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Abstract: Climate change and anthropization are major drivers of river flows variability. However,
understanding their simultaneous impact on discharges is limited. As a contribution to address this
limitation, the objective of this study is to assess the impact of climate change and anthropization
on the discharges of two watersheds of Central Africa (Nyong and Ntem) over a recent period.
For this, the hydropluviometric data of the watersheds concerned were analyzed using the Pettitt test.
Similarly, the dynamics of the main land use modes (LUM) have been assessed, through classifications
obtained from the processing of Landsat satellite images of the watersheds studied on two dates.
The results of this study show that in Central Africa, annual discharges have decreased significantly
since the 1970s, and yet the decline in annual rainfall does not become significant until the 2000s.
The discharges of the rainy seasons (spring and autumn) recorded the most important changes,
following variations in the rainfall patterns of the dry seasons (winter and summer) that precede
them. Winters experienced a significant decrease in precipitation between the 1970s and 1990s, which
caused a drop in spring flows. Their rise, which began in the 2000s, is also accompanied by an increase
in spring flows, which nevertheless seems rather slight in the case of the Nyong. Conversely, between
the 1970s and 1990s, there was a joint increase in summer rainfall and autumn flows. A decrease
of summer rainfall was noted since the 2000s, and is also noticeable in autumn flows. Maximum
flows have remained constant on the Nyong despite the slight drop in rainfall. This seems to be
the consequence of changes in land use patterns (diminution of forest and increasing of impervious
areas). The decrease in maximums flows noted on the Ntem could be linked to the slight drop in
precipitation during the rainy seasons that generates it. Factors such as the general decrease in
precipitation during the winter and the reduction in the area occupied by water bodies could justify
the decrease in minimum flows observed in the two watersheds. These findings would be vital to
enhance water management capabilities in the watersheds concerned and in the region. They can also
give some new elements to study and understand the seasonal variation and fresh water availability
in downstream, estuaries and coastal areas of the regional rivers.

Keywords: climate change; urbanization; impervious area; Cameroon; runoff

1. Introduction

River flows are essentially variable over time. Their evolution is generally considered to be the
result of their interactions with climate change and/or anthropization [1–6], although it is recognized
that sensitivity of watercourses to these factors depends on the natural predispositions (size, slope
system, type of soil, etc.) of their watersheds [7]. Apart from some interesting attempts, such as that of
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Dzana et al. [1], research studies in which the effects of these two factors are dissociated and evaluated
separately are rare. Most of the studies undertaken thus far around the world have generally focused
on one or another of these interferences, as given in the results in West Africa, South Africa, Ethiopia
and even Uruguay, linking land cover change/or climate change with river discharges [8–11].

In sub-Saharan Africa, the work devoted to the research of the driving factors of the flows
variability has been carried out mainly since the 1980s. Those in which the authors correlate the
precipitations and the flows are based on the detection of discontinuities in the hydropluviometric
series. Their results confirmed, in the case of West Africa, that the 1970s appeared as the main period
of discontinuity, marking the beginning of the hydroclimatic drought in this region [12–15]. In Central
Africa, the most obvious fluctuations in discharges and precipitation have been observed with seasonal
time steps [16–18]. Liénou et al. [19] demonstrated in the case of three equatorial rivers (Ntem, Nyong
and Kienke), that the most important climatic variations leading to changes in flows result from
variations in precipitation in dry seasons. These authors explain the sensitivity of watersheds to
this precipitation variability by the fact that their reduction induces a significant deficit in soil and
groundwater storage, resulting in a decrease in the runoff. Conversely, their increase keeps the soil
wetter during the dry season, and therefore, improves runoff from the start of the rainy season. It seems,
therefore, that the variability of the regimes of equatorial rivers can be better appreciated when these
precipitations are taken into account. Regarding the impact of anthropic action (changes in land use
modes (LUM)) on runoff, reference works are generally based on supervised classifications of satellite
images on at least two dates, with a view to assessing the dynamics of land use and its possible impact
on flows [20–26]. Their results generally confirm an increase in flows resulting from an increase in
Impervious Area (IA) such as buildings, roads and cultivated areas. Paturel et al. [24] specifies, in the
context of a Sahelian basin in West Africa (Nakambe in Burkina-Faso), that this increase in flows is
linked to the reduction in the water capacity of the soils resulting from the increase of the impervious
surface. However, Dezetter et al. [27] had noted, in a humid tropical climate under forest cover (in the
case of the upper Niger River basin in Guinea), an insignificant impact of the increase in agricultural
areas, to the detriment of the forest, on flows. According to them, evaporation (due to the increase
in temperature) from this region would have a greater impact than that of changes in LUM on the
hydrological balance of this region. These conclusions follow those of a former study by Fritsch [28].
This author noted earlier in the context of small Guyanese basins, also under equatorial forest cover,
a considerable impact of deforestation on runoff; however this did not last long, as after two years the
runoff coefficients returned to nearly past values on surfaces where vegetation was left wild or over
plantations, while the runoff remained higher over grass lands (for cattle grazing). This led Fritsch to
specify that the magnitude of the hydrological changes observed in the different cases depends on the
type and importance of the developments carried out in these basins, together with the impact of the
inter-annual variability of natural phenomena.

Few studies have been carried out on this type of basins in forested equatorial area, and there is
still a large uncertainty on what are the main drivers of the variability of the hydrological balance in
equatorial basins within the context of increasing temperature due to climate change.

The Nyong and Ntem watersheds offer us the opportunity to make possible progress on this issue,
as these are two basins that have been observed for decades in this equatorial area, and for which
there have already been several former studies on the hydroclimatological variability, which showed
some questionable issues about the origin of the observed change in the river flow regime since some
decades. These watersheds are forested, but since the early 1970s, climatic fluctuations have been
observed there, as in the rest of sub-Saharan Africa [19]. Moreover, their population is increasingly
growing [29]. This population growth generally has as a corollary the increase in IA, which can have
repercussions on the hydrological functioning of these hydrosystems. However, unlike the West
African watersheds, the Nyong and Ntem basins were the subject of a very small number of works
after the 2000s, due to the absence of observation data in certain cases, and significant gaps in existing
observation series in other cases. Likewise, the difficulty of acquiring satellite images of sufficient
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quality (without cloud) for processing over large areas would have led the authors to ignore the study
of the impact of anthropization (change of LUM) on discharges. Most of the studies cited above
relate to West Africa, apart from those of Moffo [25] and Ebodé [26]. Despite these difficulties, it is
nevertheless advisable to try to update the information available on these watersheds in the limited
number of similar investigations that have focused on them before, but also to take note of certain
aspects (land use) having important links with flows, which have been less studied in the region thus
far, in connection with the dynamics of IA. Such a study seems fundamental for these rivers, which
are among the main sources of water and fishery resources in the country, whose recent decreases are
partly attributed to hydroclimatic changes. It is particularly useful in the case of Ntem, where the
Memve’ele dam was recently built (in Nyabessan, downstream from Ngoazik station), with the aim of
ensuring electricity production, replacing the old dam of Songloulou. It is hoped that the results of
this study will reinforce the debate on the issue since the rationing in the electrical distribution of the
southern Cameroon network is also generally attributed to climate change. In addition, the data and
new inputs from this study would contribute to long-term planning of water demand and use, and
improve future simulations of the flows of these rivers.

