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	ABSTRACT
In the arid and semi-arid rangelands of Tanzania, native grasses serve as the primary feed resource for herbivores. However, during the dry season, the nutritive value of these grasses declines significantly, posing challenges to the health, performance, and productivity of herbivores, especially livestock. This situation necessitates exploring alternative feed resources to sustain livestock during these critical periods. Faidherbia albida has emerged as a vital fodder tree due to its ability to maintain lush, nutritious foliage even in the dry season, thereby providing essential sustenance when other feed options are scarce. Therefore, the study aimed to evaluate the chemical composition, mineral profile, digestibility, ruminal degradability, and fermentation potential of F. albida foliage collected during the dry season to support evidence-based recommendations for its strategic use in livestock feeding. The foliage was randomly sampled from 20 mature F. albida trees (5 plots × 4 trees/plot), composited by plot (n = 5), dried, milled, and analyzed. Chemical composition was determined using proximate analysis, while in vitro dry matter (DM) and organic matter (OM) digestibility was determined using the Tilley and Terry technique. Cumulative gas production was recorded over 120 h, and the net 24 h gas production (Gp; mL per 200 mg DM) was combined with crude protein (CP) and ash to estimate OM digestibility and metabolisable energy. In sacco DM and OM degradability were assessed using nylon bags in rumen-fistulated cattle. Calcium (Ca) and phosphorus (P) were quantified by atomic absorption spectrophotometry and colorimetrically, respectively. Data were analyzed using descriptive statistics and linear mixed-effects models. On a DM basis, foliage contained 20.1% CP, 5.5% ash, 22.2% crude fibre, 74.0% neutral detergent fibre, 52.8% acid detergent fibre, and 28.0% acid detergent lignin. In vitro DM and OM digestibility were low (15.3% and 15.5%, respectively). Gas-based estimates indicated moderate fermentability, with net 24 h gas production (Gp) of ~22.9 mL per 200 mg DM, predicted OM digestibility of 47.9% and metabolisable energy of ~6.5 MJ kg⁻¹ DM. In sacco DM and OM degradability at 96–120 h were approximately 20%. The concentration of Ca and P was 0.45% and 0.26% DM, respectively (Ca:P 1.7:1). These findings indicate that F. albida foliage is protein- and mineral-rich in the dry season and, when offered to herbivores with longer rumen retention as a complementary supplement to low-quality roughages, might support animal performance.
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1. INTRODUCTION 
In arid and semi-arid rangelands, forage resources are constrained by low and variable rainfall, short growing seasons, and long dry periods characterized by senesced herbage (Muzzo et al., 2023). During the dry season, native grasses and crop residues typically contain less than about 80–100 g crude protein (CP) kg⁻¹ dry matter (DM), high fibre and inadequate mineral supply, which together limit intake, digestion and animal performance (Elseed et al., 2001; Belete et al., 2024). Herbivores grazing these systems must therefore cope with pronounced seasonal fluctuations in both the quantity and quality of available feed. In Tanzania's semi-arid rangelands, livestock production is largely based on extensive grazing, with cattle as the dominant herbivores and small ruminants having a complementary role. For much of the dry season, cattle diets are dominated by mature grasses and cereal residues that frequently fail to meet basic requirements for maintenance, growth, and reproduction (Marius et al., 2021). Under these low-input conditions, where access to commercial protein and mineral supplements is limited, pastoralists and agropastoralists increasingly rely on woody vegetation, including browse trees and shrubs, to buffer dry-season feed deficits and sustain herd performance (Muzzo et al., 2023).
