
Article https://doi.org/10.1038/s41467-026-72648-6

Evidence of hydrological regime shifts
associated with a major decades-long
drought in West Africa
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Using ground-based meteorological, hydrological and land cover datasets
from 1950 to 2015, we provide evidence that the increase in runoff observed in
the semi-arid central Sahel (West Africa) since the 1970-1995 drought is a shift
between alternative stable states of low and high runoff. We propose a con-
ceptual model, governed by feedback loops between vegetation and surface
runoff, which describes the stabilisingmechanisms of each state and the basin-
scale impact of local shifts. While the drought was likely the trigger for the
shift, land clearing and rainfall intensification may have reinforced it. Due to
wetter conditions and greater resilience, other basins further south did not
shift. Our study suggests that the shift towards higher runoff is due to surface
processes playing a dominant role in this region, with minimal contribution
from subsurface processes. This regime shift framework offers a promising
perspective on understanding long-term hydrological changes.

According to the systemdynamics theory, a regime shift is a significant
change in the way a complex system operates, resulting in a transition
between alternative states1. Each state corresponds to a particular way
of functioning, or ‘regime’, of the system. These states are usually
associated with feedback loops that stabilise the system. If a dis-
turbance in the forcing factors is sufficiently strong, it can drive the
system beyond a critical threshold (a ‘tipping point’), triggering a
transition to an alternative state. The system is then trapped in the new
state even if the disturbance ceases, with little or no reversibility, with

respect to the characteristic timescales of the triggering factors. The
concept of multiple stable states and regime shifts in environmental
systems was advocated as early as the 1970s2, and has since been
applied to various topics3–6 including social-ecological systems7.

When exposed to rainfall deficits, watersheds may typically exhi-
bit such non-linear responses8–10. Recent studies in Australia and North
America have shown that watersheds affected by multi-year droughts
may have permanently shifted towards lower annual streamflow for a
given annual rainfall, even under wetter post-drought conditions11,12.
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Long-lasting hydrological changes have alsobeendocumented inWest
Africa13–15. This makes it an ideal case study for further exploration of
hydrological regime shifts. The West African Sahel and its neighbour-
ing regions—the Sahara to thenorth and the Sudanian area to the south
—experienced a regional drought between 1970 and the mid-1990s.
Annual rainfall deficits of about 150 to 200 mm were observed, cor-
responding to a relative deficit of about 50% in the north of the region
and about 10% in the south16. The drought occurred alongside sig-
nificant human-induced land clearing, which began in the 1940s and
intensified due to population growth and an increased demand for
food and fuel wood. As a result, a 37% reduction in natural vegetation
cover was observed in the Sahel and a 54% reduction in the Sudanian
area between 1975 and 200017. This drought ended in the mid-1990s,
but it did not lead to a recovery of pre-drought conditions, as annual
rainfall remained below pre-drought levels, and rainfall intensity
increased as a result of fewer but larger events18. In the Sudanian
region, basin-scale observations show a decrease in runoff during the
drought, followed by an increase, which is consistent with changes in
precipitation. In contrast, in the central Sahel, runoff has paradoxically
increased by 40–60% since the onset of the drought13–15. This coun-
terintuitive behaviour—the so-called ‘Sahelian paradox’, Descroix et
al.13—has been attributed to the effect of land clearing on runoff, which
has largely outweighed the effect of the rainfall deficit19–23. However, in
the northern Sahel, rain-fed agriculture is rare, and the increase in
runoff has been attributed to drought-induced vegetation dieback and
associated land degradation rather than to human impact24–26. Since
the end of the 1980s, regreening of herbaceous and tree cover has
been reported in most parts of the Sahel27–29, thanks to both larger
annual rainfall and elevated atmospheric CO2 concentrations

30. Since
runoff is generally expected to decrease with vegetation growth, this
could indicate another paradoxical behaviour. Combined with the
other unexpected changes observed, this could suggest an underlying
regime shift.

Hydrological regime shifts have multiple implications for water
resources31, hydrological risk mitigation and adaptation strategies,
particularly in this region. For example, local communities and stake-
holders may wish to know whether the new opportunities offered by
increased runoff and additional water resources will persist, as e.g. in
South-West Niger32,33. A shift to the high runoff state implies that the
recurrent devastatingfloods observed since the 2010s34,35 could persist
regardless of how the rainfall regime evolves. Regime shifts could also
inform land restoration and sustainable water resource management
initiatives by taking advantage of self-reinforcing feedback
processes36–38. More broadly, hydrological shifts associated with land
surface changes may be local components of larger-scale surface-
atmosphere feedback loops that impact the regional or global climate
by altering soil moisture and the way in which the land surface
responds to atmospheric conditions39.

In this study, we propose that the West African basins have
alternative states — or regimes—of low and high runoff, which are
maintained by feedback loops between water, soil and vegetation (the
RS hypothesis hereafter). Accordingly, hydrological changes may
reflect a shift between these two states, triggered by perturbations
such as drought or anthropogenic land cover changes. Previous work
at the hillslope scale40 showed the relevance of the regime shift con-
cept for interpreting the degradation of a Sahelian ecosystem as a
transition from a vegetated state to a bare soil state, triggered by
drought. However, no general conclusions about regional hydrology
could be drawn from this single local case. Here we focus on a series of
sub-Saharan basins ranging from 7000 to 50,000 km2 and spanning
the regional hydroclimatic gradient (Fig. 1). We used a unique 65-year
dataset of ground-based meteorological, hydrological and land cover
observations over the period 1950–2015. Long periods of observation
are needed to evidence regime shifts, in order to cancel out any
delayed or transient response to perturbations. The paper has two

objectives: (i) to demonstrate that the observed hydrological changes
in the Sahel correspond to a regime shift; and (ii) to propose a con-
ceptualmodel based on feedbackmechanisms to explainwhy andhow
this shift occurred.

