirable seed-based restoration outcomes.
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Species

Avristida adoensis (wire grass)

Digitaria scalarum (couch grass)

Rhynchelytrum roseum (natal red
top grass)

Herpachne schimperi (harpachne grass)

Eleusine indiica (goose grass)

Eragrostis tenuifola (elastic grass)

Setaria verticilata (bristly foxtail grass)

Commelina bengalensis (wandering jew)

Brief description

Annual or perennial. Widely distributed throughout the tropical, subtropical and warm temperate zones. Mostly densely
tufted, usually with erect or branched, solid and rigid cuims. A common pioneer species on disturbed poor soilin
wasteland, open bushes and grasslands. Aristida adoensis has become an invasive weed in many areas

Creeping, perennial grass with long, slender, branching rhizomes that form a dense mat beneath the soil surface. It is native
to Africa and is particularly common as a weed in East Africa. It is a common component of natural grasslands at higher
altitudes in East Africa. Digitaria scalerum is a proliic seeder, grows best under high light intensity and is more troublesorme
in unshaded than shaded areas.

Annual or loosely tufted perennial grass native to Africa. Panicles often have  rosy color from the long silky hairs. The color
fades to silvery-white with age. Considered a weed in many countries. Wind disperses the seeds locally. It mainly ocours in
disturbed areas such as along roadsides and railway lines, but it can spread into natural areas interfering with early
successional processes. Invasive in natural grasslands.

Widespread and native to East African grasslands. Densely tufted perennial stemmy grass of low grazing value. A
widespread weed. Typical shortgrass stage species characteristic of retrogressive succession under grazing stress in East
Africa.

Tufted, annual, prostrate and spreading grass native to Africa and temperate and tropical Asia. Primarily listed as an
agricultural and environmental weed. It grows vigorously and produces abundant seedlings, which can easil be dispersed
by wind, water and attached to animal fur. It invades disturbed habitats in natural areas and the margins of natural forests
and grasslands, marshes, stream banks and coastal areas.

Tufted perennial distributed throughout tropical Africa. Often a weedy grass of roadsides, disturbed land, overgrazed
pastureland. Difficult species to control using selective herbicides especially in pastures composed mainly of grasses.
Loosely tufted annual grass, up to 1 m high, with spreading branches and often rooting at the lower nodes. Often listed as.
an important weed in a wide range of crops, within and outside its native range, and it can also become dominant in
grassland. Its “sticky” seed and seed-heads (seed dispersal), G4 physiology and rapid growth makes it an extremely
successful invader. It adapts to local conditions rapidly.

A fleshy, herbaceous, creeping annual that becomes perennial depending on moisture conditions. Petals are of different
shades of purple and blue. Commelina bengalensis can survive long periods of low soil moisture and can then grow rapidly
on the onset of rains. Commonly found in wet and dry lands making it a troublesome weed.
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