Browse trees and shrubs, particularly leguminous species historically grouped within the Acacia sensu lato complex, are important components of arid and semi-arid rangeland systems and strategic dry-season supplements. Acacia sensu lato comprises pantropical pod-bearing woody legumes (Mimosoideae, Fabaceae) widely distributed across dry lands, whose leaves often contain tannins and which are valued for drought tolerance, nitrogen fixation, and multiple uses including fodder, shade, and live fencing (Alajmi et al., 2017; Van Auken and Bush, 2013; Aref et al., 2014). These browse species can provide green leaves, pods, and twigs when herbaceous forage has senesced and typically offer higher crude protein and mineral content than associated grasses; across the tropics, fodder tree and shrub leaves commonly contain 120–230 g CP kg⁻¹ DM with moderate fibre and relatively elevated macro- and micro-minerals, making them strategic supplements for bridging dry-season nutritional gaps (Rubanza et al., 2002, 2005; Cheema et al., 2010; Medjekal et al., 2020; Gupta et al., 1975; Aregheore et al., 2006; Lukhele and Van Ryssen, 2003; Mahieu et al., 2021; Belete et al., 2024; Okunade et al., 2014; Mekuriaw et al., 2023). Within East African rangelands, the role of browse resources is well recognized, and several leguminous taxa are commonly utilized as dry-season supplements. Key taxa include Vachellia tortilis, V. xanthophloea, V. drepanolobium, Senegalia senegal, and Faidherbia albida ("apple-ring acacia"), which is among the dominant browse species in Tanzanian and other African rangelands (Figure 1). Supplementation trials and meta-analyses rank F. albida among the more promising tropical browse legumes for protein content and feeding value, reporting improved intake, digestibility, and live-weight gain when foliage or pods accompany low-quality basal diets (Feyera et al., 2011; Mubi, 2009; Njidda et al., 2017; Mekuriaw et al., 2023). Reported mineral profiles are generally favourable (often high Ca, Mg, and K), although high Ca:P ratios and marginal phosphorus are sometimes observed (Rubanza et al., 2005, 2007; Elseed et al., 2001; Boufennara et al., 2012; Drechsel and Zech, 1991; Pedro et al., 2024).
However, the nutritive value of individual browse species is highly variable and shaped by species identity, environment, phenological stage, and concentrations of secondary compounds such as tannins (Rubanza et al., 2002; Njidda et al., 2011; Belachew et al., 2018). When appropriately used, browse resources can nevertheless improve herbivore performance and productivity, but this requires robust, species-specific information under local conditions. Despite the apparent potential of Faidherbia albida, there is little integrated information on the nutritive value and ruminal digestibility of locally available foliage during the dry season, including coordinated analysis of proximate composition, fibre fractions, in vitro and in sacco degradability, gas production characteristics, and mineral content. This knowledge gap constrains the formulation of accurate rations and the development of evidence-based recommendations on the use of F. albida foliage as a complementary supplement to low-quality dry-season roughages for cattle and other herbivores, whether under free-grazing conditions or in confinement systems. Therefore, this study aimed to evaluate the chemical composition, mineral profile, digestibility, ruminal degradability, and fermentation potential of F. albida foliage collected during the dry season to support evidence-based recommendations for its strategic use as a complementary supplement to low-quality dry-season roughages.Figure 1. Tanzania Shorthorn Zebu cattle browsing Faidherbia albida during the dry season in Dodoma, Tanzania (19 July 2025). The inset highlights foliage of F. albida targeted during browsing.