We provide evidence that the increase in runoff observed in the
semi-arid central Sahel (West Africa) since the severe regional
1970–1995 drought is a shift between alternative stable states of low
and high runoff. We found no equivalent regime shift towards higher
runoff after a drought in recent literature. We propose a conceptual
model governed by feedback loops between vegetation, soil proper-
ties, and surface runoff, whichprovides a coherent framework through
which to describe the stabilising and destabilisingmechanisms of each
state. This model is consistent with the observations of multiple
localised shifts affecting only parts of the landscape, leading to basin-
scale shifts. The severe aridity conditions of thedroughtwere likely the
trigger of the shift, although anthropogenic land clearing and rainfall
intensification may have played a reinforcing role. In contrast, the
absence of a shift in the wetter Sudanian basins is likely due to less
severe drought conditions and greater resilience. Our results suggest
that the unexpected increase in runoff for the same annual rainfall
reported here—opposite to regime shifts documented on other con-
tinents—is due to dominant land surface processes driven by feedback
mechanisms, with minimal contribution of underground processes.

Results
The ten sub-Saharan basins selected (Fig. 1) have the longest runoff
records, spanning the period 1950–2015 (See ‘Methods’). They are
located in a region where significant research efforts have been
deployed in recent decades41–43. The geological substratum of these
basins consists of crystalline rocks from the African Precambrian
Shield44. A saprolite layer 10–30m thick overlays the fractured
bedrock45,46. In the Sahelian area, detrital and aeolian sand deposits lie
on top of the saprolite and thin to the south until they disappear in the
Sudanian area. Groundwater systems are present throughout the
region within the fractured bedrock and the overlying material. These
systems are recharged annually by either focused or diffuse recharge,
depending on the area47. The slopes are mostly gentle (less than 5%),
and the altitude ranges from 250 to 400m amsl inland from the Gui-
neancoast. A few lowmountain ranges reach600mamsl in theOuémé
basin (Fig. 1). The Sahelian basins aremainly occupied bymixed annual
grass and tree savannahs or steppes and the Sudanian basins by

Gorouol
Dargol
Nakanbé
Sirba
Tapoa

Sahelian basins

Pendjari
Sota
Ouémé (Bétérou)
Ouémé (Bonou)

Sudanian basins

Fig. 1 | Basins location and the 300-, 800- and 1000-mm isohyets are shown as
white lines. The Sahelian and Sudanian basins lie north and south of the 800-mm
isohyet, respectively. Background image from Google Earth (Google, Landsat/
Copernicus, Data SIO, NOAA, U.S. Navy, GEBCO, Map Data ⓒ 2026 AND), and
country borders from OpenStreetMap (ODbL license).
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mosaics of crops, perennial grass savannahs and woodlands. The
basins are predominantly rural, with rain-fed agriculture.Most farming
work is carried out by hand or with animal traction. Irrigation systems
are not well developed48,49, and groundwater pumping is primarily
used fordomesticwater supply. Streamflow is intermittent throughout
the region due to the seasonal nature of rainfall associated with the
West Africanmonsoon, except in the Great Niger and Volta rivers. The
rainy season lasts 4–10months, and the streamflowperiod 3–6months
depending on the basins (Table 1).

Eco-hydrological changes
Three sub-periods were identified in the annual rainfall series since
1950 (see ‘Methods’): a wet period until 1969 (the pre-drought period),
a drought period between 1970 and 1994, and a post-drought period
from 1995 onwards, with wetter conditions than during the drought.
The drought was defined by anomalies in annual rainfall amounts. Due
to limitations in data availability, the common study period for all
basins ends in 2015. For two basins, the rainfall and runoff datasets
could be extended up to the 2020s (see ‘Methods’).

The rainfall anomaly as represented by the Standard Precipitation
Index (SPI, see ‘Methods’) was fairly similar across all basins (Fig. 2a, b).
All of them experienced the drought characterised by a first dry epi-
sode in 1973, and a paroxysm in 1984. The decadal variability is con-
sistent with the regional trend16, with more pronounced positive and
negative anomalies in the north of the area. In the wetter period from
the mid-1990s onwards, the anomalies became very similar with no
obvious latitudinal effect.

The hydrological response of the basins to this drought dis-
turbance, as described by the dimensionless annual runoff ratio K (see
‘Methods’), greatly differed depending on the location. In the Sahelian
basins, K increased since the onset of drought (Fig. 2c), whereas in the
Sudanian basins, K decreased during the drought and then increased
consistently with the rainfall signal (Fig. 2d).

Drastic changes in land cover have been documented in the
region since the beginning of the satellite era in the mid-1970s17. To
analyse these changes over a comparable period to the hydroclimatic
data, we created additional land covermaps of the study basins dating
back to the 1950s (see ‘Methods’). This series provides four snapshots
covering a period of 65 years, which is unprecedented for this region
(Fig. 3). The land cover categories describe the type of land occupa-
tion, irrespective of land use (e.g. type of crops). Only the three
dominant categories are shown. The ‘woodland and savannah’ cate-
gory comprises areas with the highest level of tree cover compared to
the other two categories. This category is not spatially homogeneous.
It is dominated by woodlands and tree savannahs in the south, and by
increasingly open grass and bush savannahs towards the north. The
‘cropland’ category refers to the landscape fraction dedicated to
agriculture, resulting from shifting cultivation with periodic fallows
and fields where woody plants are maintained. Fallows and savannahs
are grazed by cattle.

Figure 3 shows a general decrease in woodlands or savannahs in
all basins between 1950 and 2013, and an increase in cropland and, in
some areas, bare soil. The decrease in the fraction of woodlands and
savannahs indicates landscape opening and the impact of human
activity. However, this does not imply a decrease in tree or grass
density and is therefore not contradictory to regreening, which
involves recovering herbaceous cover and increasing woody cover
within land cover categories29. No systematic pattern emerges from
north to south in the ‘woodland and savannah’ category, which
decreases in all basins (Fig. 3). The greatest relative reduction in this
category (41%) was observed in the Dargol basin (Table S1) and the
lowest (10%) in the Pendjari basin, which partly extends over a pro-
tected nature reserve. In the other basins, the relative decrease in
woodland and savannah amounted to roughly 20–30%. The main dif-
ference between the basins is the increase in bare soil areas since 1975Ta
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in the four Sahelian basins (Gorouol, Dargol, Sirba and Nakanbé—
Fig. 3). This coincides with the beginning of the drought and is con-
sistent with field observations reporting the development and enlar-
gement of bare soil patches26,50.

