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i n f o



s u m m a r y Twenty-ﬁve rangeland sites were monitored over two decades (1984–2006) ﬁrst to assess the impact of the 1983–1984 droughts on fodder resources, then to better understand ecosystem functioning and dynamics. Sites are sampled along the south–north bioclimatic gradient in Gourma (Mali), within three main edaphic situations: sandy, loamy-clay and shallow soils. In addition, three levels of grazing pressure where systematically sampled within sandy soils. Located at the northern edge of the area reached by the West African monsoon, the Gourma gradient has recorded extremes in inter-annual variations of rainfall and resulting variations in vegetation growth. Following rainfall variability, inter-annual variability of herbaceous yield increases as climate gets dryer with latitudes at least on the sandy soils sites. Local redistribution of rainfall explains the high patchiness of herbaceous vegetation, especially on shallow soils. Yet spatial heterogeneity of the vegetation does not buffer between year yield variability that increases with spatial heterogeneity. At short term, livestock grazing during the wet season affects plant growth and thus yield in direction and proportions that vary with the timing and intensity of grazing. In the longer term, grazing also impinges upon species composition in many ways. Hence, long histories of heavy grazing promote either long cycle annuals refused by livestock or else short cycle good quality feed species. Primary production is maintained or even increased in the case of refusal such as Sida cordifolia, and is lessened in the case of short cycle species such as Zornia glochidiata. These behaviours explain that the yield anomalies calculated for the rangelands on sandy soils relative to the yield of site less grazed under similar climate tend to be negative in northern Sahel where the scenario of short cycle species dominates, while yield anomalies are close to nil in centre Sahel and slightly positive in South Sahel where the refusal scenario is more frequent. Because grazing promotes short cycle species, grazed rangelands respond faster to droughts. Year to year changes in species composition are abrupt as expected from the transient soil seed stock. However, some decadal trends in species composition are identiﬁed, with a wave of pioneer species following the 1983–1984 droughts, and a more progressive diversiﬁcation and return to typical Sahel ﬂora from 1992 onwards. Ó 2008 Published by Elsevier B.V.



Introduction Major droughts occurred through out the Sahel in 1972–1973 and again in 1983–1984. They followed a relatively wet period of 20 years 1948–1968 (Nicholson, 2001) and were included within a 25 years dry period 1968–1993. Since 1994 rainfall vary around the overall average. Both droughts had severe impact on the vegetation, crops, livestock and the population of the Sahel. The distur* Corresponding author. Tel.: +33 (0) 561558537; fax: +33 (0) 561558500. E-mail address: [email protected] (P. Hiernaux). z Deceased 10/02/2007. 0022-1694/$ - see front matter Ó 2008 Published by Elsevier B.V. doi:10.1016/j.jhydrol.2008.11.005