2. MATERIALS AND METHODS
2.1 Study area
Foliage samples of  F.albida were collected at Magadu Farm, Sokoine University of Agriculture (SUA), Morogoro, Tanzania. The farm is located on the lower slopes of the Uluguru Mountains at an altitude of 500–600 m above sea level and is used for livestock production, training, and research. The area covers 134 ha, receives 800–900 mm of mean annual rainfall, and has a mean daily temperature of 25–30 °C, with relative humidity around 81 % during the rainy season ( July to October) (SUA Meteorological Centre, 2024). Sampling was conducted during the dry season, when F. albida was in whole-leaf form, and the surrounding herbaceous vegetation was largely senesced.

2.2 Sampling design, tree selection, and foliage collection
The Faidherbia albida stands surrounding Magadu Farm were mapped and subdivided into five plots, each approximately 100 × 100 m. Within each plot, all mature F. albida trees (≥10 per plot) were located, mapped, and assigned unique identification numbers. Trees were classified as mature based on the presence of a well-developed crown that could be safely accessed for foliage harvesting. Tree age was not directly determined because reliable planting records were unavailable and no age–size calibration was conducted; therefore, maturity was defined operationally using crown development and accessibility. In each plot, four trees were selected by simple random sampling without replacement using a random-number table applied to the list of tree IDs. Thus, every mature tree within a plot had an equal probability of selection, and no tree could be selected more than once. Figure 2 illustrates this "sampling individuals" procedure: open crowns represent all eligible mature trees within a plot, while the four numbered trees (1–4) indicate the randomly selected individuals. The connecting lines show the efficient walking route followed during field collection to minimize travel time. At each selected tree, total height and canopy height (CH) were measured using a graduated pole. Leafy twigs were harvested at approximately half of CH from each of the four cardinal directions (north, south, east, and west) using pruning shears. Subsamples from the four directions were pooled to form one composite foliage sample per tree. Each tree-level composite was placed into a labelled nylon bag (plot ID and tree ID), weighed fresh in the field, and transported to the Sokoine University of Agriculture Animal Nutrition Laboratory for drying and milling. To obtain plot-level replication consistent with the experimental design, the four tree-level composite samples within each plot were subsequently combined in equal proportions (on a dry matter basis) to produce one plot composite sample. Thus, a total of five plot composite samples (n = 5; one per plot) were generated and used for chemical composition, in vitro digestibility, in vitro gas production, in sacco degradability, and mineral analyses.

Figure 2. Illustration of the “sampling individuals” method used to select Faidherbia albida trees within each 100 × 100 m plot at Magadu Farm. All mature trees in a plot were mapped and numbered, and four trees (1–4) were selected by simple random sampling without replacement. The connecting lines indicate the efficient walking route followed in the field (3 → 1 → 4 → 2) rather than the numerical order of selection. Leafy twigs from each selected tree were harvested at half of canopy height from the four cardinal directions. Adapted from Wilson et al. (2012)


























2.3 Sample preparation
Fresh foliage samples were weighed on arrival at the laboratory to determine fresh mass, then oven-dried at 60 °C to constant weight to obtain air-dry material for subsequent processing and to prevent heat damage to organic constituents. After drying, samples collected from the four selected trees in each plot were combined in equal proportions on a dry-matter basis to generate a single plot composite sample. Thus, five plot composite samples (n = 5; one per plot) were prepared for all laboratory analyses. Plot composites were mixed thoroughly and ground in a Wiley mill to pass through a 1-mm screen for chemical and mineral analyses and through a 2-mm screen for in vitro and in situ degradability determinations. Ground samples were stored in airtight, labelled bottles until analysis. All results were expressed on a DM basis.

2.4 Proximate composition
Proximate components were determined according to AOAC (1990, 2005) standard procedures. Dry matter (DM) was determined by oven-drying subsamples at 105 °C for 24 h (AOAC 934.01). Ash was obtained by incineration of dried samples in a muffle furnace at 550 °C for 3 h (AOAC 942.05), followed by cooling in a desiccator and weighing; if the residue was not carbon-free, samples were re-ignited for an additional 3 h (or until constant mass was achieved). Nitrogen (N) content was analysed by the Kjeldahl method using block digestion and steam distillation, and crude protein (CP) was calculated as N × 6.25 (AOAC 988.05). Ether extract (EE) was determined by Soxhlet extraction with petroleum ether (AOAC 920.39). Crude fibre (CF) was analysed using the ANKOM fibre analyser following AOAC 978.10. Nitrogen-free extract (NFE), representing soluble carbohydrates, was calculated by difference.


2.4.1 Fibre fractions (Van Soest system)
Cell wall fractions were determined according to the detergent system of Van Soest et al. (1991) using an ANKOM fibre analyser (ANKOM Technology, Macedon, NY, USA). Neutral detergent fibre (NDF) was analysed using neutral detergent solution containing sodium lauryl sulfate and EDTA, with sodium sulfite and heat-stable α-amylase added to aid the removal of starch and protein. Acid detergent fibre (ADF) was determined using acid detergent solution (cetyl trimethylammonium bromide in 1 N H₂SO₄). Acid detergent lignin (ADL) was measured by treating ADF residues with 72% H₂SO₄, then ashing at 550 °C. Hemicellulose and cellulose were calculated as:

2.5 In vitro dry matter and organic matter digestibility
In vitro dry matter digestibility (IVDMD) and organic matter digestibility (IVOMD) were determined using the two-stage technique of Tilley and Terry (1963). Approximately 0.5 g of 2-mm ground sample was weighed into 80-mL centrifuge tubes. Forty millilitres of pre-warmed McDougall's buffer (pH 6.8–7.0) and 10 mL of strained rumen fluid from a fistulated cow fed medium-quality hay plus mineral supplement were added to each tube under continuous CO₂ flushing to maintain anaerobic conditions. Tubes were sealed with rubber stoppers fitted with valves and incubated at 39 °C for 48 h in a shaking water bath, with periodic mixing to resuspend particles. After 48 h, the tubes were centrifuged (2000 × g, 25 min), and the supernatant was discarded. The residues were resuspended in 50 mL pepsin–HCl solution (2 g pepsin L⁻¹ in 0.1 N HCl) and incubated for a further 48 h at 39 °C. Final residues were filtered into pre-weighed crucibles, dried at 100 °C for 48 h, weighed, then ashed at 550 °C for 3 h. IVDMD and IVOMD were calculated as:



2.6 In vitro gas production and prediction of OMD and ME
In vitro gas production was determined using the calibrated glass syringe technique following the Hohenheim gas test described by Menke et al. (1979), and predicted organic matter digestibility (OMD) and metabolisable energy (ME) were estimated according to Menke and Steingass (1988). Approximately 200 mg of the 2-mm ground sample was weighed into pre-warmed 100-mL glass gas syringes. Rumen liquor was collected before morning feeding from rumen-fistulated cattle maintained on a basal hay diet, filtered through four layers of cheesecloth, kept at 39 °C, and continuously flushed with CO₂ to maintain anaerobic conditions. The incubation medium (buffer–mineral solution with a reducing agent and indicator) was prepared as described by Menke et al. (1979) and mixed with rumen fluid at a 2:1 (v/v) buffer: rumen fluid ratio. Each syringe was filled with the inoculum, gently shaken to disperse the substrate, and incubated upright at 39 °C in a thermostatically controlled water bath. Gas volume was recorded at 0, 3, 6, 12, 24, 48, 72, 96, and 120 h, and gas production was expressed as mL g⁻¹ DM. Net 24-h gas production (Gp; mL per 200 mg DM) was calculated as the 24-h reading minus the 0-h reading, and blank syringes containing only inoculum were used to blank-correct gas production. The 24-h net gas volume (Gp), together with crude protein (CP) and ash contents, was used to estimate predicted OMD (%) and ME (MJ kg⁻¹ DM) using the Menke and Steingass (1988) equations:
OMD (%) = 14.88 + 0.889·Gp + 0.45·CP + 0.651·Ash;
ME (MJ kg⁻¹ DM) = 2.20 + 0.136·Gp + 0.057·CP + 0.0029·EE².
For the prediction equations, CP, ash, and EE were expressed as % DM (g/100 g DM), and units were converted where necessary.
.2.7 In situ rumen degradability (nylon bag technique)
In situ degradability of DM and OM was estimated using the nylon bag technique in two rumen-fistulated cows adapted to a basal hay diet (Figure 3). Approximately 2 g of 2-mm ground sample per plot was weighed into nylon bags (10 × 5 cm; 38-µm pore size), which were then sealed and attached in sequence to a nylon string. For each cow, duplicate bags were prepared for each incubation time. Bags were incubated in the ventral sac of the rumen for 0 (washed only), 6, 12, 24, 48, 72, 96, and 120 h. After removal, bags were rinsed under running tap water until the effluent was clear, dried at 60 °C for 72 h, and weighed. Residues were ashed at 550 °C for 3 h to determine OM disappearance. Degradability at each time point was expressed as the proportion of DM or OM loss relative to the original sample. For each plot composite, the time-course of DM and OM degradability was fitted to the non-linear model of Ørskov and McDonald (1979):
Where pₜ is the proportion degraded at time t, a is the rapidly soluble fraction, b is the potentially degradable fraction, and c is the fractional degradation rate (h⁻¹).
Effective degradability (ED) was calculated for each plot composite assuming a rumen passage rate (k) of 0.02 h⁻¹ using:
The parameters a, b, c, and ED were later summarised across plots as described in the statistical analysis.