All basins have been affected by drought, albeit to varying
degrees, as well as by the conversion of natural vegetation into crop-
land. These localised results are consistent with the trends previously
described at the regional scale13,18,51. Land cover statistics show no
evidence that Sahelianbasins have beenmore affectedby land clearing
than the Sudanian ones (Table S1). Therefore, land cover alone cannot
explain the contrasting behaviour of these two groups of basins.

The analysis of changes in the rainfall–runoff relationship is a
common method for identifying hydrological regime shifts8. Rather
than using runoff volume, we analysed the P–K relationship between
rainfall P and the runoff ratio K (see ‘Methods’), which facilitates
comparisons between basins with different orders of magnitude of
streamflow.

In the Sahelian basins, K remained relatively stable in the 1960s,
meaning that streamflowchangedproportionally to rainfall (Fig. 4a, 5a,
and S1). From the early 1970s onwards, K increased despite the
drought until around 1985. It continued to increase afterwards, except
in the Gorouol basin, where K seems to have stabilised as from 1985.
The sharp increase in K starting around 1990 could be viewed as a
specific response to the paroxysmof the drought around 1984. In all of

these basins, the post-drought runoff ratio increased two to threefold
between 1950 and 2015, moving far beyond the previously observed
range of variability. Despite some differences, all the P–K relationships
exhibit a non-monotonous structure, indicating a non-stationary
hydrological functioning and strongly suggesting a regime shift
(Figs. 4a, 5a, and S1). Based on field and satellite observations52, the
stabilisation in the Gorouol basin is assumed to result from a land
fraction where runoff keeps increasing, balanced by a regreening land
fraction that partly absorbs additional overland flow.

Conversely, in the Sudanian basins, the relationship between K
and P shows an approximately linear dependence, with K decreasing
and then increasing as rainfall amounts recovered from 1985 onwards,
following the same trajectory back and forth in the P–K space (Figs. 4b,
5b, and S2). This unchanged P–K relationship suggests that the
hydrological regime has remained stable in these basins throughout
the whole period, with a reversible response to rainfall variability.

These contrasting trends are confirmed by the time series of K
P,

which shows a continuous increase in the Sahelianbasins, except in the
Gorouol (Supplementary Fig. S3). A trend in K

P indicates that changes in
K are driven by factors other than the rainfall amount. In the Sudanian
basins, the values of K

P before and after the drought are comparable.
Extended datasets for the Sirba basin until 2022 show that the

runoff ratio has continued to increase over the last decade and that the
decoupling between rainfall and runoff has persisted (Fig. S4). In the

Sahelian basins Tapoa Nakanbé Sirba Dargol Gorouol
−2

−1
0

1
2

3

S
P

I (
−)

1950 1970 1995 2020

Drought
a)

0.
00

0.
05

0.
10

0.
15

0.
20

0.
25

0.
30

K
 (−

)

1950 1970 1995 2020

Drought
c)

Sudanian basins Ouémé (Bonou) Ouémé (Bétérou) Sota Pendjari

−2
−1

0
1

2
3

S
P

I (
−)

1950 1970 1995 2020

Drought
b)

0.
00

0.
05

0.
10

0.
15

0.
20

0.
25

0.
30

K
 (−

)

1950 1970 1995 2020

Drought
d)

Fig. 2 | Changes in rainfall and runoff in the studied basins between 1950 and
2015. StandardPrecipitation Index (SPI) over time for the Sahelian (a) and Sudanian
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Sudanian (d) basins. Each dot corresponds toone year, and each line represents the

centred 9-year moving average, revealing the decadal trend. The lines are broken
where missing years prevent the moving average from being computed. The
orange area indicates the drought period.
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Ouémé (Bétérou) basin, the P–K relationship appears to have evolved
over the past 15 years, with a higher K value observed for comparable
rainfall levels thanprior to themid-2000s.However,K remainedwithin
the same variability range observed since 1950. This behaviour
emerged about 10 years after the end of the drought in themid-1990s.
Given this time lag, it is unlikely that this change is a consequence of
the drought. We hypothesise that it is instead the result of an
increasing proportion of cropland in the basin, combined with more
intense rainfall. Further analysis is required to investigate this recent
change.

Regime shift detection
In a system with multiple alternative states, regime shifts lead to
multimodality in the distribution of the variables that describe the
regime53. We define a basin as having shifted to a high runoff state if,
after a perturbation, the range of values ofK is significantly higher than

in the previous state, and this new state persists beyond the end of the
perturbation that caused the shift. A shifted basin is expected to
remain in its new state indefinitely unless a new perturbation or other
factors cause it to evolve differently. The observations show that there
are two regimes in the Sahelian basins, corresponding to low and high
runoff, and that the largest changes in these basins occurred between
the pre- and post-drought periods. Therefore, we simply tested whe-
ther the statistical distribution of the runoff ratio K was significantly
different between periods, using the Wilcoxon two-sample test (see
‘Methods’). We applied the same method to other variables to check
for regime shifts in the forcing.

For all basins, the annual rainfall during the drought was sig-
nificantly lower than in the preceding period (Fig. 6a and Table S3).
Despite the relative recovery in the last period, the annual amounts
remained significantly lower than before the drought (Table S2).
However, the recovery was more significant in the Sahel than in the
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southern basins (Table S4). These patterns are confirmed by the dis-
tributionofSPIbetweenperiods (Fig. 6b). On all the basins, SPI reached
values as lowas−2, indicating severedrought conditions54, with several
consecutive dry years with SPI < −1 between 1982 and 1987 (Table S5).