bances on vegetation and soils by the ﬁrst drought were studied and monitored over a few sites in the Gourma by Boudet (1972, 1977, 1979) and Leprun (1992). First reports (e.g. Boudet, 1972) were alarming and warning on the risks of rapid desertiﬁcation. The following reports (Boudet, 1977, 1979, 1984; Coulibaly, 1979) were less pessimistic, herbaceous layer had rapidly recovered, at least on sandy soils, and some of the decimated woody plant populations had started to regenerate soon after the drought. However, the desertiﬁcation trend was conﬁrmed, and responsibility for a larger fraction of vegetation and land degradation attributed to natural resource management, especially to pastoralist through grazing livestock at rates believed unsustainable (Gallais,
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1975). Then occurred the second drought that peaked in 1984 with repeated crop failure for two or three years in a row, spectacular losses in vegetation cover that triggered wind and run-off soil erosion and massive losses in livestock, famine, impoverishment and emigration of the population (Hiernaux, 1996). In the framework of the impact assessment of that drought, 25 rangeland sites were sampled and described (Hiernaux et al., 1984). Some of the sites were selected at the locations where Boudet and his colleagues had made their observations in order to capitalise on the dynamics already described. Other sites were added to sample the North– South bioclimatic gradient, the three main soil types and the range of grazing intensity. The monitoring of these 25 sites was carried out over ten years (1984–1993) and progressively intensiﬁed in 2000 onwards under the AMMA project (Redelsperger et al., 2006; Mougin et al., 2009). Located at the northern edge of the area reached by the West African monsoon, Gourma has recorded extremes in inter-annual variation of rainfall and resulting variations in vegetation growth (de Leeuw et al., 1992). This paper aims at presenting, ﬁrst, the methods used to monitor range vegetation, climate and environment, second, the resulting data base, and third, the analyses of the herbage yield dynamics over years. Yield trends are discussed and related to rainfall, grazing status and species composition. The interpretation of yield trends also rely on previous surveys on soil seed stocks and germinations (Hiernaux and Diarra, 1993), root masses and grass tillering (Hiernaux et al., 1994), and on the results of controlled burning and grazing experiments conducted at the same sites (Hiernaux and Turner, 1996). The ﬁrst hypothesis tested in these analyses, is that Sahel vegetation, dominated by annual herbaceous, would linearly respond to rainfall (Le Houérou et al., 1988; Prince, 1991; Olsson et al., 2005). And because variation in rainfall are larger, at least in relative term, toward the north of the gradient, variation in vegetation production would also be greater toward the drier end of the bioclimatic transect (Le Houérou et al., 1988). Moreover, the impact of rainfall being mediated by the redistribution of rain water at the soil surface, a corollary is that vegetation on shallow soil or poorly permeable soil should vary more than in deep permeable soils. A complementary hypothesis is that the herbaceous layer would suffer more and recover less from drought when subjected to heavy grazing by livestock (Boudet, 1972; Breman and de Wit, 1983; Bille, 1992; Hein and de Ridder, 2006). Because the herbaceous layer is dominated by annuals, it is also hypothesised that the duration of the wet and dry periods that succeeded in the second half of the 20th century are long enough to trigger a shift in species composition toward species more adapted to dryer climate, including some perennial grasses (Breman and Cissé, 1977; Hiernaux and Le Houérou, 2006). Material and methods Monitoring sites are sampled along the South–North bioclimatic gradient in four groups (Fig. 1, Table 1). In each or these four sets of sites, three main edaphic situations were sampled: deep sandy soils, deep loamy-clay soils, shallow soils on rock or hard pans. On the sandy soils that extend over about half the landscape (Kammerud, 1996), three levels of grazing pressure where systematically sampled: low, medium and high, in relation to the proximity, size and seasonal duration of neighbouring water points and associated villages and encampments. Climate Unfortunately, the web of rain gauges and meteorological stations managed by the National Meteorological Service (DNM) is
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quite lax over Gourma. A few manual rain gauges were set by research or development projects following 1984, but it is only since AMMA research project developed, starting in 2000, that automatic meteorological stations were set in a few ﬁeld sites (Fig. 1) and the web of manual gauges densiﬁed especially within the targeted 2500 km2 ‘AMMA super-site’ area close to Hombori (Frappart et al., 2009). Soils The elevation proﬁle is recorded along site transects, together with the line intersection of the soil surface features visually identiﬁed following Casenave and Valentin (1989). Soil proﬁles have been described systematically in each vegetation facies with texture and chemical analysis (organic C, total N and total P concentrations) of soil samples at depth of 0–6, 6–12, 12–25, 25–50, 50–100 and 100–150 cm (Hiernaux et al., 1984). Herbaceous vegetation Plant species are named according to the Flora of West Tropical African second edition (Hutchinson and Dalziel, 1954–1972). In Sahel, vegetation is composed of an herbaceous layer dominated by annual plants, and a scattered population of shrubs and low trees (Hiernaux and Le Houérou, 2006). At landscape scale, vegetation is organised in large units following main topography, soil types and land uses (Breman and de Ridder, 1991). Locally, woody and herbaceous plant density and species composition are organised in facieses following ﬁner topography and soils nuances or differences in land use practices and histories. The pattern of these facieses is often repetitive such as in the succession of dunes and interdunes in ergs, or thicket and impluvium in ‘tiger bush’, or else crop-fallow ﬁelds in croplands. In order to reduce both the variance associated to ﬁeld sampling and ﬁeld labour, the herbaceous layer is monitored using a two-level stratiﬁed random sampling design. Facieses are the ﬁrst level of stratiﬁcation and are sampled separately. When there are at least two facieses, the site is considered a mosaic of facieses described by the relative area and the distribution pattern of the component facieses (Fig. 2). Within each facies the herbaceous layer is variable enough at the scale of measure plots (1  1 m) to maintain the standard deviation of the mean attributes high when the number of samples is increased, even to large numbers (Grouzis, 1988). This local heterogeneity justiﬁes the second level of stratiﬁcation systematically applied. All facieses are stratiﬁed into four strata based on the apparent bulk of the herbaceous layer: either nil in bare soil patches, low, medium or high in vegetated patches. The three vegetated strata are empirically deﬁned relative to the status of the herbaceous layer within facies at the date of observation starting by identifying what could be considered a ‘modal state’ based on the apparent bulk of the herbaceous layer, from which ‘low’ (‘high’) states are derived when bulk is ‘obviously’ (at least by 25%) inferior (superior) to the mode. The three vegetated strata are sampled separately. The facies is described by the frequency of the component strata, and by the weighted mean of the strata mean attributes such as plant cover, mass, species composition. In turn the site is described by the frequency of the component facieses, and the weighed mean of the facieses mean attributes. To match with the spatial scale of facies distribution, the stratiﬁcation in facieses and strata in the Gourma sites is performed along one (or two) 1000 m long transect, with readings every meter within the 1 m wide band (Fig. 2). Total and green vegetation cover (visual estimates in %), standing and litter mass (destructive measure, with harvest, air drying and weighing) and species composition (list with visual estimates of contribution to bulk) are assessed in 1  1 m plots randomly
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Fig. 1. Distribution of vegetation monitoring sites, meteorological stations, rain gauges and soil moisture measuring devices along a North–South transect in central Gourma, Mali. Main soil types are thick sands (Sand), thick loamy-clay (Clay), shallow soils on rock or hard pan outcrops (Rocks).



sampled in each of the vegetated strata along the transect. Site weighed mean attributes are calculated from strata means as j X k X mjk  pjk PP M¼ pjk 1 1
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with M the weighed mean attribute, j number of facies, k number of strata within facies, mjk the attribute mean of samples in strata k and facies j, pjk the relative frequency of strata k in facies j. The variance of the weighed mean this calculated following Cook and Stubbendieck (1986):
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ð2Þ with S2 the variance of the weighed mean attribute, s2jk the variance of the mean of the samples in strata k and facies j, and P jk the absolute frequency of strata k and facies j recorded along the transect. In order to optimise the error on weighed mean attributes the number of plots sampled per strata is unequal: set to a minimum



