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Abstract
&Keymessage CO2 fluxesweremeasured during 18months
in a forest and a savannah in northernBenin. Higher values
of carbon fluxes were found during the wet season at each
site. A strong dependency of carbon fluxes on water rela-
tions was found in two contrasting sites. The forest seques-
tered 640±50 and the savannah 190±40 g C m−2 year−1.
& Context In West Africa, the main mechanisms or factors
governing the dynamics of ecosystems, especially the dynam-
ics of the carbon fluxes and productivity, still remain less
known. This study reports the carbon fluxes over two contrast-
ing ecosystems, notably a protected forest (lat 9.79°N, long
1.72°E, alt 414 m) and a cultivated savannah (lat 9.74°N, long
1.60°E, alt 449 m) in northern Benin. The two sites were

among those equipped by the AMMA-CATCH observatory
and Ouémé 2025 project.
& Aims Flux data were analyzed at the daily and seasonal
scales in order to understand their controlling variables. We
discussed the patterns of CO2 fluxes and the characteristics of
the two ecosystems. The study also focused on the different
water usage strategies developed by the two ecosystems since
the alternation between dry and wet seasons highly influenced
the seasonal dynamics. Finally, the annual carbon sequestra-
tion was estimated together with its uncertainty.
& Methods The carbon fluxes were measured during 18 months
(July 2008–December 2009) by an eddy-covariance system
over two contrasting sites in northern Benin. Fluxes data were
computed following the standard procedure. The responses of
CO2 fluxes to the principal climatic and edaphic factors, and the
canopy conductance were studied.
& Results A clear CO2 fluxes response to main environmen-
tal factors was observed, however with difference according
to the seasons and vegetation types. The ecosystem respi-
ration showed the highest values during the wet season and
a progressive decrease from wet to dry periods. Also, the
carbon uptake values were high during the wet period, but
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low during the dry period. However, the CO2 fluxes for the
protected forest were always higher than that for the culti-
vated savannah within each defined period. This was due to
the seasonal changes not only in phenology and physiology
but also to the acclimation to environmental conditions,
especially to the soil water availability. The water use effi-
ciency was influenced by VPD during the day conditions
for two ecosystems. However, the VPD response curve of
water usage was relatively constant for the protected forest
during the transitional and wet seasons. In contrary, for the
cultivated savannah the VPD response decreased about
46 % from transitional dry-wet to wet seasons and
remained relatively constant until transitional wet-dry sea-
son. The close relationships between the net CO2 assimila-
tion and the canopy conductance were found for the two
ecosystems. This suggests a regulation of the stomata by a
partial stomatal closure besides the radiation control.
Finally, the forest sequestered at the annual scale 640±50
and the savannah 190±40 g C m−2 year−1.
& Conclusion We conclude with a strong relation between the
carbon fluxes and water in the two investigated ecosystems.
Apart from the radiation control, the stomata also play an
important role in the regulation of the CO2 assimilation in
the two ecosystems.

Keywords Eddy covariance . CO2 fluxes . Productivity .
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1 Introduction

In West Africa, the long drought period during the 1970s
and 1980s had led to a significant decrease in the annual
averages of precipitation which reached 20–40 % of those
in previous years (Nicholson 2013; Panthou et al. 2014).
This high hydric deficit, which was never known in West
Africa in the past, had severe impacts on agricultural ac-
tivities and vegetation development due likely to its spatial
extent and temporal continuity (IPCC 2013). In the West
Africa region, the climate is strongly controlled by the
West African Monsoon (WAM), but with significant dif-
ferences related to the variability of precipitation between
Sahelian and Sudanian regions as reported by several au-
thors (Lebel et al. 2009; Nicholson 2013). Consequently,
most ecosystems (anthropogenic and natural) may be sig-
nificantly modified in the context of climate change and
high population growth in West Africa (IPCC 2013;
Ajonina et al. 2014). Few recent networks underlined that
the knowledge of carbon exchanges between atmosphere
and ecosystems remains very limited in West Africa
(Bombelli et al. 2009; Valentini et al. 2014; Grace et al.
2014). In this context, the analyses of photosynthesis and