Regarding runoff ratios, the distributions of K between the pre-
and post-drought periods are statistically different for all the Sahelian
basins (Fig. 6c andTable S2). The change is also significant between the
drought and post-drought periods (Table S4). This confirms that a
hydrological regime shift towards a higher runoff for a similar annual
rainfall has occurred in the Sahelian basins.

In the Sudanian basins, the distributions of P and K also differ
significantly between the pre-drought and drought periods (Fig. 6a, c
and Table S3), but not any more between the pre- and post-drought
periods (Fig. 6a, c and Table S2). This indicates that the Sudanian
basins have recovered similar operating conditions to those before the
drought, with no evidence of a regime shift.

As reported at the regional scale, rainfall intensity has increased
since the mid-1990s18. This trend has also been observed in the study
basins, as shown by the changes in the hydro-climatic index HCI (see

‘Methods’). The HCI is higher when the same amount of annual pre-
cipitation is brought by fewer but more intense events. This index was
significantly higher after the drought than before in all the basins
(Fig. 6d and Table S2). Intensification mostly occurred between the
pre-drought and drought periods (Table S3 and S4), with the largest
changes inHCIoccurring in the northernmost Sahelian basins (Fig. 6d).
Higher rainfall intensity generates more runoff, and intensification of
rainfall has probably contributed to the runoff trend in the Sahelian
basins, and also in the Sudanian basins, although intensification was
less pronounced there.

When a regime shift occurs, it is often associated with a triggering
event. Indeed, the rainfall deficit has led to an increase in aridity, as
described e.g. by the aridity index AI* (see ‘Methods’). Drought has
caused an aridity shock in all basins, which has beenmore severe in the
Sahel than in the southern part of the region (Fig. 6e). Berdugo et al.55

have identified three aridity thresholds that, when crossed, can trigger
regime shifts in dryland ecosystems: ‘systemic breakdown’ (AI* = 0.80),
‘soil disruption’ (AI* = 0.69), and ‘vegetation decline’ (AI* = 0.54). In the
two northernmost basins, Dargol and Gorouol, the breakdown
threshold (AI* = 0.80) was exceeded for 5 and 12 consecutive years,
respectively (Table S6). In these two basins, as well as in the Sirba, the
intermediate threshold (AI* = 0.69) was exceeded in more than 70% of
the drought period, and during 11 to 25 consecutive years. The lowest
threshold was exceeded for 8 consecutive years in the Pendjari basin,
but none of the three thresholds was exceeded in the southernmost
Sota and Ouémé basins.

The aridity gradient is consistent with the strength of the hydro-
logical shift (Fig. 6). Themost severe impactswereobserved in the four
northernmost basins (Dargol, Gorouol, Sirba and Nakanbé), which are
also those where a significant fraction of bare soil has developed
(Fig. 3). Although these aridity thresholds were defined from a com-
pletely different ecological perspective, they correspond well with the
contrasting changes amongst the basins. The value AI* ≈ 0.7 seems to
be a critical limit beyond which aridity induces systemic eco-
hydrological changes. These results suggest that the prolonged arid-
ity associated with the rainfall deficit was most likely the main trigger
of the regime shift.

While it is generally difficult to prove the existence of alternative
regimes from field data alone53, the shift is established in these basins,
given the 2–3 fold increase in the runoff per unit rainfall, the persis-
tence of the new regime for over 20 years after the end of the drought,
and the comparison with the Sudanian basins, which did not shift.
Building on these results, we propose a conceptual model to support
the RS hypothesis and the interpretation of the observed hydrological
changes as a transition between states. The model is based on two
feedback loops (Fig. 7). The first is a local-scale balancing loop (B) in
which the infiltration of runoff over short distances (typically
10–100m) provides neighbouring vegetation with resources, such as
water, seeds, nutrients, soil particles and organic matter. Thereby, it
facilitates vegetation maintenance and prevents erosion and the
expansion of runoff-prone bare soil areas56–58. This feedback loop sta-
bilises the low-runoff state at the local scale. Patterned vegetation,
which is common in drylands worldwide59, is a good example. In the
central Sahel, streamflow primarily originates from Hortonian surface
runoff, which occurs when rainfall intensity exceeds the soil hydraulic
conductivity60. Due to this priority partitioning of rainfall, surface
runoff is the main contributor to streamflow, with minimal contribu-
tions from baseflow23,61,62. Consequently, the B loop also stabilises the
low-runoff state at the basin scale.

The second is a reinforcing loop (R) where surface runoff propa-
gates over longer distances, either because of the extent of runoff-
prone areas or their hydrological connectivity, defined as the length of
connected pathways for runoff, wind and water erosion63. The result-
ing loss of local resources prevents vegetation survival, thus favouring
runoff 56–58,63. Soil crusting tends to develop on bare surfaces exposed
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to the high intensities of tropical rainstorms64,65, reducing soil
hydraulic conductivity and thus favouring local surface runoff and
erosion66,67. Local erosion in turn leads to the progressive development
of rills and gullies, connecting runoff-prone areas, and further

increasing hydrological connectivity at larger scales. Once established,
self-sustaining hydrological connectivity and gully networks are unli-
kely to disappear naturally, without major environmental (geomor-
phological, climatic) changes or human intervention. This feedback

Fig. 6 | Comparison of hydro-climatological indices for the three periods.
Boxplot (median, 25th and 75th percentiles) and data points for annual rainfall P
(a), Standard Precipitation Index SPI (b), runoff ratio K (c), hydro-climatic
intensityHCI (d) and aridity indexAI* (e) for the three periods in eachbasin. Basins

are ordered by decreasing latitude on the horizontal axis (northernmost left,
southernmost right). The horizontal lines in (e) show the critical thresholds for
ecosystem resilience to drought proposed by Berdugo et al.55.

Article https://doi.org/10.1038/s41467-026-72648-6

Nature Communications |         (2026) 17:6162 7

www.nature.com/naturecommunications


loop therefore stabilises the high runoff state at both local and basin
scales. If an external factor reduces vegetation, the limiting effect of
vegetation on surface runoff decreases, and beyond critical condi-
tions, thebalancing loop (B) isdisrupted (Fig. 7). This eventually results
in the reverse process (R loop) becoming dominant, whereby surface
runoff prevents vegetationdevelopment, resulting in a shift to thehigh
runoff regime.