Author's personal copy



P. Hiernaux et al. / Journal of Hydrology 375 (2009) 114–127 Table 1 Sampling grid of the rangeland sites monitored in Gourma from 1984 onwards. The sites are ﬁgured by their code number. Hydrology
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of three for the low and high strata, and a minimum of six for the medium strata, often six low-six high-twelve medium (Hiernaux, 1995). Moreover, to assess vegetation overall heterogeneity alternative calculation of weighed mean and its standard deviation are performed systematically. They are calculated as the mean and standard deviation of a virtual population of 100 plots randomly selected within the normal distribution of each component strata as deﬁned by the mean and variance of strata samples, in number proportional to the strata frequency (Hiernaux, 1995). Because perennial populations are scattered and the mass of individual plants is high, the assessment of their contribution to the vegetation attributes is done indirectly through the record of the population density by species and/or size class, the record of size parameter on individual plants (height, basal and crown diameters, total and green cover within canopy %). Cover, and mass attributes are derived from population/size density records and regressions established between size and cover, volume and mass on sub-sampled plants. As for woody plant populations (Hiernaux et al, 2009b), two methods are concurrently used to assess population density: either a plain inventory of all plants within circular plots centred on points systematically selected along the transect (every 50 or 100 m), or by measuring the distance (d) of the nearest plant in each of the four sectors deﬁned by the transect axe and the perpendicular to the axe at points systematically selected along the transect. The density (#ha1) is calculated as



D¼



10; 000 d2



ð3Þ



with d2 the mean distance in the four sectors (Cottam and Curtis, 1956).
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Grazing pressure Livestock movements composed of local grazing circuits and regional itineraries are part of the pastoral management system that prevails in Gourma as in most of Sahel (Schlecht et al., 2001; Turner et al., 2005). These movements are adaptations to spatial, seasonal and interannual variations of pastoral resources availability for both water and fodder. Except experiments conducted in fenced pasture in 1991–1992 to assess the impact of controlled stocking rate on herbaceous growth and straws decomposition (Hiernaux and Diarra, 1993) and a few regional surveys (Boudet et al., 1971; RIM, 1987), there are no reliable data on stocking rates. The assessment of the grazing pressure on the monitoring sites is thus limited to a subjective rating based on the observed indirect indicators of the intensity of livestock frequentation: herb height, grass tillering, standing versus litter ratio, soil trampling and dung deposition (Schlecht et al. 2006). Results Seasonal herbaceous growth Being largely dominated by annual plants, herbaceous growth starts by seed germination following the ﬁrst rains, sometimes between late May (as in year 2005 at Agoufou, Fig. 3) and July (as in 2007, Fig. 3). In a ﬁrst period, which duration depends on earliness of germination and on soil moisture availability, above ground growth remains modest, below 15–30 kg of Dry Matter (DM) d1, with seedling establishing their root system, while above-ground plant tillers or branches. Rapid growth (45–60 kg DM ha1 d1) only starts from mid July onwards, whenever soil moisture allows (later in 2007 and 2006 than in 2005 and only for a week in late August in 2004 at site 17, Fig. 3), and ends with ﬂowering which date is set by sensitivity to photoperiod, between late August and late September depending on species and on the date of germination (Penning de Vries and Djiteye, 1982). Standing mass is already decreasing when the annuals reach fructiﬁcation, and then decreases rapidly with seed dispersion and plant wilting in an environment still hot and humid. In absence of grazing further decrease of dry herbaceous standing mass is slow during the ﬁrst part of the dry season, and accelerate from March on as the temperature and air humidity build on. With no grazing during the wet season, maximum standing mass provides an acceptable estimate of above



Fig. 2. Each facies includes four strata: O = bare soil, B = low, M = medium, H=High apparent herb density. The strata B, M et H are sampled with a minimum of 3 (B, H) or 6 (M) 1  1 m plots randomly selected along the 1000 m transect.
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Fig. 3. Seasonal dynamics of the annual herbaceous vegetation at the rangeland site of Agoufou (# 17): (a) above ground mass (kg DM ha1), and density of annual herbaceous plants (m2) from germination to ﬂowering (b) daily and annual total rainfall (mm) from 2004 to 2007.
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Fig. 4. Seasonal dynamics of perennial herbaceous at the rangeland site of Zaouati (# 32): (a) green, dry and total mass of Panicum turgidum per unit basal area of tussock (kg DM m2) (b) daily and annual total rainfall (mm) in 2006 and 2007.
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At any one year, large differences in herbaceous standing mass or cover are observed between sites (Fig. 5). Herbaceous yields are systematically low on the shallow soils sites for which a large fraction of the rainfall is lost by run-off as in the ‘tiger bush’ site at Ortondé (Fig. 5). Herbaceous yields on the ﬁne textured soils in the depressions collecting the water that runs off from watershed present extreme values depending on success or failure of herbaceous germination and seedling to stand ﬂood as for years 2000, 2005 (success), 2002, 1993 (failure) in the ﬂooded clay plain site at Kelma (Fig. 5). Yields on sandy soils vary less dramatically and stand in between the extremes of the two previous soil types regardless of grazing pressure as demonstrated by yields in ﬁxed dune sites at Agoufou (heavily grazed) and Timbadior (lightly grazed) (Fig. 5).