The main objective of this article is to assess the observed changes in streamflow of Nyong and
Ntem watersheds, in response to current climate change and anthropization (land use/land cover
change). For this, we propose to study long-term rainfall and discharges time series, and changes in
land cover over time from satellite images. The links between rainfall and some sources of large-scale
climate variability will also be checked.

2. Materials and Methods

2.1. Study Area

This study focuses on the Nyong (14,438 km2) and Ntem (19,563 km2) watersheds, respectively at
Mbalmayo and Ngoazik outlets. These watersheds are located in Central Africa between latitudes
1◦15′ N and 4◦44′ N and longitudes 11◦5′ E and 13◦30′ E (Figure 1). The first is entirely included
in Cameroonian territory, while the second is located between Cameroon, Gabon and Equatorial
Guinea. They belong to the equatorial (Ntem) and sub-equatorial (Nyong) domains, with abundant
precipitation. The annual precipitation oscillates around 1600 mm over the Nyong and 1800 mm over
the Ntem, distributed over four seasons of unequal importance, including two dry and two rainy
seasons (Table 1). The rainy seasons (spring and autumn) are generally very wet with record totals of
around 900 mm and marked by numerous thunderstorms, which sometimes cause significant floods.
The winter dry season is the only real dry season in the region, with average precipitation fluctuating
around 90 mm and 180 mm, respectively, in the Nyong and Ntem watersheds (Table 1). The summer
dry season tends to become more humid in the region since the 1980s [19]. The Nyong and Ntem
watersheds are deeply gullied and cut into hills with convex slopes and wide marshy valleys [30].
On both sides of the main rivers, a topographic landscape in steps is observed, which seems to be the
result of brittle tectonics. In the middle part of each watershed, there is a major valley (600 m above
sea level on average), which represents the collapse ditch. It is a wide corridor, in the middle of which
flows the main river. On the two watersheds, this unit is directly followed on each side of the main
river by a large plateau with an average altitude of around 700 m, then large hills (800 m of altitude
on average), which are bristling with a few inselbergs located mainly at the limit with neighboring
watersheds, and whose altitude can sometimes reach 1200 m [30]. The geological substratum of these
watersheds is made up of a granito-gneissic base on which ferralitic (on the tops and slopes) and
hydromorphic (in the shallows) soils develop. The vegetation encountered on these basins is a dense
semi-deciduous forest with Sterculiaceae and Ulmaceae strongly subjected to anthropic actions [31].
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Figure 1. Location map of Nyong and Ntem watersheds.

Table 1. Statistics relating to the evolution of precipitation and average discharges at annual and
seasonal time steps over the study period, but also before and after the discontinuity. Cv: coefficient
of variation.

Periods
Whole Period

Discontinuity
Mean (m3/s) Cv (%)

Mean (m3/s)
Cv
(%) Before After Before After

Rainfall

Nyong

Annual 1627 9 - - - - -
Spring 634 13 - - - - -

Summer 274 28 1964–65 220 290 26 26
Autumn 625 11 - - - - -
Winter 93 43 1975–76 116 78 29 48

Ntem
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Table 1. Cont.

Periods
Whole Period

Discontinuity
Mean (m3/s) Cv (%)

Mean (m3/s)
Cv
(%) Before After Before After

Annual 1810 7 - - - - -
Spring 675 12 - - - - -

Summer 256 29 1964–65 192 283 29 22
Autumn 693 10 - - - - -
Winter 184 28 1976–77 208 169 20 32

Discharges

Nyong

Annual 139 20 1973–74 151 132 19 18
Spring 88 31 1973–74 105 76 28 27

Summer 111 31 - - - - -
Autumn 243 23 - - - - -
Winter 123 20 - - - - -

Ntem

Annual 236 23 1970–71 269 215 26 18
Spring 222 34 1970–71 270 193 32 28

Summer 115 49 - - - - -
Autumn 421 25 1990–91 444 324 22 18
Winter 156 29 1970–71 186 136 25 23

2.2. Data Collection

The data collected for this study are hydroclimatic series and spatial data (satellite images).

2.2.1. Hydroclimatic Data

Nyong discharge data series come from two sources. The gauging station, as well as the methods
used for reading water levels and calculating flow rates, however, remain the same from one source to
another. The series obtained from the Hydrological Research Center (CRH) cover the period 1951–1987.
This center manages a hydrometric database, generally with a daily time step, which contains almost
all the measurements carried out on Cameroonian territory since the early 1950s, for most stations.
These measurements were carried out first by ORSTOM (Office de la Recherche Scientifique et Technique
Outre-Mer/Office for Scientific Research in Overseas Territories, Paris, France) researchers, currently
IRD (Institut de Recherche pour le Développement/Research Institute for Development, Marseille,
France) and their predecessors from EDF (Electricité De France/France Electricity, Paris, France) and,
since 1980, by CRH. No observation data is available on this river between 1988 and 1997. Indeed, after
1987, due to budgetary constraints, the hydrological service no longer guaranteed the continuity of
observations. We note then the abandonment of a large number of stations observed, including those of
Nyong and Ntem. Over the period 1998–2016, the series of discharges used are those of the ORE-BVET
(Observatory for Environmental Research/Experimental Tropical Watersheds). Funded by the Ministry
of Research and New Technologies, the National Institute of Universe Sciences, the Research Institute
for Development and the Midi-Pyrénées Observatory, this observatory aims to understand the relative
influence of climate variability and agriculture on water cycles and biogeochemical cycles in tropical
areas. Based on long-term monitoring (>10 years) of meteorological, hydrological and geochemical
variables in watersheds, it is implemented both in Cameroon and in India. In Cameroon, the observatory
is interested in the Nyong watershed. The complete series of Ntem discharges comes from the CRH,
and covers the period 1953–2015, but with gaps during the 1990s and 2000s. There are no observation
data on this river between the intervals 1993–2001 and 2006–2009. All of the hydrological data used in
this work were collected daily. The monthly, seasonal and annual modules were calculated thereafter.
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The rainfall series comes from two sources. Over the period 1950–1999, the SIEREM (Système
d’Informations Environnementales pour les Ressources en Eau et leur Modélisation/System of
Environmental Informations on Water Resources and their Modeling) rainfall grids were used.
SIEREM [32] is a database based on a generic scheme allowing the management of hydroclimatic
but also environmental information on Africa. This database was developed by the HydroSciences
Montpellier/HSM Laboratory, from a rainfall database (around 7000 gauging stations) from Africa,
inherited among others from ORSTOM, and its experience in the management of hydroclimatic
databases in the intertropical region [33,34]. Among its recovery products, SIEREM offers monthly
rainfall grids over Africa for the period 1940–1999, at the 0.5◦ square degree, approximately 2750 km2 of
the area considered [35]. The space and time steps chosen seem to be the most appropriate resolutions
to be able to appreciate, at the same time, the impacts of climate change and anthropic activities
on water resources [36,37]. These grids are freely accessible in ASCII and NetCDF formats on the
site http://www.hydrosciences.org/spip.php?article1387. Before use, they had to be validated first by
comparison with rain gauges measurements from stations.