respiration of terrestrial ecosystems could be important to
better understand vegetation responses to extreme climatic
events as severe droughts or delayed rains. Thus, some
investigations on responses of CO2 fluxes and ecosystems
properties to main meteorological, physiological, ecologi-
cal, and anthropogenic factors are necessary. In addition,
only a few studies have been reported on long-term CO2

fluxes and carbon sequestrations in West Africa by several
frameworks such as CarboAfrica project and AMMA-
CATCH “African Monsoon Multidisciplinary Analysis”
and “Couplage de l’Atmosphère Tropicale et du Cycle
Hydrologique” observatory, which contributes significantly
to the FluxNet network database (http://fluxnet.ornl.gov)
(Brümmer et al. 2008; Ago et al. 2014, 2015; Tagesson
et al. 2015; Quansah et al. 2015). Our study analyzed the
CO2 fluxes that were measured over a cultivated savannah
and a protected forest under a Sudanian climate in north-
ern Benin. These two sites were installed by the national
Ouémé 2025 project and the AMMA-CATCH observatory.

The carbon fluxes were analyzed in terms of the net
ecosystem exchange (NEE), ecosystem respiration (ER),
and gross primary productivity (GPP). In particular,
their different responses to the environmental changes
were investigated from July 2008 to December 2009
in the two ecosystems in northern Benin. We discussed
the patterns of carbon fluxes, productivity, water rela-
tions, and the main factors characterizing the two sites
period by period. In doing so, the following questions
were addressed: (a) How did carbon fluxes (NEE, GPP,
ER) for the two contrasting ecosystems vary from daily
to seasonal time-scales? (b) How did the main differ-
ences in the physiological, phenological, climatic, and
edaphic factors contribute to their temporal and spatial
variabilities? (c) What was the annual carbon sequestra-
tion of each site with its uncertainty?

2 Materials and methods

2.1 Two sites’ description

The two contrasting sites are located at the Nalohou and
Bellefoungou villages in Djougou district in northern Benin
(Fig. 1). Specifically, they were a cultivated savannah
(9.74°N, 1.60°E, 449 m) and a protected forest (9.79°N,
1.72°E, 414 m). Figure 2 displays some views of the two sites
during the dry and wet seasons. The regional annual rainfall
ranges between 1100 and 1500 mm from 1950 to 2009, with
an average of 1303 mm (Guyot et al. 2012) and more than
75% concentrated fromMay to September (Fig. 3). However,
on the basis of the cumulated amounts, the rainfall regime is
characterized not only by a distribution along seasons but also
by a significant inter-annual variability. During 2009, while
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the forest site received 1625 mm of precipitation, an average
of 1495 mm of the rain was recorded at the savannah site.
Near the surface soils of the two sites are a Luvisol skeleta
chromic (FAO classification) composed of 4–6 % clay, 20–
22 % sand, and 74–75 % silt (Youssouf and Lawani 2000).

However, a large variability of the soils was observed in the
deeper layers within each site covering all the ranges between
loamy-sandy to clay soils. In Djougou district, a surface layer
of 1–3 m was vertically observed followed by an alterite zone
of 10–20 m (Faure and Volkoff 1998). For the two sites,

Fig. 1 Location of the two studied eddy-covariance sites and their land use distributions on a 1-km2 area around the tower a in West Africa, b forest
(Bellefoungou), and c savannah (Nalohou)

Fig. 2 View of both ecosystems during the dry (below) and wet seasons (above): savannah (a, b) and forest (c, d)
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during the wet season, the water table closes always from the
ground surface (2–3 m), but does not exceed a depth of 6–
10 m during the dry season (Séguis et al. 2011). The savannah
site vegetation is relatively heterogeneous. This heterogeneity
can have an impact on the seasonal variability of the carbon
fluxes. Indeed, the contrasted seasonal climatic conditions
seem to correspond to different wind directions and then to
different footprints (Ago et al. 2014). However, the wind
speeds rarely exceed 3 m s−1 at the two sites. The two sites
have been studied by several authors: Ago et al. (2014) ana-
lyzed the carbon fluxes over the cultivated savannah, while
Mamadou et al. (2014) and (Guyot et al. 2009, 2012) studied
the energy and water vapor fluxes. For the protected forest
site, only the fluxes of the energy and water vapor have been
investigated by Mamadou (2014).