Figure 3: Fistulated animal  at Sokoine university of Agriculture





























2.8 Mineral analysis
Mineral content was determined on ash solutions prepared from ground foliage. Approximately 5 g of dried sample was ashed at 530 °C in a muffle furnace for 4 h (or until a carbon-free residue/constant mass was obtained), and the ash was moistened with 20 mL of warm 1:1 (v/v) HCl and left to stand overnight (~12 h). The digest was quantitatively transferred to a 100-mL volumetric flask and made up to volume with deionised water. Calcium (Ca) was measured by atomic absorption spectrophotometry (Model SP 191, Pye Unicam Ltd., Cambridge, UK) using appropriate hollow-cathode lamps and external calibration with Ca standard solutions; reagent blanks and check standards were included to verify calibration and analytical accuracy. A releasing agent (lanthanum or strontium chloride) was added to standards and samples to minimise chemical interference. Phosphorus (P) was determined colorimetrically by the molybdate–ascorbic acid method using a UV–visible spectrophotometer, and concentrations were calculated from standard curves and expressed as g kg⁻¹ DM.

2.9 Statistical analysis
The study used a plot-replicated sampling design in which the five plots served as independent replicates, and the plot composite sample was treated as the experimental unit (n = 5). Where laboratory determinations were performed in duplicate, technical replicates were averaged to obtain a single value per plot (and, where applicable, a single value per plot × time point) prior to analysis. Results are presented as plot values and as mean ± SD across plots. For in vitro gas production, gas volumes measured repeatedly over incubation time were analysed using a linear mixed model with incubation time as a fixed effect and plot as a random effect to account for between-plot variability.                                                                                                                
                                                              , 
where is gas production at incubation time in plot , is the fixed effect of incubation time, is the random effect of plot , and is the residual error. 

For in situ incubations conducted in two fistulated cows, duplicate bags within each plot × cow × time were averaged before analysis, and cow was treated as a random blocking factor. Disappearance data across incubation times were analysed using a linear mixed model with time as a fixed effect and plot and cow as random effects.
                                                            , 
where is DM (or OM) disappearance for incubation time in plot and cow , is the random effect of plot , and is the random effect of the cow . 

When the incubation time fixed effect was significant, differences among time-point means were assessed using Tukey-adjusted comparisons of model-based means. Degradability model fitting and calculation of effective degradability were conducted as described in Section 2.7, and the resulting fitted outputs were treated as plot-level outcomes and summarised similarly across plots. All analyses were performed in R (version 4.4.2; R Core Team, 2024), and statistical significance was declared at .