From 2000s, the choice was made for TRMM (Tropical Rainfall Measuring Mission) 3B42 V7
rainfall estimates. The TRMM platform was launched in 1997, built jointly by the United States and
Japan. It offers several pre-calibrated data sets, including the daily product TRMM 3B42 V7 at a spatial
resolution of 0.25◦ × 0.25◦. These data combine syntheses of TRMM images and other satellite data [38].
Thus, microwave sensors from AQUA, NOAA (National Oceanic and Atmospheric Administration),
DMSP (Defense Meteorological Satellite Program) and visible/infrared data from geostationary satellites
are taken into account in precipitation estimation algorithms. These estimates are then adjusted by
incorporating the monthly climate measurements on the ground of the GPCP (Global Precipitation
Climatology Project) and CAMS (Climate Assessment and Monitoring System) networks to give the
monthly products TRMM 3B43. The adjustment coefficients calculated for this product are finally
applied to the daily data to give the final product TRMM 3B42, version 7 [38], downloadable free
of charge from the website https://giovanni.gsfc.nasa.gov, in ASCII format. The monthly TRMM
rainfall data were first validated through comparisons with the SIEREM rainfall over the years of
common availability (1998 and 1999). The correction factors (essentially between 1.17 and 1.4) were
subsequently established for the months for which the differences between the two sources were
significant (July and August).

Four climatic indices (SOI: Southern Oscillation Index; DMI: Dipole Mode Index; NATL:
North Tropical Atlantic sea surface temperature indices; SATL: South Tropical Atlantic sea surface
temperature indices) representative of certain sources of large-scale variability (Pacific Ocean, Indian
Ocean and Atlantic Ocean), likely to influence the climate of the region [39], were used in this
study (Figure 2). These indices were collected at a monthly time step on the NOAA website
(https://psl.noaa.gov/data/climateindices/list/). SOI and DMI were collected at the same intervals as the
rainfall. The other two indices have only been available since the beginning of the 1980s.

Figure 2. Patterns in oceanic sea surface temperatures (SSTs) known to influence weather in the studied
region (blue zones), according to Bush et al. [39]. The Pacific Ocean El Niño Southern Oscillation
(ENSO); North and South Tropical Atlantic SSTs (NATL and SATL, respectively) and the Indian Ocean
Dipole (IOD).

http://www.hydrosciences.org/spip.php?article1387
https://giovanni.gsfc.nasa.gov
https://psl.noaa.gov/data/climateindices/list/
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2.2.2. Spatial Data

The spatial data used for the study of land use in the Nyong watershed are essentially the Landsat
8 satellite images from January 2015 and Landsat MSS from March 1973. Three Landsat scenes cover the
entire watershed, corresponding to the path/row 185/57, 185/58, 184/57. The same study was carried out
in the Ntem watershed, using four Landsat 8 scenes from January 2015 and Landsat MSS from February
1973, corresponding to path/row 184/58, 185/58, 184/59 and 185/59. All of these images are made
available to the general public free of charge by the National Aeronautics and Space Administration
(NASA), via the US Geological Survey website (https://earthexplorer.usgs.gov/), in GeoTIFF format.
The downloaded images taken during the winter (December to mid-March) were preferred to that of
the rainy seasons because they are less affected by cloud disturbances.

2.3. Data Analysis

2.3.1. Hydroclimatic Data

The analysis of rainfall, average discharges and runoff coefficients was carried out using statistical
discontinuity detection tests [40] at the significance level 95%. The Pettitt test seems to be the most
suitable for the analysis of incomplete series such as ours because it separates the series only into two
periods with an overall distinct behavior, which avoids the detection of false discontinuities as can
sometimes be observed with other tests such as Hubert segmentation. Its choice at the expense of
trend tests (Mann-Kendall test for example) is justified by the fact that it indicates a date from which
the change becomes statistically significant (discontinuity), which allows a better appreciation of the
variability. Its principle consists in dividing the studied series (of N size) into two sub-samples of
sizes m and n, respectively. We then calculate the sum of the ranks of the elements of each sub-sample
in the total sample. A statistical study is then carried out based on the two sums thus determined,
then it is tested according to the hypothesis that the two subsamples do not belong to the same
population. The Pettitt test is non-parametric and derives from that of Mann Whitney. The absence of
a discontinuity in the series (Xi) of size N constitutes the null hypothesis. Its implementation supposes
that for any instant T between 1 and N, the time series (Xi) 1 to t and t + 1 to N belong to the same
population. The variable to be tested is the maximum in the absolute value of the variable Ut, N
defined by:

Ut, N = Σt
i=1 ΣN

i=t+1 Dij (1)

where Dij = Sign (Xi − Xj) with: sign (x) = 1 if x > 0, 0 if x = 0 and −1 if x < 0.
If the null hypothesis is rejected, an estimate of the date of discontinuity is given by the instant

defining the maximum in the absolute value of the variable Ut, N.
The correlation coefficient is the criterion used to assess the links between the rainfall indices

and the climatic indices selected. Denoted by “r,” the correlation coefficient is the ratio between the
covariance (γ) of two variables (X and Y) and the product of their standard deviations. It indicates the
strength and direction of the linear relationship between these variables. Varying between −1 and +1,
it reflects a strong correlation if it is less than −0.5 or greater than 0.5:

r =
γ(X, Y)
σXσY

(2)

whereγ(X, Y) denotes the covariance of the variables X and Y;σX andσY denote their standard deviations.
To assess the behavior of extreme flows, the Indicators of Hydrologic Alteration (IHA) tool, version

7.1, developed by The Nature Conservancy was used. This tool offers the possibility of comparing
the parameters characterizing the flow regimes under different conditions [41]. It uses daily flow
values and produces several important statistics. We will only be interested in four of them, considered
essential for this study, among which the average and the coefficient of variation (Cv) of extreme flows
and the Julian date of the annual minimum and maximum. By dividing the series of values in the

https://earthexplorer.usgs.gov/
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period before and after the discontinuity, the tool calculates the change that occurred in the evolution
of each of these parameters after the discontinuity. We can thus analyze not only the sign of change
between the two periods but also the magnitude of this difference.