This conceptual model enables us to propose a narrative that
describes the hydrological dynamics of the central Sahel over the past
seven decades. In the 1950s, all the basins were in the low-runoff state,
with annual runoff ratios lower than 5% (Figs. 2c and 4a). Local stabi-
lising processes (B loop) were dominant, with most of the rainfall
infiltrating within the hillslopes. In the second phase, starting in the
1970s, the drought and the associated aridity shock caused vegetation
to die off 26,50,68. The conditions that destabilise this loop prevailed,
resulting in a progressive shift towards the alternative state. This
phenomenon was exacerbated by anthropogenic land clearing in the
areas suitable for rainfed agriculture. During the drought and the fol-
lowing wetter phase, greater annual rainfall amounts, higher inten-
sities and sustained agricultural activity, combined with the
persistence of bare soil areas, contributed to maintaining the high-
runoff regime through the R loop. This conceptual model may also be
relevant in other areas, since the feedback loops in Fig. 7 have been
identified in various drylands56–58,63.

Discussion
A number of field evidence supports the RS hypothesis and the con-
ceptual feedbackmodel. An increase in local runoff in the central Sahel
was first reported in the mid-1980s13. The expansion of areas of bare
soil seen in land cover maps (Fig. 3) has also been observed in the
field26. Gullies development and increased hydrological connectivity
have been reported in various locations24,25,69. In southwestern Niger
Leblanc et al.19 reported a 2.5-fold increase in drainage networkdensity

between 1950 and 1992. Similarly, in northern Mali, Trichon et al.68

reported a 4.3-fold increase in the drainage network density of a tiger
bush system between 1955 and 2015.

The regreening of the Sahel in the post-drought period may
appear to conflict with the runoff trend, since vegetation recovery
should hinder runoff generation. However, field observations show
that the landscape has become fragmented26,50. Runoff-prone areas
have appeared in the most vulnerable locations (e.g. rocky soils, hard
pans and shallow sandy soils), scattered throughout areas with more
favourable conditions, such as deep sandy soils, where regreening has
taken place. These scattered bare patches play a key role in supplying
water to the drainage network, particularly when interconnected by
gullies. Large bare soil areas are easily identified in satellite-based land
cover maps (Fig. 3), but the numerous bare patches of limited size
cannot be detected by the vegetation indices such as NDVI used to
evidence regreening26,28. Reasoning with feedback loops, this frag-
mented landscape corresponds to the spatial coexistence of expand-
ing runoff-prone areas, driven by the R loop and connected to the
drainage network, and areas where conditions are favourable to infil-
tration and vegetation establishment, driven by the B loop (Fig. 7).
Thus, this patchy behaviour resolves the apparent contradiction
between regreening and increased runoff. The local regime shifts can
be triggered quickly (e.g. after a few heavy rainstorms), but their
impact on the hydrological cycle at larger scales emerges gradually,
through the progressive expansion of bare areas and hydrological
connectivity. Our results (Supplementary Fig. S1) and those of Wend-
ling et al.40 suggest that a shift can develop over a period of one to two
decades.

The stationarity of the rainfall-runoff relationship in the Sudanian
basins—i.e. the absence of shift—is related to a series of differences
with the Sahelian context. Streamflow in these basins primarily origi-
nates from the discharge of near-surface (approximately 2m deep)
perched seasonal water tables that are recharged annually.

Fig. 7 | Conceptual model supporting the RS hypothesis. The arrows show the
relationships between elementary processes: dominant processes (bold arrows)
and effects of changes in external forcing (dashed arrows). The ‘+’ and ‘−’ signs
indicate the direction of the change along the arrows: ‘+’means that both variables
co-evolve, and ‘−’ means they evolve in opposite ways. B: Balancing (negative)
feedback loop, where vegetation limits runoff and thus favours local infiltration,
which in turn favours vegetation establishment by concentrating resources locally
(see text). R: Reinforcing (positive) feedback loop, where increased runoff exports
resources on a larger scale, which is detrimental to the survival or expansion of

vegetation. This, in turn, increases runoff and favours the development of hydro-
logical connectivity. Feedback loops B and R stabilise the low and high runoff
regime, respectively. When perturbations in the forcing cause vegetation loss or
local runoff increase beyond thresholds, the equilibrium in the B loop is disrupted,
and the R loop becomes dominant, inducing a shift from the low to the high runoff
regime. The diagrams in the middle panel illustrate the change in the partition of
water between runoff and infiltration associated with each loop at the local scale.
The lower panel shows how the development of the hydrological network (blue)
and the connectivity of runoff-prone areas (pale) affect the basin runoff regime.
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Contribution from Hortonian runoff and permanent deep ground-
water is minimal70,71. On an annual timescale, this results in streamflow
responding quickly and directly to rainfall61. Soils in the Sudanian area
are less susceptible to crusting anddegradation than those in the Sahel
due to their clay mineralogy, higher organic matter content and
stronger biological activity65. In Sudanian savannas, tree cover is den-
ser than in the Sahel, and grass species are mostly perennial. In this
energy-limited region, soil water is not a limiting factor for
vegetation72. Lastly, despite the rainfall deficit, aridity levels remained
moderate in this region (Fig. 6e andTable S6). All these factors enabled
the Sudanian basins to withstand this prolonged drought.