plots, assesses the spatial heterogeneity of the herbaceous yield. The mean of these standard deviations at a site for the series of year 1984–2006 is an indicator of the mean spatial heterogeneity of the herbaceous layer at that site (Hiernaux, 1995). These indicators of spatial heterogeneity, calculated for each site over the whole monitoring period, range between 50% and 498% for standing mass and average 124.5% for all sites (Table 3). Part of the large coefﬁcient of variation is due to extends of bare soil patches. The rock or hard pan outcrops and the patchiness of the vegetation cover on the shallow soil sites explains the extremely high coefﬁcients of variation observed for mass yields (295.1%). On loam-clay soils, extends of bare patches are very variable and linked to microtopography and ﬂood regime. Bare soil patches could be restricted to the termite mounts and to the deepest channels or pools, or else spread largely from the margins of the plain depending on the ﬂood regime. As a consequence the average coefﬁcient of variation of mean yield is relatively high at 86.0%. In sandy soils, bare patches are limited to sand deﬂation and active sand accumulation due to wind erosion (sites #1, 6, 19, 32), gullies (sites #5, 14, 19) and area artiﬁcially denudated either by cropping (site 19, or camp settlement (site #5, 6, 12, 14, 18, 31, 37). However, topography, nuances in soil texture or soils surface feature in some of the sandy soils sites (dune sites #5, 6, 10, 14, 17, 25, 31, 32) affect soil moisture regime and thus vegetation yield adding to the heterogeneity. Indeed, successive dune ridges, slopes, and inter-dune depressions, differ in mean yields, cover and species composition as observed in 2005 at Agoufou (Fig. 6) or at Zaouati in 2006 (Table 2). Finally, mean yield coefﬁcients of variation still reach 79.5% in lightly grazed sandy soils. History of heavy grazing slightly reduces these coefﬁcients to 76.6 (Table 3).



Spatial distribution of the annual herbaceous vegetation



Spatial distribution of the perennial herbaceous vegetation



In most sites, herbaceous yield and cover largely vary between patches and facieses. The coefﬁcient of variation of the mean yield calculated for a site and a year from hundred 1 m2 random virtual



Perennial herbaceous are scarce in Gourma as in sahelian rangelands in general (Hiernaux and Le Houérou, 2006). They occur however in upland position at the northern margins of the Sahelian zone (site #1, 6, 32, and monitoring sites located north of Bamba) and in lowland position at the Southern margin (#25, 28, 38). Perennial growing at Sahel northern edge are mostly grasses or sedges such as P. turgidum, Aristida sieberiana, Cymbopogon schoenanthus, Cyperus jeminicus, Cyperus conglomeratus, and dicotyledons such as Aerva lanata, Chrozophora senegalensis, Pergularia tomentosa. Both group of perennials also occur locally and transiently in central Sahel: some P. turgidum and A. sieberiana tussocks settled temporarily in eroded spots in sites 1, 6, 10 and 19, short living perennial dicotyledons such as C. senegalensis, A. javanica also settled temporarily in almost all sandy soil sites following the drought (4347 plants per ha and 4.4% cover for C. senegalensis in site 19 in 1988) or burning (697 plants per ha and 3.7% cover for C. senegalensis in site 30 in 2007). The density and size of P. turgidum tussocks in Zaouati (site 32) largely vary according to dune



ground production (Bille, 1977; Cornet 1981; Ayantunde et al., 1999). The seasonal growth of perennial herbaceous is more widely spread over the year with regrowth often starting early in the wet season, sometimes even preceding the rains, and a peak in green standing mass and ﬂowering occurring early in the dry season as for Panicum turgidum monitored at Zaouati (Fig. 4). The yield of perennials herbaceous at a site results from the densitysize of the perennial plant population (Table 2) and the production of individual plants (Fig. 4). In addition to the lag of peak production with rainfall, the site yield of perennials appears less related to rainfall volume and distribution than for annuals: yield of P. turgidum at Zaouati was much larger in 2006 than in 2007 despite lower rainfall (Fig. 4). Between sites differences in herbaceous yields



Table 2 Spatial heterogeneity of the herbaceous cover in the dune site at Zaouati (#32) in September 2005: density and mass of the perennial grass, Panicum turgidum, and mass of herbaceous annuals, across the three facieses: dune windward and leeward slopes, and inter-dunes. Site mass and density are weighed averages by the relative extend of facies (area%). Facies
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Fig. 5. Inter-annual variations of herbaceous yields in 4 rangeland sites close to Hombori (15.3 °N, 1.7°W), with contrasted topography, soil types and grazing status: shallow loamy soil over hard pan on a gentle slope at Ortondé (# 22), temporarily ﬂooded clay plain depression at Kelma (# 21), ﬁxed sand dunes with heavy grazing at Agoufou (# 17) and moderate grazing at Timbadior (# 18).
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Table 3 Total and site group means (standard-errors) over 1984–2006 of the annual maximum herbage mass (kg DM ha1) in 24 Gourma rangeland sites grouped along soil texture and grazing pressure. Also included, the total and group means of the inter-annual variability and the spatial heterogeneity indices, respectively: the coefﬁcient of variation of the mean mass over years, and the over years mean of the coefﬁcient of variation of the site mean mass calculated from 100 virtual plots. Soil types
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Fig. 6. Distribution of standing herbaceous mass at the end of the 2005 growing season along a 1200 m transect across ﬁxed dunes at Agoufou (# 17). In average (± s.e.) herbage mass was 158 ± 23 g m2 in depressions, 119 ± 31 on slopes and 92 ± 15 on the top of dunes.



topography with a dense population on the windward slope which tussock size is bell shaped distributed, a scattered population of mostly large tussocks in the inter-dune, and a very sparse population of small size tussocks on the leeward slope of the dune (Table 2). In September 2005, the standing mass of the P. turgidum population weighed by the size of tussocks and their density in each of the three facieses was 678 kg DM ha1 which compared to 483 kg DM ha1 of annual grasses.



variability on sandy soil is more directly related to rainfall conditions. This is illustrated by the four fold larger yield of herbaceous at Agoufou in 2005 than in 2004 (Fig. 3). Yield variability on sandy soils is increasing as climate gets dryer as indicated by the regression established between the variability indicator and the latitudinal position of the sites (Fig. 7c). These relations poorly apply in shallow soils and do not apply in clay soils. Rainfall and grazing impact on yield variability