2.3.2. Spatial Data

The supervised classification by maximum likelihood of the downloaded Landsat satellite images,
using SNAP software (free access), allowed to perform a diachronic analysis of the evolution of land use
in the studied watersheds. This operation was preceded by operations of preprocessing and recognition
of objects in the field by photography and GPS (Global Positioning System). The preprocessing of
satellite images refers to all of the processes applied to raw data to correct the geometric and radiometric
errors that characterize certain satellite images. These errors are generally due to the technical problems
of the satellites and to the interactions between the outgoing electromagnetic radiation and atmospheric
aerosols, also called “atmospheric noise.” These atmospheric disturbances are influenced by different
factors that are present on the day of acquisition, including weather, fires and other human activities.
They affect all the images acquired by passive satellites, including Landsat 4-5-7 and 8. The downloaded
Landsat images are ortho-rectified, the preprocessing concerns the atmospheric correction of these
images and their re-projection in the local system (WGS_84_UTM_Zone_32N). For this, neo-channels
are created, to increase the readability of the data by enhancing certain less obvious properties in
the original image, thus showing more clearly the elements of the scene. Three indices are therefore
created, namely the Normalized Difference Vegetation Index (NDVI), the Brightness Index (IB) and the
Normalized Difference Water Index (NDWI). These indices highlight respectively the vegetated surfaces,
the sterile (not-chlorophyllin) elements such as the urban and the water bodies. Their formulas are as
follows NDVI = (NIR − R)/(NIR + R); IB = (R2 + NIR2)0.5 and NDWI = (NIR −MWIR)/(NIR + MWIR),
where NIR: ground reflectance of the surface in the near-infrared channel; R: ground reflectance of
the surface in the red channel and MWIR: ground reflectance of the surface in the mid-wave infrared
channel. Due to the fact that the watersheds studied extend over several scenes, the enhancement
operations were followed by the mosaic of the different scenes used on each date. It is an operation of
joining two or more adjacent images into a single image. The use of Google Earth, as well as the spaces
sampled from the GPS, made it possible to identify with certainty the IA (buildings, savannas, bare
soils and crops), water bodies (large rivers, lakes and ponds) and the forests (secondary, degraded,
non-degraded and swampy) of each mosaic. Before the classification operation, the separability of the
spectral signatures of the sampled objects to avoid interclass confusion was assessed by calculating the
“transformed divergence” index. The value of this index is between 0 and 2. A value >1.8 indicates
a good separability between two given classes. The different classes used in this study show good
separability between them, whatever the image considered, with indices >1.9 (Table 2). The validation
of the classifications obtained was carried out using the confusion matrix, which made it possible to
obtain treatment details, in order to validate the choice of training plots. After validating the land
use/land cover maps produced, the statistical and spatial differences of each class between the two
dates were studied.

Table 2. Indices of separability between the different classes considered by watershed and by image.
TDI: Transformed Divergence Index and WB: Water Bodies.

Nyong Watershed

Image from 1973 Image from 2015

Classes Assessed TDI Classes Assessed TDI

Forest-IA 2 Forest-IA 2
Forest-WB 1.92 Forest-WB 1.98
WB-Forest 1.92 WB-Forest 1.97

WB-IA 2 WB-IA 2
IA-Forest 2 IA-Forest 2

IA-WB 2 IA-WB 2
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Table 2. Cont.

Ntem watershed

Image from 1973 Image from 2015

Classes assessed TDI Classes assessed TDI

Forest-IA 2 Forest-IA 2
Forest-WB 1.97 Forest-WB 1.98
WB-Forest 1.96 WB-Forest 1.98

WB-IA 2 WB-IA 2
IA-Forest 2 IA-Forest 2

IA-WB 2 IA-WB 2

3. Results

3.1. Changes in Discharges

3.1.1. Average Discharges

The average discharges of Nyong and Ntem are analyzed through the annual and seasonal
modules. The annual modules of these watercourses evolve statistically downwards (Figure 3).
This decrease is accompanied by a reduction in Cv compared to the post-discontinuity period which
seems negligible on the Nyong (−1%), but relatively significant on the Ntem (−8%) (Table 1). The Pettitt
test shows discontinuities in the series of these rivers in 1973–74 for the Nyong and 1970–71 for the Ntem.
The homogeneous sequence following this discontinuity recorded a deficit compared to the long-term
average estimated at −5.6% in the first case and −8.9% in the second (Figure 3). However timidly
started in the 1970s, the decrease in the annual modules of Nyong and Ntem increased considerably
during the 2000s and 2010s (Table 3). These two decades are the driest of the entire observation period.
The decadal deviations from the whole period average for each of them are greater than −5% whatever
the watershed considered.

Figure 3. Results of statistical segmentation of Nyong (black) and Ntem (gray) annual rainfall,
discharges and runoff coefficients, according to the Pettitt test. The thick horizontal lines indicate the
averages of the whole period, while the thin horizontal lines indicate those of the different homogeneous
periods. The thick and broken vertical lines indicate the years of discontinuity.
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Table 3. Deviations (%) of decadal annual and seasonal averages of rainfall, discharges and runoff

coefficients compared to the whole period averages of the studied watersheds.

Basins Decades
Deviations from the Whole Period Average (%)

Annual Spring Summer Autumn Winter

Rainfall

Nyong 1950–59 0.2 3.2 −20.3 3.2 19.9
1960–69 2.2 0.9 −3.1 1.4 32
1970–79 −1 −1.8 −2.9 −0.1 3.6
1980–89 1.5 0.8 10.5 2.1 −24
1990–99 4.5 2.1 23.8 2.9 −16.1
2000–09 −5.1 −3.4 −0.3 −8.6 −10.5
2010–16 −3.1 −3.7 −9.4 0.9 −7.3

Ntem 1950–59 −0.2 3.8 −30.5 3.5 12
1960–69 −1.7 2.2 −14.9 −5.6 15.9
1970–79 2.3 0.6 1.9 5.9 −4.6
1980–89 0.5 2.3 15.9 −0.6 −23.7
1990–99 2.5 −1.2 30.2 −0.2 −14.5
2000–09 0.1 −2.8 6.8 −2.1 13.8
2010–15 −5.9 −7.7 −12.7 −2.2 −4.7

Discharges

Nyong 1951–59 −4.8 10.2 1.3 −14 −4.3
1960–69 17.7 27.3 22.5 13.1 14.9
1970–79 −2.6 0.1 −12.7 0.9 −6
1980–88 −0.7 −8.8 −11 8.1 −3.6
2000–09 −6.5 −14.7 0.8 −4 −7.8
2010–16 −5.7 −12.3 −8.1 −7.4 7.4

Ntem 1953–59 −4.4 0.2 −27.6 −7.6 3.4
1960–69 27.8 38.1 34.4 17.1 29.3
1970–79 −2.2 −3.5 −8.1 −0.4 −5.2
1980–89 −2.7 −17.4 −0.4 11.5 −12.1

1990 - - - - -
2000 - - - - -

2010–15 −9.1 0.2 −12.9 −15.7 −10.4

Runoff Coefficients

Nyong 1951–59 −41.3 5.8 24.7 −27.9 −51.2
1960–69 −34.2 20.7 12.5 12 −48.7
1970–79 −34.5 −3.9 −15.9 7.8 −44.7
1980–88 64.5 −8.1 −31.4 8.8 84.1
2000–09 36.1 −6.2 13.8 9.2 44.4
2010–16 25.1 −4.2 −1.3 −12.8 34.5

Ntem 1953–59 −13.9 −1.6 8.8 −15.2 −21.7
1960–69 12.2 33.8 42.9 20.8 −7.3
1970–79 −11.2 −7.6 −14.1 −1.2 −15.7
1980–89 2.3 −20.8 −23.4 10.6 11.4

1990 - - - - -
2000 - - - - -

2010–15 31.5 24 −14.3 −11.4 93.1

Regarding the discharges of the rainy seasons, a statistically significant decrease was noted in
spring in both watersheds that the Pettitt test situated, in the same years as those of the annual modules.
As in the annual timescale, the change in Cv of discharges for this season is slight on the Nyong (−1%),
but more accentuated on the Ntem (−4%). The deficits of the periods occurring after the discontinuity
are −13.6% for the Nyong and −13.1% for the Ntem (Figure 4). The decrease started since the 1970s
seems to persist on the Nyong; however, on the Ntem, a considerable increase in the discharges is
observed through decadal deviations. These deviations fell from −3.5% and −17.4% in the 1970s and
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1980s to 0.2% in the 2010s (Table 3). In autumn, Nyong discharges decrease statistically insignificantly
(Figure 4). However, there has been an important decline in them during the 2000s and 2010s, following
the increase that began in the 1960s. Ntem discharges statistically decrease during this season since
1990–91 (Figure 4). This decrease is concomitant with a −4% change in Cv (Table 1). The deficit in
the sequence following this discontinuity is −23% (Figure 4). The decadal deviations also show a
significant decrease during the 2010s, after a long, generally wet period between the 1960s and the
1980s (Table 3).