3. RESULTS AND DISCUSSION
F. albida foliage in this study had a high crude protein content, confirming its value as a high-protein browse feed for ruminant herbivores in semi-arid systems (Table 1). This CP level agrees with reports from East and North Africa, where F. albida leaf CP commonly ranges from 17 to 21% DM, depending on season, canopy stratum, and site conditions (Rubanza et al., 2005; Abdella and Akuma, 2019). Lower CP contents (14–17% DM) reported elsewhere (Wickens, 1969; Dagar et al., 2016) indicate that soil fertility, climate, tree age, and phenological stage strongly influence nitrogen accumulation in this forage. Similar variability is observed in other browse legume foliage: Acacia nilotica and Acacia seyal typically contain 13–19% CP, whereas Leucaena leucocephala can reach 22–26% CP on fertile sites (Mukangango, 2019). In this context, the CP content obtained in the present study lies at the upper end of the range for tropical browses and is adequate to correct the protein deficit of dry-season grass and cereal-residue diets and to meet maintenance and moderate production requirements of ruminants when energy supply and intake are not limiting. 
The mineral profile of F. albida foliage was also favourable. Total ash (55 g kg⁻¹ DM; 5.5% DM) was moderate and slightly lower than values reported from Niger and Sudan (70–90 g kg⁻¹ DM) (Hassan et al., 2007; Bouazza et al., 2012), suggesting somewhat lower overall mineral content in the present environment. Calcium and phosphorus concentrations (4.5 g Ca kg⁻¹ DM [0.45% DM] and 2.6 g P kg⁻¹ DM [0.26% DM]) fall within the ranges reported for F. albida in West and East Africa (Ca 3–10 g kg⁻¹ DM; P 2–3 g kg⁻¹ DM) (Mokgolodi et al., 2011; Chinke et al., 2022), and the Ca:P ratio (1.7:1) is generally compatible with ruminant requirements. Compared with other fodder trees such as Calliandra calothyrsus and Gliricidia sepium, which often show slightly higher Ca but similar P contents (Osuga et al., 2006), F. albida is competitive as a macro-mineral source, particularly where basal grass diets are P-deficient, as in many tropical rangelands (Rubanza et al., 2007). However, the moderate ash content and known variability in trace-element supply in browses indicate that F. albida should be used as a complementary mineral source, not as the sole mineral source, consistent with findings for other semi-arid browse species (Mthi et al., 2021; Daneshvar et al., 2025). Therefore, the nutritional composition of F. albida foliage indicates that it is a strategic protein and macro-mineral supplement for low-quality grass and residue diets in semi-arid systems, particularly where access to commercial concentrates and mineral mixes is limited. Thus, conserving and integrating F. albida trees into pastoral and mixed crop–livestock systems can make a meaningful contribution to sustaining ruminant productivity during the dry season (Muzzo et al., 2023). Accordingly, when offered as a supplement to low-quality grasses and crop residues, F. albida foliage can improve dietary nitrogen and mineral supply and has been associated with improved intake and animal performance in supplementation studies (Feyera et al., 2011; Mubi, 2009; Njidda et al., 2017; Mekuriaw et al., 2023). 
In contrast to the favourable protein and macro-mineral supply, the structural carbohydrate fractions showed that F. albida foliage was highly fibrous at the time of sampling (Table 1). Neutral detergent fibre, acid detergent fibre, and acid detergent lignin were high, indicating a large proportion of cell-wall material and extensive lignification (Table 1). These values are higher than those reported in several earlier studies on F. albida, where NDF often ranged between 40 and 55%, ADF was frequently <35% DM, and lignin was <15% DM (Niamey, 1992; Desta et al., 2024; Boufennara et al., 2013), but they fall within the upper range observed during the dry season or at advanced phenological stages (Simone et al., 2023). A plausible explanation is that foliage was collected at a late-maturity stage, when increased deposition of structural carbohydrates and lignin reduces cell-wall degradability and limits the energy-yielding potential of the forage. Similar seasonal increases in NDF and lignin, associated with lower digestibility, have been reported for Acacia tortilis and Acacia seyal in dry-season browse (Rubanza et al., 2005; Belete et al., 2024). The very low in vitro dry-matter and organic-matter digestibility values, therefore, reflect both the high cell-wall content and the probable influence of secondary compounds. Previous studies have reported in vitro DM digestibilities of about 60–80% for related acacia species under more favourable conditions or earlier leaf stages (Njidda et al., 2013; Alarape et al., 2023). The much lower values observed here are closer to those found for lignified browses sampled late in the dry season (Rubanza et al., 2005; Bouazza et al., 2012). In addition to structural limitations, F. albida foliage has been reported to contain condensed tannins and other phenolic compounds (Mudau et al., 2022; Boufennara et al., 2013), which can bind proteins and cell wall polysaccharides, reduce microbial access, and depress apparent digestibility. F. albida foliage has been reported to contain condensed tannins ( Wilson et al., 2024), which can form tannin–protein complexes in the rumen and thereby reduce ruminal proteolysis and deamination, shifting part of dietary nitrogen toward rumen-undegraded ('bypass') protein. This mechanism may improve nitrogen use efficiency when F. albida is used as a dry-season supplement; however, if tannin activity is high relative to protein supply, excessive binding could also limit rumen-available nitrogen needed for microbial fibre digestion of low-quality grasses. Although tannins were not quantified in the present work, the combination of high lignin content and low digestibility is consistent with constraints commonly observed in tannin-containing browse species. High lignin and phenolic contents reduce the potentially degradable fraction and the rate of ruminal degradation (Van Soest, 1994), which is consistent with the low in vitro digestibility measured in this study. Differences in donor rumen fluid, incubation conditions, and laboratory procedures among studies may also contribute to variation in absolute digestibility values and should be considered when making comparisons.
	Table 1. Chemical composition, fibre fractions, and mineral profile of Faidherbia albida foliage (dry season)