Between years variations of the herbaceous yields The coefﬁcient of variation of the mean yield over years at a site is an indicator of the inter-annual variability of the vegetation at that site. Calculated for each site over the 1984–2006 period the coefﬁcient of variation range from 42% to 139% depending on site, and equal 72.3% in average for 24 sites (Table 2). Inter-annual variability of site yield is thus lower than spatial heterogeneity at the plot (1 m2) scale. However, the large values of spatial heterogeneity are provided by the shallow soil sites (Fig. 7a). When these sites are set aside, temporal variability and spatial heterogeneity are of same magnitude (Fig. 7b). In any cases, temporal variability increases as mean spatial heterogeneity gets larger following a power function (Fig. 7a and b). The vegetation of shallow soil sites is thus both extremely heterogeneous spatially and variable over years. The high yields and low spatial heterogeneity reached by herbaceous on clayed soils in lowlands when vegetation growth is successful compensate large inter-annual variations and strong heterogeneity when ﬂood regime is not favourable to growth. As a result, the average variability and heterogeneity indices of clay soil sites are close to same indices on sandy soils (Fig. 7b). In both shallow soils and lowlands, the extent of bare soil patches is subject to large changes over years and contributes chieﬂy to heterogeneity and variability. On sandy soils, bare patches are generally restricted, but they extended markedly from 1983 to 1985 due to wind erosion triggered by the drought in 1983–1984. The patches of deﬂation and micro-dunes healed over progressively from 1988 onwards resulting in a decrease of the area of bare soil and therefore an attenuation of the herbaceous spatial heterogeneity. Yield



The yield relative anomalies to mean yield over the study period for the sandy soil sites monitored from 1984 to 2006 are linearly related to the rainfall relative anomalies to mean rainfall over the study period calculated for the closest meteorological station (Fig. 8). Regressions are weak but improve (steeper slope, higher r2) from the northern, drier, group of site to the southern, wetter, group of site. Maximum standing mass measured at the end of the growing season is also affected by grazing. To assess grazing effects on seasonal yields within each of the four latitudinal groups on sandy soils, yield anomaly was calculated per year for each grazed site relative to the yield of the less grazed site. The means of these anomalies over years for the sites grouped by grazing pressure classes (moderate, high, intense) within each bioclimatic zone range between 32% and +8% with a trend from negative in northern to slightly positive in southern sites (Fig. 9). Thus only northern sites yields appear negatively affected by grazing pressure, while centre and southern sites appears less affected. Species composition of the herbaceous vegetation At all sites herbaceous vegetation is dominated by annual plants among which grasses generally come ﬁrst, tallying 74.5 ± 17.4% of plant cover in average for 25 sites over 1984–2006 (Table 4). However, the species and their relative contribution to cover differ with soil type. Species composition of shallow soil sites is relatively diverse with 17 species contributing more than 1% (81.6% all together) and two dominant grasses Schoenefeldia gracilis and Panicum laetum contributing 18.8% and 10.8%, respectively. Species
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Fig. 7. Temporal variability of herbaceous yield versus mean spatial heterogeneity of the standing herbaceous mass calculated over 1984–2006 for (a) all soil types (24 sites), (b) sandy and clayed soils (19 sites), (c) temporal variability of herbaceous yield plotted against the latitude position of sites sorted by soil type and levels of grazing pressure. Linear regression between temporal variability and latitude for sandy sites and for shallow soil sites (site # 2 excluded).



composition of clayed soil sites in lowlands is less diverse with only 10 species contributing to 1% at least (91.4% together), and more largely dominated by grasses adapted to temporary ﬂood: Echinochloa colona and P. laetum contributing to 42.0% and 33.6%, respectively. Sedges and dicotyledons, including legumes such as Aeschynomene ssp and Sesbania ssp are locally abundant. Species composition on sandy soil sites is almost as diverse as on shallow soils with 16 species contributing more than 1% (82.4% together), but the grass species ranking ﬁrst, Cenchrus biﬂorus has a large share with 31.8%. Annual grasses dominate largely with 15.7% only left to dicotyledons among which legumes cover 10.7% with two highly palatable species Zornia glochidiata and Alysicarpus ovalifolius. The large dominance of annual grasses (Table 4) does not impede large inter-annual ﬂuctuations in species composition. Some



of these changes contribute to trends over several years while the majority is just abrupt and does not last more than a year or two. Examples of these abrupt changes in species composition are noticed on the graphs of the inter-annual changes of the contribution of grasses to total vegetation cover in the sandy sites grouped by bioclimatic zones and sorted by level of grazing pressure (Fig. 10): abrupt drop in grass contribution was observed in site 4 in 1987 (Fig. 10a), in site 12 in 1985 and 2000 (Fig. 10b), in site 31 in 1990 (Fig. 10c), in site 30 and 38 in 1986, 37 in 2005 (Fig. 10d). The drops in the contribution of grass that followed the 1983–1984 droughts often beneﬁted to dicotyledons which seeds are either dispersed by wind such as Farsetia ramosissima, C. senegalensis, A. lanata or have long dormancies in soils such as Colocynthis vulgaris. The drop observed at site 12 in 2001 followed the exhaustion of the seed stock due a local infestation by grain



Author's personal copy



122



P. Hiernaux et al. / Journal of Hydrology 375 (2009) 114–127



Rharous Rh



Gossi Go



Hombori Ho



y = 1.23 x + 91 R 2 = 0.17



y = 1.15 x + 54 R2 = 0.14



Boni Bo y = 4.23 x + 256 R 2 = 0.41



y = 1.70 x + 159 R 2 = 0.25



500 Herb mass anomalies % 400 300 200 100 0 -100 Rainfall anomalies % -200 -100



-80



-60



-40



0



-20



20



40



60



80



100



120



Fig. 8. Annual maximum standing mass relative anomaly (i.e. deviation from the mean) for sandy sites with moderate grazing plotted against annual rainfall anomaly for the meteorological stations of each group of site from north to south: Rharous, Gossi, Hombori and Boni respectively.
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Fig. 9. Mean impact of grazing intensity on herbaceous mass: mean yield anomaly in relation to the yield under light grazing over 1984–2006 % depending on position along the Sahel bioclimatic gradient in Gourma.