Figure 4. Results of statistical segmentation of Nyong (black) and Ntem (gray) seasonal rainfall,
discharges and runoff coefficients, according to the Pettitt test. The thick horizontal lines indicate the
averages of the whole period, while the thin horizontal lines indicate those of the different homogeneous
periods. The thick and broken vertical lines indicate the years of discontinuity.

In dry seasons, during the summer, the discharges do not change statistically over the two
watersheds according to the Pettitt test, although a slight decrease is observed (Figure 4). However,
a general decrease since the 1970s can be observed through the decadal deviations, which increased
considerably during the 2010s (Table 3). In winter, the Pettitt test does not show any discontinuity in
the Nyong discharges, although an increase in them is noted in the 2010s, after the decrease started in
the 1970s (Table 3). In the Ntem Watershed, winter flows have decreased statistically and continuously
since 1970−71 (Figure 4). The deficit for the post-discontinuity period is −12.8% (Figure 4). Its Cv
decreases by 2% (Table 1).

3.1.2. Extreme Discharges

The extreme discharges of the Nyong and the Ntem are analyzed through the maximums and
minimums discharges on consecutive days (1, 3, 7, 30 and 90).
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As regards the maximums first, it should be noted that in the case of the Nyong, the
post-discontinuity period (1973–74 to 2016–17) corresponds to a dry phase. However, despite
its dryness, the average maximums have remained essentially constant (Table 4). A slight reduction
in variability of the maximums is also noted in this period, which seems more significant in the case
of shorter-term ranges (1 day to 7 days), for which the Cv oscillate from 26% before discontinuity to
23% after (Table 4). The maximums appear earlier on the Nyong after the discontinuity. Their average
Julian date of observation went from 318 before the discontinuity to 309 after (Table 4).

Table 4. Statistics relating to the maximum and minimum flows of Nyong and Ntem before and after
the discontinuity. IHA: Indicators of Hydrologic Alteration.

IHA Statistics
Means (m3/s) Cv (%) Change

Before
Discontinuity

After
Discontinuity

Before
Discontinuity

After
Discontinuity m3/s %

Nyong

Minimum flows
1-day minimum 25.5 17.9 30 41 −7.5 −29.7
3-day minimum 26.1 18.1 30 41 −8 −30.6
7-day minimum 27.8 19.3 30 38 −8.4 −30.2
30-day minimum 41.5 26.4 28 36 −15 −36.2
90-day minimum 82.9 58.5 31 29 −24.3 −29.3
Maximum flows
1-day maximum 366 366 26 23 −0.3 −0.08
3-day maximum 363 365 26 23 2 0.55
7-day maximum 361 362 26 23 1.3 0.36
30-day maximum 340 338 26 25 −2.6 −0.76
90-day maximum 274 271 25 25 −2.3 −0.84

Average Julian dates
Of minimum 61 67
Of maximum 318 309

Ntem

Minimum flows
1-day minimum 48 34.4 51 61 −13.5 −28.3
3-day minimum 50.24 36.2 51 60 −14 −27.9
7-day minimum 53.1 38.9 51 56 −14.1 −26.5
30-day minimum 68.71 53.8 45 39 −14.8 −21.5
90-day minimum 128.4 107 33 29 −20.8 −16.2
Maximum flows
1-day maximum 793.6 662 23 29 −131 −16.5
3-day maximum 785.4 656 23 30 −128 −16.3
7-day maximum 767.4 640 24 30 −126 −16.4
30-day maximum 685.7 567 22 32 −118 −17.2
90-day maximum 516.7 426 22 29 −90 −17.4

Average Julian dates
Of minimum 147 102
Of maximum 291 275

As for the Nyong, the post-discontinuity period (1970–71 to 2015–16) is dry on the Ntem. It is
characterized by a decrease in the average values of the different ranges of maximum discharges
(Table 4). There are no remarkable differences between the rates of change recorded from one
range to another after the discontinuity since they are all between −16.37% (for the 3-day maximum
discharge) and −17.4% (for the 90-maximum discharge). The variability of these discharges ranges
is modest overall but increases slightly after discontinuity. Their Cv oscillate between 22% and 24%
before discontinuity, and between 29% and 32% after (Table 4). The Julian date of the maximums is
early—16 days on average after the discontinuity (Table 4).
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Concerning the minimum discharges, their evolution differs from that of the maximums for the
Nyong. All the different ranges taken into account decreased considerably after the discontinuity,
regardless of the flow duration. The rates of change recorded after the discontinuity are fairly close
from one range to another, varying between −29.3% and −36.2% (Table 4). The 90-day minimum
discharge is the only one for which there is a slight reduction in variability after discontinuity. For the
other ranges, an increase is noted, which seems more significant for shorter-term minimums (1-day and
3-days). Their Cv went from 30% before the discontinuity to 41% after (Table 4). The minimums have
occurred slightly later on the Nyong after the discontinuity. Their average Julian date of appearance
increased from 61 before the discontinuity to 67 after (Table 4).

The minimum discharges of the Ntem follow the same trend as the maximums. The means
of the five ranges decrease after the discontinuity. The rates of change recorded are more or less
close (oscillating between −16.2% and −28.29%). However, a slight decrease in the magnitude of
these changes can be noted with increasing flow duration. The decrease is greater for shorter-term
minimums (1-day to 7-days). Overall, the variability is greater for shorter-term minimums. Their Cv
have increased slightly after the discontinuity, while those of the longer-term minimum have decreased
(Table 4). The minimums have appeared on the average 45 days earlier after the discontinuity (Table 4).

The results of this study corroborate those obtained by Liénou et al. [19] in the case of the Ntem, but
differ in that of the Nyong. These authors indicated an absence of discontinuity on the Nyong annual
modules between 1950s and 1990s, yet this study highlights a statistically significant decrease since
1973–74. This attests to a considerable decrease in discharges from this watershed in recent decades.

3.2. Analysis of the Main Forces Having Important Links with Discharges

3.2.1. Rainfall Variability

Annual Rainfall

The variability of annual rainfall is very moderate in the Nyong and Ntem watersheds (Table 1).
A slight downward trend seems to be emerging in both cases, but the Pettitt test does not highlight any
major discontinuity in their respective series (Figure 3). However, this absence of discontinuity does
not necessarily imply more or fewer long dry and wet sequences in these watersheds. Analysis of
the decadal deviations shows that after the slightly dry 1950s and 1960s on the Ntem, there followed
three slightly wet decades, most of which had surpluses above the whole period average of around
+2% (Table 3). The 1950s and 1960s were wet on the Nyong, then followed by a dry decade and two
wet decades, respectively. The beginning of the 2000s marks the return of a dry period on the two
watersheds, characterized by a decrease in precipitations amplified during the decade 2000 in the case
of Nyong and 2010 in that of Ntem. For these decades, there are negative deviations from their average
over the whole period greater than −5% (Table 3). Such deviations had never been recorded before in
these watersheds.

