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Abstract

1. Progressive loss of productivity andplant diversity is a concern in global rangelands.

In African rangelands, this process is partly attributed to heavy and uncontrolled

grazing by livestock and wildlife, leading to land degradation. Therefore, restoring

such degraded rangelands is critical for enhancing ecosystem health and securing

the livelihoods of millions of people.

2. Active restoration strategies, for example, reseeding using indigenous perennial

grasses, have been identified as a viable ecological solution for restoring degraded

African rangelands. Grass species indigenous to African rangelands Cenchrus cil-

iaris L. (African foxtail grass), Eragrostis superba Peyr. (Maasai love grass), Entero-

pogon macrostachyus (Hochst. Ex A. Rich.) Monro ex Benth. (Bush rye grass), Chlo-

ris roxburghiana Schult. (Horsetail grass) andChloris gayanaKunth. cv Boma (Rhodes

grass) were established in a semi-arid rangeland in Africa under natural conditions

to compare theirmorphoecological characteristics and suitability for use in ecologi-

cal restoration. Biomass drymatter yields, plant densities, basal cover, seed produc-

tion, tiller densities and plant height weremeasured.

3. Chloris gayana cv Boma and E. superba produced significantly higher dry mat-

ter biomass yields and attained higher seed production than other species. High

biomass and seed production indicate their suitability to support livestock produc-

tion and replenish depleted soil seed banks, respectively.

4. Enteropogon macrostachyus and C. ciliaris displayed significantly higher values for

components of establishment and ecological restoration success, that is, plant den-

sities, tiller densities and basal cover. Overall, C. roxburghiana ranked lowest in the

measuredmorphoecological characteristics.

5. Successful restoration of degraded African semi-arid rangelands using indigenous

grass reseeding can best be achieved through careful selection of grasses to take

advantage of their specific morphoecological characteristics. This selection should
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primarily be informed by the intended use of the rangeland and the specific chal-

lenges of restoring each site.

KEYWORDS

aboveground biomass, basal cover, plant density, plant structure, reseeding, seed production,
tillers

1 INTRODUCTION

In Africa, arid and semi-arid rangelands cover about 41% of the con-

tinent’s landmass and are characterized by low, erratic annual rainfall

(300–600 mm), high temperatures and nutrient poor soils (Sanchez,

2002; Vohland & Barry, 2009). Pastoralists are arguably the primary

human users of African rangelands. Native perennial grasses, for

example, Themeda triandra Forssk., Cynodon dactylon (L.) Pers., Chlo-

ris roxburghiana Schult., Cenchrus ciliaris L., Enteropogon macrostachyus

(Hochst. Ex A. Rich.) Monro ex Benth., Eragrostis superba Peyr., Chloris

gayana Knuth., Sorghum sudanense (P.) Stapf., Panicum maximum Jacq.

and Panicum coloratum L., provide a rich source of forage for grazing

livestock andwildlife (Koech et al., 2016;Mnene et al., 2005).

Degradation caused by heavy grazing causesmajor ecological trans-

formation and negatively impacts the three broad attributes of range-

land health, that is, soil and site stability, hydrologic function and biotic

integrity (Duniway & Herrick, 2013; Herrick et al., 2017 ; Whisenant,

1999). Depending on the severity of degradation, recovery of denuded

rangeland landscapes by means of natural succession and passive

methods is very slow and often less effective (Kinyua et al., 2010;

van den Berg & Kellner, 2005). Consequently, more active restora-

tion procedures, for example, reseeding using native perennial grasses,

have been incorporated into rangeland restoration (Kimiti et al., 2017;

Kinyua et al., 2010; Koech et al., 2016; Mganga et al., 2015; Mnene

et al., 2005). Use of native grass seeds for reseeding is advantageous

because of their better survival and growth, reduced risk of restoration

failure due to poor adaptation to local environmental conditions, limit-

ing ‘pollution’ of local gene pools and outbreeding depression (Broad-

hurst et al., 2008).