Table 4 Relative contribution (%) to annual maximum herbage bulk of the perennials, short cycle, legumes, grasses (+sedges) and plants with C4 type of photosynthesis: means (m) of site means and coefﬁcient of variation (cv) over 1984–2006 calculated for group of sites deﬁned by soil type and grazing intensity. Soil types
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feeding sparrows, while that of site 25 in 2005 followed a wild ﬁre. Among the progressive trends, is the increase of annual grasses that developed progressively after the ﬁrst reaction to the major drought of 1983–1984 and favour short cycle grasses such as C. biflorus (as in site 17, Fig. 11) and T. berteronianus, progressively replaced by longer cycle grasses such as Aristida mutabilis (as in site 17, Fig. 11), S. gracilis or Diheteropogon hagerupii depending on bioclimatic zone. Grazing pressure during the wet season also has an impact on species composition. Dicotyledons such as the palatable Tribulus terrestris and Z. glochidiata (as in site 17, Fig. 11) or the refused Cassia tora and Sida cordifolia, are more frequently dominant under heavy grazing (Table 4). However, unless heavy grazing is accompanied by elevated manure deposition as in livestock resting or camping places, this dominance is temporary. Abrupt and short lasting changes in species composition occurs



whatever the grazing pressure as indicated by the changes in the contribution of grasses at site 37 (Fig. 10c) in spite of permanent heavy grazing pressure.



Discussion Is the yield response to rainfall of rangeland herbaceous linear? Although statistic relationships have been established between herbaceous yield and total annual rainfall in Sahel (e.g. Boudet, 1984; Breman and de Wit, 1983; Le Houérou et al., 1988) and are classically used to get yields estimates, the relations established at one site between herbaceous yield and rainfall are often poor (Tracol et al., 2006; Hiernaux et al., 2009a). Linear regressions be-
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Fig. 10. Variation over years of the contribution (%) of grasses and sedges species to the herbaceous bulk in sandy soil rangelands (site code number in legends) along the Sahel bioclimatic gradient depending on pastoral status: light grazing (circle), moderate (triangle), high (square), intense (star): (a) northern, (b) centre-north, (c) centresouth, d) southern Sahel.
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Fig. 11. Inter annual dynamics the mean contribution to herbage bulk (%) of Cenchrus biﬂorus, Aristida mutabilis and Zornia glochidiata in all sandy soils sites in Gourma from 1984 to 2006.
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tween yield relative anomalies at a site and the corresponding rainfall relative anomalies at the closest meteorological station are weak, and just slightly better in the southern Sahel sandy soils (Fig. 8). There are several causes that may contribute to blur the relationship between rainfall and herbaceous production. Because the herbaceous layer is dominated by photoperiodic annual plants, yields depend very much on the temporal distribution of the rains that drive the regime of soil moisture. Indeed, at the onset of the rainy season, only a small fraction of rain water is used for annual plant production. Seed ﬁrst germinate and then, the small size of the seedling leaves and the time required to build up the root system, limits above ground growth rates during the ﬁrst part of the rainy season, till grasses start culm elongation (Grouzis, 1992). On the other end, rains falling later than fructiﬁcation are not used for production by most annuals that wilt soon after fructiﬁcation (case of the 45 mm rainfall on the 27th September 2005 at Agoufou, Fig. 3). Rapid growth, also named ‘linear growth’ (Penning de Vries and Djiteye, 1982), only lasts a few weeks from the start of stem elongation to fructiﬁcation. The productive efﬁciency of rain water thus depends on the date of rainfall events. And the mean productive efﬁciency of the rain water over a season will depend on the rainfall distribution pattern. This would explain part of the poor relationship observed between yield and year total rainfall at a given site, as observed for instance in similar rangelands in Niger (Hiernaux et al., 2009a). Productivity of the herbaceous layer, especially during the ‘linear growth’ could also be limited by low plant density. The density of annual plants that results from germination and seedling development does generally not limit growth and production in Sahel (Cissé, 1986). However, it may happen, at least locally, that the number of seedling falls below a few hundred of plants per square meter and thus became a limitation to production (Hiernaux, 2000). These situations result from impoverishment of the seed stock either due to a failure of seed production on the previous year(s) as in several Gourma sites in 1984, or to the erosion of the top soil carrying the seed stock away though wind deﬂation or run-off, or else deep burying the seed stock through wind deposition or sedimentation. It can else be due to heavy consumption of the soil seed stock by birds (Gaston, 1976), rodents or insects, and or burning of the seeds before dispersion by early bushﬁre. Finally, low plant density could also result from exhaustion of the seed stock by a succession of aborted germination and seedling development events triggered by successive rain interruptions at the onset of the rainy season (Elberse and Breman, 1989; Elberse and Breman, 1990), for example the ﬁrst cohort of germinations triggered by the early 10 mm rainfall the 4th May 2005 at Agoufou collapsed but did not exhausted the soil seed stock (Fig. 3). The productivity of the herbaceous layer may also be inﬂuenced by species composition, especially by the relative proportions of species of C3 and C4 photosynthesis types and relative proportion of short versus long cycle species (Penning de Vries and Djiteye, 1982). In the Sahel, C4 type largely dominates, reaching 82.1% of herbaceous bulk in average (Table 4), as most grasses and several dicotyledons are C4 plants that are more efﬁcient producers at high temperature and sun illumination. C3 plants, mostly planophilous dicotyledons, close stomata and reduce photosynthetic activity at high temperature, and are more common either at shade of woody plants where they are protected from direct illumination or else in wetlands (Hanan et al., 1997). The inﬂuence of the C4/C3 composition on productivity is not conspicuous, because of this niche adaptation, and also interference with other plant physiological traits such as cycle length (Breman and de Ridder, 1991). The productivity of short cycle plants such as T. berteronianus (C4) or Z. glochidiata (C3) is constrained by the short duration of the ‘rapid growth’ period. However, short cycle plants only contribute to 16.2% of the herbaceous bulk in average (Table 4).