Seasonal Rainfall

Rainfall in dry seasons changes in opposite trends (Figure 4), with an increase in summer but a
decrease in winter. The Pettitt test highlights discontinuities in the respective time series of summer
rainfall in Nyong and Ntem in 1964–65 and 1968–69. The resulting rates of increase from the whole
period average are +5.8% and +10.5% (Figure 4). The variability of the rainfall in this season remains
intact on the Nyong, while it decreases on the Ntem (Table 1). Although there has been a general increase
in precipitation in these watersheds during this season since the 1960s, there is still a stabilization
beginning in the 2000s, which was reinforced throughout the 2010s (Table 3).

Concerning winter rainfall, a downward discontinuity is detected in the Nyong and Ntem time
series, respectively, in 1976–77 and 1977–78, with significant deficits of −16.1% and −9.7% depending
on the watersheds (Figure 4). This decrease is synchronous with a change in Cv of 19% on the Nyong
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and 12% on the Ntem (Table 1). Though declining since the 1970s, winter precipitations seem to have
increased slightly again since the beginning of the 2000s in both watersheds (Table 3).

Unlike the two dry seasons for which there are contrary trends, the rainfall of the rainy seasons
(spring and autumn) show similar trends to that of the annual rainfall (Figure 4). The Pettitt test does
not indicate discontinuities in their time series. There has been no continuing downward or upward
trend for the entire period studied, although some dry sequences have been observed, particularly in
the last three decades. The deviations observed are generally small, but slightly more pronounced in
the spring, especially during the 2010s (Table 3).

These results are similar to those observed on the Ogooue further south by Mahé et al. [42], which
are also found partly in the Congo Watershed [43], and on the rivers of southern Gabon and northern
Congo such as Nyanga and Kouilou [19].

Relationships between Rainfall and Some Potential Sources of Variability

The changes in precipitation described above (slight decrease in annual rainfall and rainy seasons,
cross-trend evolution in dry season rainfall) motivate us to the examination of the links between the
rainfall in these basins and certain relevant sources of large-scale climate variability (SOI, NATL, SATL
and DMI), which may influence precipitation in the region [39]. Table 5 presents the correlations
between the anomalies of the representative climatic indices of these sources of variability and those
of rainfall in the basins studied at annual and seasonal time steps. This analysis shows significant
correlations in the two basins between the anomalies of the NATL indices and those of rainfall during
spring but also between the anomalies of these same indices and those of rainfall in winter. Important
links have also been demonstrated between the rainfall anomalies of these watersheds and those of the
SOI in winter.

Table 5. Correlation between rainfall indices and climatic indices at annual and seasonal time steps.
Significant correlations are in bold.

Watersheds Indices Annual Spring Summer Autumn Winter

Ntem DMI −0.05 −0.15 0.22 −0.1 −0.06
NATL −0.03 −0.52 −0.04 −0.02 0.58
SATL −0.06 −0.05 0.06 −0.2 0.43
SOI 0.03 −0.17 0.12 −0.09 0.51

Nyong DMI −0.23 −0.09 0.09 −0.23 −0.02
NATL −0.17 −0.54 −0.09 −0.11 0.52
SATL 0 −0.08 0.14 −0.12 0.36
SOI 0.21 −0.04 0.1 0.16 0.53

NATL indices are negatively correlated with rainfall during spring (Table 5). This implies that
warming (cooling) of the Tropical North Atlantic is associated with the low (heavy) precipitation over
these watersheds during this season (Figure 5). This configuration was sometimes taken by default on
the two watersheds, in particular in 1986–87, 1990–91, 1993–94, 1996–97, 2010–11, etc. Opposite signs of
NATL indices and the rainfall anomalies were, however, noted for more than 70% of the years studied
in each of these watersheds (Table 6).

Table 6. Frequency of years having the same/opposite signs of ocean indices and rainfall anomalies.
NY: Number of years; NYOS: Number of years with opposite signs; NYSS: Number of years with
same signs.

Watersheds
NATL&Rainfall (Spring) NATL&Rainfall (Winter) SOI&Rainfall (Winter)

NY NYOS % NY NYSS % NY NYSS %

Nyong 34 24 71 34 23 62 65 35 54
Ntem 33 23 70 33 20 61 64 42 66
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Figure 5. Comparison of climatic indices and normalized rainfall anomalies.

The NATL indices, on the other hand, are positively correlated with winter rainfall (Table 5).
An increase in the temperature of the Tropical North Atlantic would be concomitant with abundant
rainfall in the watersheds studied during this season and conversely (Figure 5). A different situation
was nevertheless observed in these watersheds in 1990–91, 1996–97, 1997–98, 2004–05, 2015–16, etc.
The proportion of years for which the same sign of anomalies was observed between these two variables
during winter is 62% in the Nyong basin and 61% in that of Ntem (Table 6).

As in the previous case, the SOI is positively correlated with the rainfall in the watersheds studied
in winter (Table 5). This implies that a warming of the Pacific Ocean is synchronous with the generally
abundant rainfall during this season (Figure 5). This situation was not, however, observed for certain
years (1950–51, 1963–64, 1968–69, 1970–71, 1984–85, 1990–91, 1996–97, etc.). The percentage of years
having recorded the same sign of anomalies between rainfall and SOI in winter is 54% for the Nyong
and 66% for the Ntem. Correlation between rainfall and SOI anomalies is good in both watersheds
in winter, but the proportion of years with the same sign of anomalies does not give enough clear
information in the case of the Nyong.

The fact that winter rainfall is correlated with both the temperatures of the Tropical North Atlantic
and the Pacific Ocean indicates a probable simultaneous control of these two oceans on the precipitation
of the whole region during the winter.

Bogning et al. [44] recently demonstrated that an important relationship exists between the
March-April-May (MAM) rainfall and the tropical Atlantic Niño. According to them, the negative
temperature anomalies in the south-eastern equatorial Atlantic are at the origin of the positive anomalies
of the MAM rainfall in the Ogooue watershed. The negative correlation coefficient between these two
variables is high (r = −0.74). This study also highlights a relatively strong link (r = −0.52 and −0.54)
between the spring rainfall of two equatorial watersheds located further north of the Equator and the
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temperatures of the Atlantic ocean, with the difference that the link with the rainfall of this season has
been established this time with the temperatures of the Tropical North Atlantic of the same season.

3.2.2. Land Use Dynamics in the Studied Watersheds

A diachronic analysis of the classifications carried out on two dates (1973 and 2015) shows for
both watersheds changes in land use marked not only by an increase in IA but also by a decrease in
forests and water bodies (Figure 6). Between 1973 and 2015, forests and water bodies decreased by 6%
and 42%, respectively, in the Nyong watershed. Their decreases on the Ntem between 1973 and 2015
are 1% and 32%. Between these same years, the increase in IA reached 771% in the Nyong watershed
and 451% in the Ntem watershed (Table 7). Figure 6 also shows that the disappearance of the forest
cover is localized around urban centers, mainly located in the west, near Ngoazik in the case of Ntem.
For the Nyong, deforestation is certainly continuous throughout the watershed, but the change is more
significant in the west, with the important boom in the city of Yaoundé, not far from Mbalmayo.

Figure 6. Spatial distribution of the main land use patterns in the studied watersheds at two dates.

Table 7. Evolution of the main land use modes in the Nyong and Ntem watersheds.