Active restoration methods can help counteract soil erosion by

increasing vegetation cover, enhancing primary productivity, increas-

ing the carrying capacity and replenishing the native seed banks of

semi-aridAfrican rangelands. For example, in aprevious study, low-cost

grass restoration using erosion barriers in a degraded African range-

land has been achieved by seeding with C. ciliaris (Kimiti et al., 2017).

This resulted in higher herbaceous cover even when other grasses

failed to establish. Enclosures reseeded with C. ciliaris and E. superba

have increased biomass production up to 10 times in a semi-arid range-

land in Kenya (Verdoodt et al., 2010). Use of perennial grasses native

to African rangelands for ecological restoration is beneficial because

they are: (1) preadapted to the environment (Wright et al., 2021), (2)

prolific seeders and efficient in seed dispersal (Marshall et al., 2012),

(3) characterized by extensive tillering and nutrient translocation to

escape or tolerate herbivory and fires (Stuart-Hill and Mentis, 1982)

and (4) are an additional source of income through the sale of hay and

seeds (Kimiti et al., 2017; Koech et al., 2016; Mureithi et al., 2016;

Mureithi et al., 2014). African rangelands perennial grasses are C4

species and drought tolerant, adaptations that results to grazing exap-

tation (Coughenour, 1985). The mechanisms of drought tolerance are

an extensive fine root system and greater root rhizosheath thickness

(Hartnett et al., 2013). High concentration of roots in the upper 0–

30 cm soil depth supports the efficient utilization of the low and spo-

radic rains (Marshall et al., 2012).C. ciliaris, with a deeper rooting depth

of up to2.4m, facilitates itswater uptakeat deeper soil layers (Marshall

et al., 2012).

Active ecological restoration using perennial grasses native to

African rangelands has demonstrated great potential (Kimiti et al.,

2017; Mganga et al., 2019; Mureithi et al., 2016). However, studies to

determine multiple morphoecological attributes of perennial grasses

native to African rangelands for ecological restoration under rainfed

conditions for more than one growing season remain limited. There-

fore, in this study we evaluated six attributes considered to be good

indicators of restoration success (i.e., plant height, biomass production,

plant density, tiller density, basal cover and seed production; Kimiti

et al., 2017; Ruiz-Jaen & Aide, 2005; Verdoodt et al., 2010). These indi-

cators also serve as proxy of plant productivity, which constitutes an

important measurement in these agropastoralists environments. The

overall objective of this studywas tomeasure the selectedmorphoeco-

logical traits of the grasses to determine the most suitable species for

reversing damagedprimaryprocesses in semi-arid rangelands in south-

eastern Kenya.

2 MATERIALS AND METHODS

2.1 Study area

This reseeding study was conducted in a typical semi-arid African

rangeland in Kitui County, southeastern Kenya (site GPS coordinates

latitude S 1◦ 22ʹ 33.329ʹʹ and longitude E 38◦ 0ʹ 34.771ʹʹ) under rain-
fed conditions. Akambaagropastoralists are themain inhabitants in the

area. They primarily rear local breeds of livestock notably small East

African shorthorn zebu, RedMaasai sheep and small East African goats

and cultivate drought-tolerant varieties of maize, millet, sorghum,

pigeon peas and beans (Mganga et al., 2015). The rainfall pattern is

bimodal with two rainy seasons. The long and intense rains between

March and May are characterized by a rain peak in April while the

short and less intense rains between October and December, have a
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rain peak in November. Total annual rainfall ranges between 300 and

800 mm and the monthly temperatures ranges between 14 and 34◦C,

with a mean of 24◦C (Schmitt et al., 2019). Rainfall and temperature

during the study fell within these ranges (Figure S1).

Soils in the study area are shallow, deficient in nitrogen and phos-

phorus, with little organic matter. The basic soil chemical and physi-

cal characteristics of the experimental site were 0.08% nitrogen, 0.8%

carbon, 165 mg kg−1 soil phosphorus, and a loamy soil texture of 22%

clay, 31% silt and 47% sand. Surface sealing properties and low infil-

tration rates make the soils vulnerable to erosion, particularly since

intense rains come early in the growing season when the ground is

bare. No fertilizer was applied during the seeding study. 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 (Hayashi, 1996). The herba-

ceous layer is dominated by C. roxburghiana, E. superba, C. ciliaris, E.

macrostachyus and Rhynchelytrum repens (Willd.) Zizka (Hayashi, 1996;

Mganga et al., 2015).