Although the RS hypothesis seems sufficient to explain the shift,
alternative hypotheses could be considered. Increased runoff could be
due to a change in the balance between evapotranspiration (ET),
underground storage and baseflow. ET has been increasing across the
entire Sahel since the 1980s73, and soil moisture resets to its minimum
eachyearduring thedry season74. Thus, these two factors cannot cause
an increase in runoff. Groundwater recharge is seasonal and sensitive
to rainfall extremes75, but there is no indication of a long-term rise in
the water table in Sahelian basins over crystalline bedrock76,77. More-
over, the water table typically lies below the stream network, and is
recharged by the intermittent streams rather than drained by them76.
Lastly, given the lowpermeability of these crystalline aquifers46,77,78, the
contribution of groundwater to streamflow is very limited, if any.
Therefore, the regime shift could not be driven by substantial inter-
actions between ET and underground processes. Alternatively, the
high-runoff state in the Sahelian basins could be merely a transient
behaviour driven by the inertia of some basin compartments. How-
ever, it is difficult to imagine an inertial process, independent of
underground storage, that would lead to a persistent change more
than 20 years after the end of the drought. The return flow associated
with groundwater pumping for irrigation is also not a factor here, as
there are no large-scale irrigation systems in this area48,49.

A more plausible alternative is that the high-runoff state is simply
a response to higher rainfall intensities falling on runoff-prone land
fractions, either inherited from the drought or from human-induced
land cover change. Hortonian runoff increases non-linearly with rain-
fall intensity, and extreme rainfall has increased by about 5% per dec-
ade since the mid-1980s79. Agriculture and the loss of natural
vegetation due to land clearing are recognised as factors contributing
to land degradation80. In the Sahel, weeding in crop fields alters the
stability of soil aggregates and exposes the soil surface to raindrops,
favouring soil crusting64. Weeding improves infiltration only tem-
porarily as crusting is restored after a few rains81. Wind erosion may
also play a role in maintaining or enlarging bare soil surfaces. Indeed,
the expansion of cropland in the Sahel has been identified as the cause
of increased runoff13,19,20,23,62. High runoff conditions also persist in the
northernmost grass savannahs (e.g. the Gorouol basin), where crop-
lands are scarce and extensive cattle grazing, practised in this area for
centuries, mostly preserves the ecosystem and is unlikely to cause soil
degradation24–26,50. In this region, human activity has little impact on
land cover change, and the observed changes are mostly due to cli-
matic factors. When considered as external factors, rainfall intensifi-
cation and/or land cover changes could drive the regime shift,
particularly in the post-drought period. However, as illustrated in
Fig. 7, any factor that directly decreases vegetation cover or increases
runoff could trigger or maintain a shift to the high-runoff state.
Therefore, changes in land cover, combined with higher rainfall
intensity, can also play as an internal factor involved in the feedback
mechanisms. For these reasons, these two factors are not a real alter-
native to the RS hypothesis but, instead, part of it. In fact, they are
confounding factors, and assessing their detailed contribution to the
shift requires a modelling approach.

Several studies in the same region have successfully reproduced
the runoff trend in the Central Sahel using standard hydrological

models (i.e. with no feedback) and observed climate and land cover
timeseries as forcing factors21,25. Someof these studies suggest that the
main drivers of increased runoff were land cover change during the
drought, and rainfall intensification afterwards22,62. However, these
approaches cannot be used to test the RS hypothesis since they only
simulate the response to rainfall for prescribed surface conditions and
donot take into account thedynamic interactions between rainfall, soil
and vegetation. Conventional hydrological models implicitly assume a
single regime and do not represent feedback mechanisms11. Using a
system dynamics modelling based on the principles of the conceptual
model proposed in Fig. 7, Le Roux et al.82 reproduced the regime shifts
in these Sahelian basins with annual rainfall as the sole forcing. They
clearly identified two runoff regimes and a shift between them, and
showed that the drought was sufficient to trigger this shift. These
results confirm the relevance of this type of modelling approach for
regime shift studies. Future developments accounting for diverse
rainfall intensity regimes, drought configurations (e.g. duration and
rainfall deficit) and land cover scenarios will help to determine the
conditions that trigger or prevent a shift in both the Sahelian and
Sudanian contexts. This will also contribute to anticipating possible
future hydrological trajectories.

Our two-state model appears well-suited to explaining cases
where some basins recover from drought, while others do not. Such a
contrasting behaviour has also been reported in Australia by Peterson
et al.11, where basins shifted towards a low-runoff regime as a con-
sequence of the Australian Millennium Drought, while others recov-
ered. Despite these similarities, there are significant differences
between the two cases. In the Australian basins, this shift has been
attributed to a change in rainwater allocation through increased eva-
potranspiration (ET) per unit of precipitation, leaving less water
available for streamflow11,83. This resulted in a shift in the opposite
direction to that observed in the Sahel. The recovery of the Australian
basins has not been clearly elucidated, although replenishment of
subsurface storage is likely to have been involved. Conversely, our
study shows that the shift in these Sahelian basins is associated with
persistent changes in the land surface properties in a context where
streamflow is dominated by overland flow, with virtually no ground-
water contribution, which explains the direction of the shift. Inciden-
tally, it is inappropriate to consider that the Sudanian basins have
recovered from drought, since no temporary deviation from the his-
torical relationship between precipitation and runoff has been
observed. Instead, runoff has rapidly and proportionally adjusted to
changes in rainfall, preserving the dependence of K on P. However, it is
unclear how these basins would respond if conditions for a shift were
to occur, depending on whether land surface processes, underground
processes, or a combination of both become dominant. Although the
observations document a shift from the low- to the high-runoff state in
the Sahelian basins, a reverse shift is theoretically possible. A model
assessment of the conditions for triggering such a back shift would be
useful, for example, when designing unconventional, nature-based
land restoration solutions based on feedback mechanisms84.

Methods
Basin selection
The basins selected in this study span the West African ecoclimatic
gradient, from 300mm of mean annual precipitation in the north to
1200mm in the south (Table 1). They were selected because they have
the longest,multi-decadal time series of annual rainfall and runoff. The
basin boundaries were extracted from the ADHI database85. A large
part of the west of the Gorouol basin is purely endorheic and does not
contribute to discharge at the basin outlet. Its boundarywas corrected
based on expert elicitation to only consider the part that actually
contributes to the basin outflow. The Ouémé (Bétérou) basin is the
upper part of theOuémé (Bonou) basin, accounting for 20% of its area.
However, its contribution to the discharge atBonou is very small (<10%
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on average) and its rainfall pattern (one single rainy season) is different
from that of the Bonou basin (two rainy seasons). Therefore, these
basins were considered independent with regard to the changes ana-
lysed in this study. The Gorouol, Dargol, Sirba, Tapoa and Sota basins
are part of the great Niger River basin, whereas the Nakanbé and
Pendjari basins belong to the Volta River system. The mouth of the
Ouémé River is located southeast of the Bonou outlet in the
Atlantic Ocean.