Basins Land Use Modes
Area Occupied in the Basin (km2) Change

1973 2015 km2 %

Forest 14,174 13,326 −848 −6
Nyong Water bodies 146 84 −62 −42

IA 118 1028 910 771

Forest 19,469 19,301 −168 −1
Ntem Water bodies 53 36 −17 −32

IA 41 226 185 451
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Moffo [25] and Ebodé [26] obtained similar results, respectively, in the Mfoundi (Mefou
sub-watershed) and Mefou (Nyong sub-watershed) watersheds.

3.3. The Impacts of Environmental Forces on the Discharges

3.3.1. Rainfall

The impact of rainfall is perceptible in the evolution of flows. In general, the annual precipitation
of the two watersheds studied does not decrease significantly, while the flows register downwards
discontinuities during the 1970s. The stationarity of the hydrological regime and that of the
precipitations of the watersheds at this time step thus departs from the general logic, which admits that
hydrological discontinuities occur following rainfall discontinuities. However, for both watersheds,
the analysis of the decadal deviations from the long-term average of the two compared variables shows
a synchronous evolution between them over the last two decades. For the latter, there is a concomitant
decrease in rainfall and flows (Table 3).

During the rainy seasons, primarily in the spring, precipitation has changed moderately, so that no
sudden mean inflexion point has been detected in their series. In return, the discharges and the runoff

coefficients for this season have decreased significantly since the 1970s. Similarly, the examination of
the deviations from the mean of these variables generally shows significant decreases for the discharges
and the runoff coefficients, while the rainfall does not decrease or decreases very slightly (Table 3).
The decline in winter rainfall since the 1970s appears to be closely related in amplitude to that of
spring flows. Although the correlations between them are not significant (r < 0.32 on both catchments),
the rhythm of evolution of these two variables over the decades is fairly constant. This is observed
during the 2010s, for which a small drop in winter rainfall led to a similar evolution in spring runoff

coefficients and discharges (Table 3). This influence of winter precipitation has already been suggested
by Liénou et al. [19]. These authors wrote that from the 1970s, the decrease in winter rainfall created
a greater water deficit (evaporation and soil water reserve) in the watershed area at the start of the
first rainy season in spring. This aridification of winter means that a greater part of the precipitation
received during the spring first contributes to filling this water deficit, and therefore, the fraction that
generates runoff is reduced. This then translates into lower runoff volumes for the same average
depths of precipitation during spring, which explains the drop in the runoff coefficient (Figure 4).

In autumn, rainfall and flows decrease very slightly over the entire study period. However,
between the 1970s and 1980s, flows and runoff coefficients increased, while the rainfall did not vary
much overall. This increase would be due to the increase in summer rainfall. The impact of Summer
rainfall on autumn flows is more noticeable during the 2000s and 2010s, for which there is a joint decrease
in summer rainfall, discharges and runoff coefficients of autumn, despite a sometimes-negligible
variation in autumn rainfall in the different watersheds (Table 3). In view of these developments,
it appears that the increase in summer rainfall during the decades from 1970 to 1990 considerably
reduces the deficit of evaporation and soil water reserves at the beginning of the autumn, favoring
runoff [19]. The part of the precipitation that actually participates in the runoff increases, hence, there
is an increase in the autumn runoff coefficient during these decades (Table 3). The decrease in summer
rainfall during the 2000s and 2010s has the opposite effect, which is why there has been a reduction in
runoff coefficients during these decades, responsible for a decrease in discharges. This is all the more
probable since the analysis of the average monthly flows shows that the variations of the summer
rainfall are generally felt more on the flows of the first month (September) of autumn. The model
developed for this purpose is significant, with a fairly correct quality of fit (r > 0.6) on the two basins
(Figure 7). It could be used to predict fairly accurately the runoff in early autumn (September) based
on the rainfall recorded during the summer.
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Figure 7. Regression between September (first month of autumn) discharges and summer (July and
August) rainfall.

In the summer, we notice that rainfall increases statistically, while flows evolve according to
varying magnitudes downwards. These opposite trends could be explained by the fact that the summer
flows are partly linked to the volumes precipitated during the spring, which occurs just before, even if
the correlation between them is not significant (r < 0.35 on both basins). This is why we can note, in the
evolution of summer flows, dry decades even when the rainfall was abundant. This was the case in the
1980s, when there was a surplus above average for the summer rainfall, but shortages for both the
spring rainfall and the summer flows. However, the variations in summer precipitation themselves
seem to also be related to the flows in the season. They participate in the event of a moderate evolution
of the spring rainfall, in the maintenance of flows in some cases, or in their reduction in others. This last
scenario is observed during the 2010s, where spring rainfall did not vary considerably, but where a
decrease in summer rainfall is concomitant with a decrease in flows in the different watersheds (Table 3).

In winter, precipitation and flows decrease according to different magnitudes. The stationarity of
these two variables does not reveal an apparent link in the case of Nyong. Additionally, the correlations
between them are weak (r < 0.39). However, the analysis of the deviations from the average shows
clearer links between these variables, since the beginning of the drought started during the 1970s
in these two watersheds (Table 3). The succession of deficit rainfall sequences that were observed
between the 1970s and 1990s also led to deficits in terms of flows. Similarly, the resumption of rainfall
observed during the 2000s caused an upsurge in the flows, which was interrupted again in the two
watersheds studied during the 2010s, following the relapse of the rainfall (Table 3).

Several common and divergent points can be noted in the evolution of rainfall and its impact
on discharges during the different seasons in the two studied watersheds. Spring discharges have
decreased since the beginning of the 1970s, more markedly for the Ntem in the South of Cameroon
close to the Equator, while rainfall has not decreased significantly, even though since 2005, several
years of slightly weaker spring rainfall have been recorded. In summer there is a net increase in rainfall
in the two watersheds from the early 1980s to the late 2000s, then a return to less abundant rainfall.
Summer discharges do not seem to follow a variation related to this variability in rainfall. In autumn
the rainfall does not drop on the Ntem, except for a few years of less abundance during the most
recent decades, while for the Nyong the rainfall has decreased slightly and fairly regularly since the
end of the 1980s. Diminution in these watersheds would result from their respective belonging to the
equatorial (Ntem) and sub-equatorial (Nyong) domain, which is already at the origin of the significant
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differences on the duration of each season on these. The discharges seem to have decreased slightly for
the Nyong, since the 1990s, in apparent link with the slight decrease of the rainfall, while the discharges
of the Ntem seem to decrease also since the middle of the 1990s, without the rainfall having decreased
significantly. It should be noted that the period of the possible change in discharges also corresponds
to a period of significant gaps in discharge data series, which does not allow great significance for these
analyses. In winter the series of rainfall of the two watersheds show a discontinuity in 1976–77, which
separates the wet period from the recent drier period. Although during the 2000s the rainfall became
close to the totals for the wet period, the discharges of the two rivers followed the same variation,
with values generally lower after 1970—even in the 2000s, when the rainfall apparently increased.

The results, obtained in this study from recent data, corroborate the first observations of change in
the hydrological regime in the region [19]. These changes attest to the visible and lasting impact of a
change in the rainfall regime which began in the late 1970s, and which have major repercussions on
hydrological regimes and the seasonal availability of surface water resources.