2.2 Seed viability test, experimental layout and
site preparation

Seed viability testswere conducted under controlled laboratory condi-

tions (22◦C, 14 days) before sowing. At the end of the 14 days, all seeds

that had germinated in the petri disheswere expressed as a percentage

of the total number of seeds.

The experimental site was flat with minimal patches of native over-

storey and understorey vegetation. Experimental design was a ran-

domized complete block design with five experimental blocks with an

area of 150 m2 (10 × 15 m) laid horizontally adjacent to each other,

and with a 2 m buffer between blocks. Each block was further sub-

divided into five smaller experimental plots, eachwith an area of 30m2

(10 × 3 m). Each grass species was sown in one experimental plot

selected at random across the five blocks.

Selected grasseswere established from local seeds in earlyOctober,

2017, before the onset of the short rains. Local seeds, collected within

a radius of 500 m of the site, were used because locally adapted seeds

deliver superior ecological restoration outcomes (O’Brien et al., 2007).

Seeds were hand-sown at a constant density as monocultures along

shallow (20 cm deep) ox-ploughedmicrocatchments at a depth of 2 cm

and lightly covered. Spacing between the created microcatchments

was approximately 15 cm. 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 (Mganga et al., 2015; Visser et al., 2007). We used

Kenya Agricultural and Livestock Research Organisation (KALRO)

recommended and desired seeding rate (5 kg ha−1) for indigenous

rangeland grasses in semi-arid lands for all the species. However,

seeding rates were adjusted for seed viability based on germination

rate. Therefore, seeding rates used were 8.62, 6.09, 10.87, 15.63 and

6.52 kg ha−1 for C. ciliaris, E. macrostachyus, E. superba, C. roxburghiana

and C. gayana, respectively.

2.3 Measurement of plant morphoecological
attributes

Seedling emergence, that is, the point when cotyledonary leaves are

unfolded, was recorded in each plot as the number of days from sow-

ing to 50% emergence. Plant indices and morphometric characteris-

tics were measured after four (4) months (biomass production, plant

height) and nine (9) months (biomass production, plant height, plant

density, tiller density, basal cover and seed production). All the grasses

were sampled during early reproductive stage. Destructive sampling

wasdone todetermine abovegroundbiomass production, an important

variableused todetermine the carrying capacityof grasslands. Todo so,

three randomly placed 0.25 m2 quadrats were used per grass species

and clipped to a stubble height of 2 cm in each plot. Harvested above-

ground biomass was placed in paper bags and oven dried at 60◦C for

24 h to determine drymatter (DM) yield.

Plant densities and average tiller densities per plant species were

estimated in three 0.25 m2 quadrats within each plot (Cox, 1990). Per-

centage basal cover was estimated using the step-point method due to

its suitability for valid analysis of field-basedecological research (Evans

& Love, 1957). Three 10 m long parallel line transects (1 m apart) were

used in each of the five plots in all five blocks. Ten measurements were

taken along each transect (1 m interval) to give a total of 30 measure-

ment points in each plot. Plant densities, tillers and basal cover facil-

itate regrowth after disturbance and trap sediments and as such are

important to ecological restoration (Erkossa et al., 2020). Seed produc-

tion was estimated from the biomass harvested by separating it from

the stem and leaf biomass by hand stripping. Plant height to the tip of

the top leafwas determinedusing a2mruler to the nearest cmandwas

used to estimate the growth per day.