Delimitation of the three periods
The year 1950 coincides with the beginning of most of the rainfall and
runoff datasets and with the oldest land cover maps. Hence, it was set
as the beginning of the study period. Similarly, the year 2015 (end of
our study period) is the best compromise for the availability of both
rainfall and runoff data we can access. There is a broad consensus in
the literature that the West African drought began around the year
1970, with variations of only 1 to 2 years depending on the study15,16,86.
The end of the drought is less clear because the rebound in annual
rainfall amounts has been gradual and also because of the regional
variability in this rebound18. It corresponds to an intensification of
rainfall that started in the early 1990s, with fewer but larger and more
intense events leading to a net increase in annual rainfall relative to the
drought period, but still below pre-drought level51,87,88. We adopted
1994 as the end of the drought, which is a compromise between the
starting year of thenew rainfall regimeused in different studies18,86,89,90.
Therefore, we defined the three periods as follows: the pre-drought
period from 1950 to 1969 (20 years), the drought period from 1970 to
1994 (25 years), and the post-drought period from 1995 to 2015
(21 years).

Land cover
Two data sources were merged to assess land cover changes over the
study period. First, we used theUSGSWest Africa LandUseLandCover
Time Series17. This 2-km resolution reference dataset was produced by
photo-interpretationof Landsat images. It describes land cover in 1975,
2000, and 2013 across West Africa, using a classification system with
26 categories. This USGS product was chosen due to its homogeneity
over a period of around 40 years. It covers the drought and post-
drought periods. Second, to complement this series and align it with
the hydrological dataset, we produced land cover maps of the study
basins prior to the drought using an original method. We digitised the
1950s editions of the 1:200,000 topographic maps published by IGN
(National Geographic Institute, France) covering the whole study area
(36 maps). Eachmap covers an area of 1∘ × 1∘. The background of these
maps was carefully documented by IGN staff using stereoscopic,
panchromatic aerial photographs at 2–3m horizontal resolution taken
between 1949 and 1952 (depending on the maps), covering the entire
studied region. The resulting digitised raster files were mosaicked and
geo-referenced. The original legends of these 36 maps were homo-
genised by expert elicitation to provide a final series of 13 land cover
categories. These maps revealed a relatively accurate documentation
of the main categories, including settlements and a clear distinction
between natural vegetation and cropland.

The IGN and USGS maps were projected to a common 15-m
resolution. As the study focuses on land conversion for cropping and
land degradation, the initial land cover categories from the two sour-
ces were merged into three general categories: ‘woodland and savan-
nah’, ‘cropland’ and ‘bare soil’. For each basin, the cover fraction of
each of the three categories was extracted using Python GIS libraries.

In some basins (Sirba, Sota and Ouémé to a lesser extent),
woodland and savannah cover increased slightly between 1950 and
1973, while the proportion of cropland decreased (Fig. 3). It is difficult
to say whether this reflects a real process or uncertainties due to the
different nature and data processing of the IGN and USGS data sour-
ces. Agroforestry is a traditional farming system throughout the

region, where trees aremaintained in the fields. Agroforestry plots and
open savannahs can be difficult to separate in remote sensing datasets.
This leads to uncertainties in the coverage estimates for the savannah
and field classes in the Landsat-derived land cover maps. However,
these uncertainties do not alter the long-term trend of increasing area
under cultivation.

The W National Park, established in 1954, covers about 25% of the
Tapoa basin. Similarly, the Pendjari National Park, established in 1961,
covers about 37% of the Pendjari basin. Therefore, these twobasins are
not affected by agricultural expansion within the protected areas,
resulting in a low proportion of cropland (Table S1).

Rainfall and runoff data
Precipitation. Precipitationdatasetswere extracted fromtheBADOPLU
database, covering the period 1950–2015. This database and the
methods for processing rainfall data are detailed in the supplementary
material of Panthou et al.18. In summary, for each basin, annual pre-
cipitation P was estimated from rain gauge observations in two steps.
Daily precipitation from rain gauge stations included and bordering
each basin was spatially interpolated using a kriging technique, which
accounts for anisotropy in the precipitation field. The basin daily pre-
cipitationwas computed as the arealmeanof the interpolated field over
the basin. The annual precipitation is the sum of the daily rainfall over
thehydrological year, startingon 1March.The three indexesbelowhave
been calculated using the same definition of the hydrological year.

Precipitation index. The dimensionless Standardised Precipitation
Index SPI54 is widely used to characterise droughts. It allows compar-
ison of rainfall series between different basins. In the general case, a
probability distribution (e.g. gamma) is first fitted to the rainfall data,
and an anamorphosis is applied using the inverse normal transfor-
mation in order to associate with each rainfall value the equivalent
percentile in a normal distribution. However, we verified that themean
annual rainfall on each basin is normally distributed (Table S7).
Therefore, there is noneed to transform theoriginaldata, and the SPI is
defined for each basin as the difference between the annual rainfall of
the current year P (mm) and its inter-annualmean P (mm), normalised
by its standard deviation σ(P) (mm), both computed over the whole
1950–2015 period. It writes:

SPI =
P � �P
σðPÞ ð1Þ

Hydro-climatic intensity. The hydroclimatic intensity HCI (mmd−2) is
defined as the ratio between the mean rainfall during wet days Pwet

(mmd−1) and the number of wet days Nwet (time, in days) during the
year18:

HCI =
Pwet

Nwet
ð2Þ

A day is considered wet if the amount of precipitation exceeds
0.5mm. Pwet is the ratio between the total amount of precipitation on
wet days and the number of wet daysNwet. A lowHCI indicates that the
year’s rainfall ismade up ofmany low-intensity events, while a highHCI
corresponds to fewer but more intense rainfall events.