3.3.2. Changes in Land Use Patterns

The changes in land use patterns seem to have more or less significant links with certain
hydrological modifications observed. The slightly early arrival of the maximum noted at the outlets of
the two watersheds (Table 4), in a context where rainfall is decreasing slightly, seems to be related to the
increase in IA (+771% for the Nyong and +451% for the Ntem) and the diminution in forests (−6% for
the Nyong and −1% for the Ntem). These changes could reduce the time it takes for the maximums to
appear by increasing the runoff they cause. The stability observed for the Nyong maximums after
the discontinuity (Table 4) could also be a consequence of these same developments. Indeed, in a
context where the rainy seasons rainfall, which generate the maximum flows, decrease, the most logical
would have been to see the maximums decrease, which is, however, not the case. The current modest
urbanization rate in this watershed seems to be the most relevant factor to justify this lack of observed
trend. In this case, the decrease in precipitation appears to have been offset by the increased runoff.
The annual runoff coefficients of this watershed have increased significantly since the 1980s (Table 3),
following an accelerated urbanization phase in the western part of this watershed (Yaoundé region)
over the 1980s and 1990s, following the subdivision operations undertaken since the end of the 1970s
by the municipal authorities [45]. The decrease in the water bodies noted could have contributed to
that of the minima in the two watersheds. When there are in large number, water bodies contribute to
the supply of rivers during low water periods and contribute to the maintenance of low flows [46].
However, otherwise, their support for the flows decreases, which causes a decrease in minimum flows.

The impact of the increase in the IA on runoff has already been demonstrated in other forest
environments (South America), particularly in the cases of certain watercourses such as the Amazon [47],
Upper Xingu [48] and Parana [49]. The discharges of these watercourses have indeed increased,
following a reduction in the forest area of their watersheds, which seem relatively greater than that
observed in the Nyong and Ntem watersheds. The rate of deforestation in the entire Amazon basin,
for example, reaches 30% [47].

Certainly, there is reason to wonder whether such small changes in land use could cause changes
in extreme flows as visible as those observed in the watersheds investigated. Since the evolution of
these extremes does not agree with other phenomena that have a proven impact on flows, in this
case the decrease in precipitation highlighted in this study and the rise in temperatures postulated by
Sighomnou [50] and Amougou et al. [51] in the region, which act rather in the direction of a reduction
in flows and a late observation of the maximums, it seems appropriate to think that the changes in
land use, although modest overall, might be the main cause of these evolutions. Their action on flows
could have been considerably amplified by their location in the watersheds (to the west part, near the
outlets of the watersheds studied), which would favor the rapid routing of rainwater bodies with the
least possible losses to the outlets, thereby erasing the size and forest cover effect of these watersheds.
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If this situation persists, there is every reason to believe that there will be an increase in maximum
flows in the Nyong within a few years, despite the decrease in precipitation.

To be complete, a further study should also analyze the evolution of daily rainfall and dry days
within the rainy season, and even the possible changes in the frequency and intensity of rainfall events,
which may have significant impact on runoff, as is the case in the Sahel, for instance [52].

4. Discussion: Analysis of Results in the Regional Context

The results of this study have several points in common with similar studies already carried out
in Central and West Africa. This study highlights a slight decrease in annual rainfall in the watersheds
of Central Africa, rainy seasons and significant changes, but in opposite phases of rainfall in the
dry seasons (decrease for winter and increase for summer). The same observation has already been
made in other studies carried out in the equatorial region [19]. Discontinuities marking a drop in
discharges were highlighted in this study through statistical tests. This corroborates other studies in
the region in which the authors have reported discontinuities in the hydrological time series of the
Ntem in 1970 [19] and the Ogooue in 1977 [53]. The variability of the flows highlighted for these rivers
on a seasonal level reveals a different evolution from the spring and autumn floods. Spring floods
decrease significantly compared to those of autumn, which vary little overall. Similar changes have
been highlighted by Mahé et al. [42] on Ogooue and Kouilou. In general, this decrease in spring and
autumn floods in the equatorial zone is associated with a decrease in rainfall during these seasons
which would itself result, not only from anomalies in ocean surface temperatures [54–56], but also
local zonal wind anomalies [55,56].

This study reveals changes in land use patterns over time in studied watersheds, which are mainly
marked by a decrease in forest and water bodies, and conversely an increase in IA (built, bare soil and
agricultural areas). Similar observations had already been made by other authors in Central [26] and
West Africa [57–59]. One of the main results of this work reveals that the observed deforestation is
greater around urban centers. The same remark was made in Niger by Amogu et al. [23]. They claim
in their study that the capital Niamey and its surroundings have experienced more deforestation than
the rest of the study area. They add that the causes of this deforestation are essentially linked to the
cutting of wood for domestic use.

A few studies in Central Africa [25,26] and several in West Africa [21–24,60] have shown an
increase in average discharges, following an increase in IA in the watersheds of certain rivers. This is
not the case in this work. Despite the increase in IA, average discharges remain low. This could be
linked to the size of the catchments, but also their large forest cover. However, Li et al. [61] stated
in their study that IA could not influence the flow rates of a watershed until it reached 50% of its
total area. This may be in disagreement with the observation made in this study. Urbanized areas
occupy less than 10% of the total surface of the studied watersheds, but their probable effects are still
perceptible on extreme flows. The proximity of land-use changes to the outlets of that watersheds
could explain the impact of such modest urbanization rates on flows. As ground observations data
are sparse and mostly lacking for many rivers in the region, further improvements could come from
satellite derived data like for the Ogooue [44] and from a better and exhaustive track of human sources
of water abstraction as in the case of the Logone River in Central Africa [62].

5. Conclusions

In this paper we studied the possible impact of climate change and anthropization on river flows
of two basins of Central Africa (Nyong and Ntem in South Cameroon), from long-term rainfall and
discharges time series and changes in land cover over time from satellite images. Considering the
rainfall, the 1970s and 1980s marked the start of a major change in the rainfall pattern during the dry
seasons in Central Africa, characterized by an increase in rainfall totals in summer and a decrease
in winter. These changes, which prevailed until the end of the 1990s, led to a change in the flows of
the rainy seasons that directly follow them. Thus, there has been an increase in autumn flows and a
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drop in winter flows over the same period. The beginning of the 2000s was marked by a reversal of
trends. In the more recent years, there is now a significant drop in rainfall in summer accompanied
by a decrease in autumn flows, and conversely, an increase in winter rainfall concomitant with an
increase in spring flows, which nevertheless seems rather small on the Nyong. The combined effect
of the decrease in rainfall (−16% for Nyong and −8% for Ntem) during the winter and water bodies
(−42% in the case of Nyong and −20% in that of Ntem) are the most relevant elements that can be
associated to the decreases observed in minimum flows. Considering the survey of the land cover
change, the increase of 771% in IA to the detriment of the forest seems to have contributed to the
maintenance of maximum flows in the Nyong watersheds, although in a context marked by a deficit in
rainfall. Such changes favor an accentuation of the runoff, which modifies the rhythm of the flows,
especially those of short duration. This particular aspect could be further investigated by studying the
changes in daily rainfall. Eventually, the fluctuations of the average discharges of the rivers of Central
Africa depend for the moment mainly on rainfall; however, those of the extreme flows are the result of
the combined effect of the two forces analyzed (precipitation and anthropization).
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