2.4 Statistical analysis

Statistical analyses were performed using STATISTICA 10.0 (StatSoft

Inc). One-way analysis of variance (ANOVA) was used to determine

whether there are any statistically significant differences between the

means of the measured parameters. Tukey’s HSD post hoc test was

used to separate significant differences of plant parameters among

species, at α = 0.05. Additionally, a correlation analysis between the

measured morphoecological characteristics was conducted using R

version 4.0.3 (2020-10-10) (R Core Team, 2020) within RStudio (RStu-

dio, 2018) and the correlation matrix was generated using the corrplot

package (Wei et al., 2017).

3 RESULTS

3.1 Plant morpho-ecological characteristics

Enteropogon macrostachyus and C. roxburghiana had the highest and

lowest percent seed viability, respectively (Table 1). Furthermore,

seedling emergence was fastest in E. macrostachyus (after 3 days)

and slowest in C. roxburghiana (after 9 days) (Table 1). Overall, C.
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TABLE 1 Selected characteristics of the grasses used in the
reseeding trial

Grass species

Seed

viability

(%)

Seedling

emergence

(days)

Growth

(height)

(cm day−1)

Cenchrus ciliaris 58a 7a 0.09a

Enteropogonmacrostachyus 82b 3b 0.15b

Eragrostis superba 46c 7a 0.13b

Chloris roxburghiana 32d 9a 0.17b

Chloris gayana 76b 4b 0.27c

Different lower case letters indicates statistically significantly differences

at α= 0.05.

gayana and E. superba had significantly higher aboveground biomass

yields (F (4, 70) = 2343.0, p < 0.001) (Figure 1(b)), plant height (F (4,

70)=711.9, p<0.001) (Figures 1(c) and1(d)), and seedproduction (F(4,

70) = 1605.9, p < 0.001) (Figure 2(d)), than E. macrostachyus, C. ciliaris

and C. roxburghiana. Additionally, C. gayana had the highest tiller den-

sity (F (4, 70) = 277.6, p < 0.001) (Figure 2(b)). E. macrostachyus and C.

ciliaris had significantly higher plant densities (F (4, 70)= 40, p< 0.001)

(Figure2(a)) andpercent basal cover (F (4, 70)=177.39, p<0.001) (Fig-

ure 2(c)) than C. gayana, E. superba and C. roxburghiana. C. roxburghiana

had the lowest biomass yields (Figure 1(b)), tiller densities (Figure 2(b)),

seed production (Figure 2(d)).

Measuredmorphoecological characteristics displayeddifferent pat-

terns of correlation. Plant height after 9 months was negatively cor-

related with plant density (R = 0.72, p < 0.001) and basal cover

(R = 0.73, p < 0.001), but positively correlated with seed produc-

tion (R = 0.66, p < 0.001) and dry matter biomass yields (R = 0.83,

p < 0.001) (Figure 3). Additionally, plant density was positively corre-

latedwith biomass yields after 4months (R= 0.65, p< 0.001) and basal

cover (R = 0.93, p < 0.001), but negatively correlated with dry matter

biomass yields after9months (R=0.48,p<0.05) (Figure3). Basal cover

was also negatively correlated with dry matter biomass yields after 9

months (R= 0.40, p< 0.05) (Figure 3).

4 DISCUSSION

Biomass production and plant height are used as predictors of per-

formance in ecological restoration (Erkossa et al., 2020; Vundla et al.,

2020). Sowing C. gayana and E. superba was clearly more successful in

terms of providing ecosystem services (e.g., biomass production and

erosion control) than the other selected species. Faster growth rate

contributed the significantly taller culms in C. gayana and E. superba,
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compared to C. ciliaris. C. gayana cv Boma is known to establish eas-

ily, grow quickly and mature early (Ponsens et al., 2010). High biomass

produced byC. gayana and E. superba (Figure 1(b)), implies that they are

suitable for enhancing productivity, forage availability and increasing

the carrying capacity of southeastern Kenya semi-arid rangelands for

grazing herbivores. Plant height is a major factor controlling soil ero-

sion in grassy biomes because it determines the potential maximum

falling height and kinetic energy of raindrops (Senn et al., 2020). Thus,

taller culms of C. gayana (150 cm) and E. superba (110 cm) (Figures 1(c)

and 1(d)), indicate that they have a great potential in intercepting rain-

drops and thus minimize soil disturbance. Moreover, our results also

imply that taller African rangeland grasses like C. gayana and E. superba

are suitable for reducing grazing pressure on other shorter species

because they are more accessible to grazing herbivores. Thus, incor-

porating C. gayana and E. superba in reseeding diverse semi-arid range-

lands in southeastern Kenya should indirectly promote a vegetation

cover consisting of shorter grasses and contribute to restoration suc-

cess.