	Parameter
	Plot 1
	Plot 2
	Plot 3
	Plot 4
	Plot 5
	Mean ± SD

	Dry matter (DM)
	97
	97.3
	97.1
	97.2
	97.3
	97.19 ± 0.13

	Crude protein (CP)
	20
	20.3
	20.1
	20
	19.9
	20.06 ± 0.15

	Ash
	5.6
	5.4
	5.5
	5.7
	5.5
	5.54 ± 0.11

	Crude fibre (CF)
	22.3
	22.1
	22.4
	22.2
	22.2
	22.24 ± 0.11

	Neutral detergent fibre (NDF)
	73.8
	74.2
	74
	73.9
	74.1
	74.00 ± 0.15

	Acid detergent fibre (ADF)
	52.7
	52.9
	52.8
	52.6
	52.9
	52.78 ± 0.11

	Acid detergent lignin (ADL)
	27.9
	28.1
	28
	27.8
	28
	27.96 ± 0.11

	Hemicellulose (NDF−ADF)
	21.1
	21.3
	21.2
	21.3
	21.2
	21.22 ± 0.09

	Cellulose (ADF−ADL)
	24.8
	24.8
	24.8
	24.8
	24.9
	24.84 ± 0.05

	(DM = % as-fed; all other components = % of DM)
	
	
	
	




The in vitro gas production profile over 120 h further described the fermentation behaviour of F. albida foliage (Figure 4). Cumulative gas production increased rapidly during the first 24 h and then plateaued, indicating depletion of the more readily fermentable fractions and a large, slowly fermentable or undegradable component. Cumulative gas production at 24 h was 52 mL g⁻¹ DM, whereas the net 24-h gas volume used in the Menke prediction equations (Gp) was 22.9 mL per 200 mg DM. The 24-h gas response is within the range documented for tannin-containing browses (Bouazza et al., 2012; Mlambo et al., 2009). Lower gas production does not necessarily imply lower feeding value in protein- and tannin-containing feeds, because fermentation end-products and nitrogen transformations can influence measured gas output (Menke et al., 1979). However, interpreted together with the high NDF, ADF, and lignin contents and the very low IVDMD and IVOMD, the gas profile supports the conclusion that a substantial portion of the organic matter is slowly or poorly fermentable. Conversely, more digestible fodder trees such as Leucaena leucocephala and Gliricidia sepium typically show higher gas production and in vitro digestibility at similar incubation times, particularly when tannin activity is low or when polyethylene glycol is used to neutralise tannins (Edwards et al., 2024; Rashid et al., 2021). Using the Menke and Steingass approach, predicted OMD was 47.9% and predicted ME was about 6.5 MJ kg⁻¹ DM, indicating moderate fermentability but limited overall energy value relative to the high structural fibre fraction. The in situ (nylon bag) degradability results were consistent with the in vitro findings (Figure 5). Rumen disappearance of dry matter (DMD) and organic matter (OMD) increased rapidly during the first 24 h, after which values approached a plateau by 96–120 h, indicating that most of the degradable fraction was solubilised early, with a relatively large slowly degradable or undegradable fraction remaining. Any additional increase in rumen disappearance between 96 and 120 h indicates the presence of a very slowly degradable fraction that becomes available only under long rumen residence times. This late degradation is most likely to contribute nutritionally in large-bodied, bulk-feeding ruminants (e.g., cattle, buffalo, and other large bovids) and under dry-season/low-intake conditions that reduce passage rate and increase selective retention of coarse particles, whereas smaller ruminants (e.g., sheep and goats) with generally faster digesta turnover are less likely to realise this late degradability fully. Accordingly, effective degradability (ED) remains the more biologically realistic indicator in herviores (Kamal et al., 2025),  of how much of this slowly degradable fraction is actually utilised in vivo. Effective degradability of DM and OM, estimated using the Ørskov and McDonald model, was low, consistent with a highly lignified substrate and restricted microbial access to cell-wall carbohydrates. Because incubations were conducted in two donor cows, some variability in disappearance patterns can also be expected due to differences in rumen microbial communities and host-related factors affecting utilisation of phenolic-rich feeds (Rira et al., 2022; Rubanza et al., 2005). Overall, the combination of high lignin and likely phenolic constraints implies a large potentially undegradable fraction in the rumen and a restricted contribution to fermentable energy.

Figure 4. In vitro gas production of F. albida foliage over 120 h of incubation with buffered rumen fluid. The blue line shows cumulative gas volume, and the red line shows gas intensity at each incubation time, illustrating rapid fermentation during the first 24 h followed by a plateau and declining intensity, consistent with a large slowly fermentable or undegradable fraction of the foliage.


