Finally, the productivity of annual herbaceous is also controlled by soil fertility, i.e., the provision of nutrients required by plants to grow, especially nitrogen, phosphorus and potassium (Penning de Vries and Djiteye, 1982). This provision is conditioned by soil clay and organic matter contents, soil pH, and is function of soil moisture regime (Breman and de Wit, 1983). In the Sahel, nitrogen and phosphorus are generally limiting yields by controlling root development and photosynthesis and thus the rate of growth during the ‘rapid growth’ as demonstrated by fertilisation trials (Hiernaux et al., 1995). When high grazing is not affecting too much the estimate herbaceous production in sites heavily manured by elevated livestock frequentation because species composition is dominated by poorly palatable species such as S. cordifolia in Diankabou (site 37), high yields are recorded resulting in the levelling of mean yield anomaly relative to ungrazed site (Fig. 9). Are herbaceous yield more variable towards the dry end of Sahel gradient? Because inter-annual variations in rainfall are larger, in relative terms, towards the drier end of the Sahel gradient, higher variations of the vegetation yields could be expected. A later start of the rainy season and an earlier end as observed in average when going north in latitude along the gradient (Frappart et al., 2009) could also contribute to increase the fraction of the rains poorly used for growth by herbaceous annuals to the beneﬁt of perennials. Indeed, perennial herbaceous, especially grasses such as P. turgidum, A. sieberiana, Stipagrostis ssp, increase frequencies below the 200 mm isohyet, ﬁrst settling in facieses that beneﬁt less from run-on (such windward dune slope at Zaouati site 32, Table 3). Yield variability does increase as climate gets drier along the latitudinal gradient, at least on sandy soils (Fig. 7c). Yield variability also increases with latitude on shallow soil sites except the lower variability at Tiouaz site (#2), which ecology is somehow intergrade between shallow soils (sand deposit) and lowland clay soils (diatomite on fossil lacustrin ﬂat). Yet, the yield variability on clay soil sites in low lands does not increase as climate get dryer as expected from sites in which the growth of herbaceous is driven by run-on and ﬂood regime. Are herbaceous yields more variable as soils get shallow or less permeable? On shallow and poorly permeable soils, a large fraction of rain water runs off, either locally to the beneﬁt of small ﬂats or depressions, or to low lands or pools further away. The soil moisture regimes that result from this spatial redistribution of rain water are extremely contrasted and explain the patchiness of vegetation, extreme in the case of the ‘tiger bush’ where large extend of bare soil serve as impluvium for the narrow but dense linear thickets that develop perpendicular to the very gentle slope (Hiernaux and Gerard, 1999). The hypothesis along which spatial heterogeneity would buffer temporal variability is not veriﬁed. Indeed yield variability over years increases with the spatial heterogeneity of the herbaceous yield (Fig. 7a). This is veriﬁed for the shallow soils, with low yields but also applies, on a narrower range though, on temporarily ﬂooded clay soils and permeable sandy soils independently of the grazing pressure (Fig. 7b). Is herbaceous layer suffering more and recovering less from drought when grazed? In sandy soils, yield anomalies of grazed sites relative to the yield of neighbour ungrazed or lightly grazed site only indicate losses in yield in the northern drier sites, while centre and southern Sahel sites appear less affected by grazing (Fig. 9). Short term
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effects of livestock grazing during wet season on herbaceous growth, mid term effect of grazing during wet and dry season on litter and soil surface, and long term effect of grazing history on species composition all contribute to this outcome. Grazing during the wet season affects plant growth and thus yield in direction and proportions that vary with the timing and intensity of grazing (Hiernaux and Turner, 1996). Early during growth, herbaceous plants respond to grazing by resprouting with enhanced tillering of grasses and branching of dicotyledons (Hiernaux et al., 1994). As a consequence, total yield at the end of the growing season may be slightly enhanced by early grazing. However, the ability to resprout declines as plants mature, and drop very fast when grazing cuts are repeated, resulting in a negative impact of repetitive cuts on total yields that could be ﬁnally reduced by up to half of the production compared to in ungrazed condition (Ayantunde et al., 1999). Yet, mid-term effect of grazing by soil trampling, accelerating conversion of standing straws into litter, enhancing litter decomposition, seed burying in top soil (Hiernaux et al., 1999) should globally enhance seedling density and herbage growth irrespective of the position along the bioclimate gradient (Hiernaux, 1998). Moreover, heavy grazing by reducing the risks of wild ﬁre could indirectly enhance yield, more to the south where burning are more common than to the north. On the longer term, livestock grazing also alters yields indirectly through its inﬂuence on species composition. Indeed, selective grazing affects seed production, dispersion, conservation (burying in the soil) and germination (impact on seed dormancy, seed burying depth, litter cover, soil roughness and crusting). And long history of heavy grazing promotes two types of species either livestock refusal that tends to be long cycle, or else good quality feed species that tend to be short cycle (Table 4). The refusals such as S. cordifolia, dominant at Diankabou (site 37) are more common in South Sahel growing on soils which fertility is enriched by large amounts of dung deposition. The short cycle good quality feed such as the legumes Z. glochidiata, A. ovalifolius, other dicotyledons