Our results suggest that E. macrostachyus is suitable for increas-

ing vegetation cover and subsequently improve soil hydrological prop-

erties and facilitate successful ecological restoration processes, for

example, plant growth and vegetation succession, in degraded semi-

arid rangeland landscapes in southeastern Kenya. Perennial grasses

native to African rangelands characterized by high basal cover, tiller

andplant densities, such asE.macrostachyus (Figures 2(a), 2(b) and2(c)),
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regenerate and persist in environments dominated by fire, drought and

herbivory (Moore et al., 2019). High basal cover, tiller and plant densi-

ties exhibited by E. macrostachyus indicate that it is a suitable species

to reduce soil loss by enhancing infiltration and reducing surface flow

velocity.

Reintroduction of plant species and thus higher diversity in restored

landscapes depends largely on the presence of viable seed in the soil

and the ability of the established plant species to replenish the seed

bank (Bakker et al., 2005). Seeds of perennial grasses native to African

rangelands may lay dormant retaining the original seed viability in the

ground for up to 8 months and remain at 10% viability for about two

years (Winkworth, 1963). Long-term rangeland ecological restoration

is more feasible if the density of persistent seeds in the soil seed bank

is sufficient (Kalamees et al., 2012). High seed production by C. gayana

and E. superba (Figure 2(d)) suggest that they are the best suited for

replenishing southeastern Kenya semi-arid rangelands characterized

by depleted soil seed bank. Moreover, prolific native grass seeders like

C. gayana and E. superba indicate that they have a great potential con-

tribution to seed rain, a process that plays a key role in recruitment and

regeneration in plant communities in grasslands (Arruda et al, 2018).

The poor establishment C. roxburghiana, on the other hand, could be

attributed to the genetic differences between ecotypes occurring as

a result of adaptation to unique environmental factors specific range-

land sites (Mnene et al., 2005). Therefore, based on our results, we can-

not recommend it as a promising species for reversing degradation in

southeastern Kenya semi-arid rangelands.

The grasses selected in this study do not occur in isolation in their

natural semi-arid rangeland environment in Kenya. Thus, it is expected

that interspecific interactions will play a role in influencing vegeta-

tion structure and cover when established in different combinations.

Incorporating perennial grass mixtures consisting of taller and shorter

species in reseeding semi-arid rangelands in Kenya could be used as a

strategy promote a continuous vegetation cover. This is because her-

bivores preferentially graze taller species (Santos et al., 2013). There-

fore, long-term and robust studies using multiple grass combinations

established in different ecological sites would generate valuable infor-

mation to better assess the suitability of the grasses for the restoration

of semi-arid rangelands in Kenya.

5 MANAGEMENT RECOMMENDATIONS

Chloris gayana cv Boma or E. superba combined with E. macrostachyus

offers the best species combination for enhancing productivity and

potentially reversing degradation during restoration process in south-

eastern Kenya semi-arid rangelands. Perennial grasses indigenous to

African rangelands used here displayed a variety of attributes suit-

able for ecological restoration. C. gayana cv Boma and E. superba are

best suited for enhancing forage production and replenishing depleted

seed bank. E. macrostachyus and C. ciliaris displayed a greater poten-

tial for restoring and rejuvenating denuded semi-arid rangelands in

Kenya. C. roxburghiana was consistently ranked lowest in all the mea-

sured morphoecological characteristics. Considering that C. ciliaris is

aggressive, we recommend a careful assessment of its potential neg-

ative impact prior to its selection for seed-based ecological restoration

programmes, especially those targeting to enhance plant biodiversity

in an African rangeland landscape.
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