Figure 5. In situ (in sacco) rumen disappearance of dry matter (DMD) and organic matter (OMD) of Faidherbia albida foliage over 120 h of incubation in nylon bags. Lines represent mean percentage DMD (blue) and OMD (red) at each incubation time, showing rapid loss during the first 24 h followed by a plateau, consistent with a large slowly degradable or undegradable fraction of the foliage.

Overall, these results characterise F. albida foliage as a forage with high protein content and an adequate macro-mineral supply, but with limited energy value due to its large lignified cell-wall fraction and constraints on ruminal degradability, likely associated with phenolic compounds ( Figure 1). For ration formulation, this profile supports using F. albida as a source, as well as F. albida (apple-ring acacia), which is among the dominant browse species in Tanzanian and other African rangelands (Figure 1). In practice, supplementation with F. albida foliage, particularly when paired with an adequate fermentable energy source, can translate into improved animal performance under dry-season feeding conditions, as reported in previous feeding trials and syntheses (Feyera et al., 2011; Mubi, 2009; Njidda et al., 2017; Mekuriaw et al., 2023). The protein and mineral contents of  F. albida foliage are adequate to correct major deficiencies in senesced grasses and cereal residues. Concurrently, the low digestibility and moderate fermentability indicate that it should be combined with more readily fermentable energy sources to optimise animal response. Consequently, when used strategically as a dry-season supplement to low-quality grasses and crop residues, F. albida foliage may improve herbivore performance and productivity by enhancing dietary nitrogen and mineral supply and supporting rumen function, while also potentially reducing environmental impacts through improved nitrogen use efficiency and lower nitrogen losses per unit of animal product. Studies with other tannin-containing browses show that mixing tree foliage with crop residues or improved forages, adjusting inclusion levels, and, where feasible, using tannin-binding agents such as polyethylene glycol can improve intake, digestion, and performance (Niderkorn and Jayanegara, 2021; Korir et al., 2022). Collectively, the in vitro and in situ measurements in the present study provide concordant evidence that a large proportion of F. albida foliage is slowly or poorly degradable in the rumen. Both techniques showed a rapid loss of the soluble and rapidly fermentable fraction within the first 24 h, followed by a plateau and low effective degradability at realistic passage rates. Although tannins were not measured directly, evidence from tannin-containing browses and purified extracts indicates that, at moderate inclusion levels, condensed tannins can confer functional benefits that partly offset their depressive effects on ruminal degradability by forming reversible complexes with dietary protein, increasing the flow of undegraded dietary protein to the small intestine, enhancing whole-body nitrogen retention, and reducing urinary nitrogen losses (Barry and McNabb, 1999; Muzzo, 2024). In tannin-supplemented grazing systems, Muzzo (2024) reported approximately 28% higher nitrogen retention in the treatment cattle group compared with the unsupplemented control group, illustrating how moderate tannin supply can improve nitrogen use efficiency in vivo. In addition, condensed tannins and associated phenolics in browse species have been linked to antiparasitic activity, improved antioxidant and immune status, and, in some cases, reduced enteric methane emissions (Rodríguez et al., 2023; Pandey et al., 2022). Thus, even though the high lignin content of F. albida limits its role as an energy source, the secondary metabolite profile reported for this species and similar browses suggests that, when inclusion level and dietary context are carefully managed, F. albida foliage can contribute not only to correction of protein and mineral deficits but also to improved nitrogen retention, animal health, and reduced environmental nitrogen losses in low-input ruminant production systems.

4. Conclusion
 F.albida foliage is a protein- and mineral-rich but fibre- and lignin-constrained browse resource, with low degradability indicating a limited contribution to fermentable energy and rumen microbial growth. These characteristics support its use primarily as a strategic supplement to low-quality grass and crop-residue diets, helping to alleviate dry-season deficits in nitrogen and key minerals, rather than as the main basal roughage. Future research is recommended to define optimal inclusion levels for different ruminant classes and physiological stages, quantify seasonal and within-tree variation in chemical composition and tannin profiles, and evaluate animal performance responses under farm conditions. Moreover, further studies are suggested to clarify the role of F.albida in mixed tree-crop-livestock feeding systems across global arid and semi-arid regions, including its contribution to climate-resilient, resource-efficient livestock production.
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