T. terrestris, Boehrravia repens or grasses C. biﬂorus, Dactyloctenium aegyptiacum, and T. berteronianus are common in grazed sites. Being short cycle these species tends to yield less explaining the negative anomalies observed with grazing, especially toward the arid end of the gradient (Fig. 9) while in the south of the gradient, long cycle unpalatable cohabit and alternate dominance with short cycle palatable species as observed on the Diankabou site (37). Livestock also contribute to seed dispersion, either by transport through ﬁxation to the hair as observed with C. biﬂorus, T. terrestris Z. glochidiata, or by dispersion through faeces of hard coated seeds that once ingested, resist to digestion and passage through the animal guts (Danthu et al., 1996) as observed with Z. glochidiata and A. ovalifolius. The facilitation of seed dispersion or particular species by livestock and the homogenisation of the soil surface and the germination bed by trampling, contribute to homogenize species composition to the beneﬁt of short cycle species (Miehe, 1998). Grazing thus scales down the patchiness of the herbaceous layer attenuating spatial heterogeneity (Table 2), but only lessens plant diversity at very high stocking rates (Hiernaux, 1998). Because the species favoured by grazing tend to better resist dry spells or droughts due to their short cycle and ability to tiller or branch profusely, grazed pasture tend to respond more rapidly to droughts than ungrazed pasture (Hiernaux and Diarra, 1993). The response to drought is however conditioned by the grazing pressure exerted while and just after the range is exposed to drought. If heavy grazing is maintained during the drought stress or just after, trampling may accelerate wind erosion processes, expending the setting of deﬂation patches and microdunes. As grazing, burning tends to homogenise species composition but favour species with small seeds that better germinate on hardened crusts such as the long cycle grasses S. gracilis and D.
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hagerupii, or the short cycle dicotyledons Heliotropium strigosum and Portulaca foliosa. Is there a shift in species composition towards species more adapted to dryer climate? The soil seed stock of Sahel rangelands is largely transient, i.e., most of the seeds produced at the end of the growing season will germinate on the next year (Hérault and Hiernaux, 2004). As a consequence the similitude in species composition decreases strongly with the numbers of years between observations and explains fast successions of species composition observed in Sahel (Hiernaux, 1995). On another hand, the density of plants required for a species to be part of the dominant species at a site is relatively small (from a few to a few hundred per m2 depending on individual plant size). Together with the fast succession, this limited density requirement explains for the frequent and abrupt changes in dominant herbaceous species often observed in the Sahel, even when no obvious environmental change occurred (Breman and Cissé, 1977). The magnitude and pattern of changes in contribution of group of species (Fig. 10) or individual species (Fig. 11) recorded on the monitored sites are consistent with frequent and abrupt changes predicted by the non-equilibrium behaviour theory (Ellis and Swift, 1988). However, there are also overall trends such as the strong increase in C. biﬂorus that ﬁrst followed the drought from 1984 to 1992 (Fig. 11), followed by a progressive decline while legumes such as Z. glochidiata, or longer cycle grasses such as A. mutabilis increased progressively their contribution. The ﬁrst wave of pioneer species composed of dicotyledons such as C. senegalensis, C. vulgare, F. ramosissima and short cycle grasses such as C. biﬂorus, T. berteronianus, could be interpreted as a shift towards more arid tolerant ﬂora because most of these pioneers are common species in the transition zone with Sahara. However, the second wave could be interpreted as a slow return to typical sahelian ﬂora. Conclusion Soil texture and topography largely determine the average yield of the herbaceous layer of Sahel rangelands. They also determine its spatial heterogeneity assessed by the coefﬁcient of variation of the mean yield calculated from hundred 1 m2 random virtual plots. The means of these standard deviations calculated over 1984–2006 range from 295.1% in shallow soil, to 86.0% in clay soils, 79.5% in lightly grazed sandy soils and 76.6% in heavily grazed sandy soils, with an overall mean of 124.5%. Inter-annual yield variability is of same magnitude than spatial heterogeneity, except for shallow soils where spatial heterogeneity is much larger. In any cases, temporal variability increases as mean spatial heterogeneity gets larger following a power function. Yet, the hypothesis along which spatial heterogeneity would buffer temporal variability is not veriﬁed. Moreover on sandy soils, yield variability increases as climate gets dryer as indicated by the regression established between the variability indicator and the latitudinal position of the sites. Similar regressions poorly apply in shallow soils and do not apply in clay soils. Indeed, herbage growth in sandy soils is driven by rainfall volume and distribution. However, the linear regressions between yield relative anomalies at a site and the corresponding rainfall relative anomalies are weak and just slightly better in southern Sahel. Among the causes for these poor relationship the impact of grazing under which negative yield anomalies were found in northern and drier Sahel, while yield anomalies were nil in centre and slightly positive in southern sites. This selective impact is in turn explained by grazing favouring either short-cycle good quality feed species or else long cycle refusal, the promotion of these highly productive refusal being more common in southern Sahel. In agreement with the non-equilibrium
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