Aridity index. The aridity index AI*(−) used in this study is defined as
the complement to the ratio of annual rainfall P (mm) to potential
evapotranspiration PET (mm):

AI* = 1� P
PET

ð3Þ

This definition is similar to the aridity index used by Berdugo et al.55.
The star superscript avoids confusion with alternative definitions of
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this index, such as AI = P
PET. AI

* varies between 0 and 1, and increases
with aridity, either due to low rainfall or high potential evaporation.
For P we used the annual precipitation over each basin. For PET, we
used hourly PET calculated with the algorithm of Singer et al.91, using
meteorological fields retrieved from the ERA5-Land reanalysis92. This
covers the period from 1950 to the present day, with a grid resolution
of 0.1∘. The hourly PET values were summed over the hydrological year
and then averaged spatially over the boundary of each basin using the
raster package, in the R environment (version 4.4)93.

Runoff. Except in the large Niger and Volta rivers, the rivers in the
study area are intermittent, flowing only during the monsoon rainy
season, with no or very low flows during the dry season (Table 1). The
annual discharge Q (m3 yr−1) was calculated from the mean daily dis-
charge Qdaily over a hydrological year, starting on 1 March. The daily
discharge time series were extracted from SIEREM94, ADHI85 and the
AMMA-CATCH databases43 for all basins except Nakanbé. The datasets
retrieved from those databases were merged to obtain the longest
time series. For the Nakanbé basin, we used naturalised data with
discharges corrected for the effect of the dams that were built as from
the mid-1980s, obtained from Gbohoui et al.62.

The number of streamflow stations in West Africa has decreased
over the past seven decades, and the quality of the datasets has
deteriorated95. This decline has been particularly severe from the early
1980s onwards85. These constraints strongly limited the selection of
long enough series of records of annual rainfall and runoff covering
the entire study period. To avoid rejecting too many series, limited
curation and gap-filling operations were performed. Data curation
consisted of reconstructing a few missing Qdaily values in the dry sea-
son (set to 0 if no flow observations were available before and after)
and in the recession limb of each hydrograph at the end of the wet
season, which were approximated by a decreasing exponential func-
tion fitted to the recession limb for years without gaps at the same
station. After this gap-filling stage, years with periods of missing con-
secutive daily values longer than 13 days were excluded from the
database, and data gaps shorter than 13 days were reconstructed by
linear interpolation. A sensitivity study on complete years showed that
this interpolation had a limited effect, with a relative bias of less than
10% on the calculated mean annual discharge. The availability of
streamflow data for each basin is given in Table 1.

The annual runoff ratio K (−) is defined as the ratio between the
annual water yield Q

S (m yr−1) and the annual rainfall P (m yr−1):

K =
1
P
� Q
S

ð4Þ

where S (m2) is the basin area. This dimensionless quantity takes into
account the first-order linear dependence of runoff on rainfall, making
it possible to compare basins under different climatic conditions.

For two basins, we obtained privileged access to more recent
streamflow records from the Niger Basin Authority (ABN) and the
AMMA-CATCH observatory. These records extend to the end of the
2022 hydrological year for the Sahelian Sirba basin, and to the end of
the 2023 hydrological year for the Sudanian Ouémé (Bétérou) basin.
Since there are no BADPOLU datasets for this period, we derived the
corresponding annual rainfall from the CRU database96 (see Fig. S5).

Statistical tests
In order to compare the distribution of the different metrics (rainfall,
SPI, runoff ratio, hydroclimatic and aridity indexes) between two per-
iods, we used the unpaired Wilcoxon rank sum test, also known as the
Mann–Whitney test97. This non-parametric test, basedon ranks, is used
to compare two samples of independent values drawn from an
unknown statistical distribution. The null hypothesis H0 is that the two
samples are drawn from the same distribution. We used a significance

level of 0.05; thus, we reject H0 for p-values lower than this level. For
the comparisons between periods, we used the two-sample version of
the test, assessing only whether the two distributions were different,
rather thanwhether the values of onedistributionwere higher or lower
than the values of the other. For the AI*, we used the one-sample ver-
sion of the same test to assess whether the distribution of AI* in the
drought period was significantly higher than each of the three
thresholds (0.8, 0.69 and 0.54). The tests were performed with the
stats package under the R statistical computing and graphics envir-
onment (version 4.4).93

Data availability
The rainfall datasets (1950–2015) were obtained from Panthou et al.18.
The CRU TS4 rainfall datasets (2016–2023) are available at https://
catalogue.ceda.ac.uk/uuid/9cf07e92afaa405da4f40b6733f362d3. The
ERA5-Land PETdatasets are available athttps://cds.climate.copernicus.
eu/. Streamflow data for the Ouémé (Bétérou) basin is available at
https://www.amma-catch.org under https://doi.org/10.17178/AMMA-
CATCH.CL.Run_O. Streamflow data for the Nakanbé basin was
obtained courtesy of the Directorate General of Water Resources,
Ministry of Environment, Water and Sanitation of Burkina Faso, from
Gbohoui et al.62. Streamflow data from 2016 to 2022 on the Sirba basin
was obtained from the Niger River Authority. All other streamflow
datasets were obtained from the SIEREM and the databases. The basin
boundaries in Fig. 1 are available from https://dataverse.ird.fr/
dataverse/BvAfriqueCentraleHSM. The land cover datasets for 1973,
2000 and 2013 are available at https://www.usgs.gov/data/west-africa-
land-use-land-cover-time-series. The 1950 land cover was digitised for
this study from 1:200,000 scale ancient topographic maps published
in the 1950s by IGN (National Geographical Institute, France). Due to
third-party regulations regarding data dissemination, the rainfall and
runoff datasets produced during this study cannot be made public.
However, they are available from the corresponding author upon
request.
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