For the cultivated savannah site, the tree density was
specifically low (~40 trees/ha) with 13.6 m as the average
tree height. First, the trees that were in the footprint areas
were located further than 100 m. Fifty-six (56) dominant
vegetation species were identified in the wet season
(September 2010) around the flux tower on 1 km2 area
for the herbs (mostly C4 plants), the trees (mostly C3
plants), and the crops (C3 and C4 plants). During the
dry seasons, while the net CO2 fluxes were mainly cov-
ered in the daytime by the sparse crops and few perennial
herbs (96 %) with weakly sparse woody species (4 %), in
the nighttime, the impact of the savannah area was more
important on the measured fluxes (43 %) and that of the
bare soil with sparse crops that were 57 % (Ago et al.
2014). During the wet periods, the CO2 fluxes were large-
ly affected mainly by the crops and herbs (77 %) and the
sparse shrubs/trees (23 %). The slope was 2 % in a
south–north direction.

The protected forest vegetation has also been described
by other authors such as Blanchard et al. (2007) and
Houéto et al. (2013). In fact, its total area was estimated
at 709 ha while it was 1300 ha in 1943 when the

“reserve” status was given. The ecosystem was composed
of 159 species identified (trees, shrubs, and herbs), and the
woody strata was mostly dominated by species such as
Isoberlinia spp. and Vitellaria paradoxa (Houéto et al.
2013). The average tree density (of diameter at breast
height, i.e., dbh> 10 cm) was found between 321 and
338 trees/ha. The highest tree was 15 m high with the
canopy covering approximately 60–80 % of the total soil
area (Ago et al., personal communication). Four main veg-
etation types were identified on the basis of the Landsat
TM scenes acquired in 2006 (Fig. 1b): forest (56 %),
degraded forest (29 %), shrubland (7 %), and mosaic
forest/fallow (8 %). Nevertheless, the measured fluxes
were always affected by the trees and shrubs (mostly C3
plants) within the forest during the wet and dry seasons.
In recent years, the site has been more and more subjected
to strong human pressures. The slope was 2.5 % in a
west–east direction.

2.2 Measurement system

2.2.1 CO2 flux measurements

Continuous CO2 flux measurements were performed using
an eddy-covariance system installed above the protected
forest and cultivated savannah. The two sites are located
approximately 15 km apart from each other. The wind
velocity was measured with a tridimensional sonic ane-
mometer (CSAT-3; Campbell Scientific Instruments,
Logan, Utah, USA) placed above the canopy at a height
of 18 and 4.95 m above the ground for the forest and
savannah sites, respectively. The sonic anemometer was
coupled with an infrared gas analyzer open path (Licor
7500, Inc., Lincoln, Nebraska, USA) which measured the
H2O and CO2 concentrations. The two gas analyzers were
factory calibrated every 2 years. More information on this
setup can be found in Ago et al. (2014). The CO2 fluxes

Fig. 3 Long-term monthly averages of the rainfall at Djougou district in northern Benin and those during 2008/2009 years at both investigated sites

486 E.E. Ago et al.



which were treated in this study were measured during
18 months, from 1st July 2008 to 31st December 2009.

2.2.2 Climatic and environmental measurements

A meteorological station was also installed since 2005 and
measured the atmospheric pressure, wind speed, wind di-
rection, air temperature, and humidity (Vaisala WXT 510
weather station, Vaisala Oyp, Helsinki, Finland) at 5 and
2 m height at the forest and savannah, respectively. Some
extra-temperature (HMP45C, Vaisala) and wind measure-
ments (Vaisala wind monitor) were available at 18 m
height at the forest site. Other variables like soil tempera-
ture (107 Temperature Probe; Campbell Scientific
Instruments (CSI), Logan, Utah, USA) were also measured
at 10 and 30 cm depth, four-component radiation (CNR1
radiometer Kipp and Zonen, Delft, The Netherlands) at a
height of 2 m (savannah) and 18 m (forest), and soil
moisture at 10 and 30 cm depth vertically (CS616 probes,
Volumetric water reflectometer; Campbell Scientific
Instruments, Logan, Utah, USA). The rainfall (weighing
precipitation gauge, OTT; Hydrometry Ltd., Dublin,
Ireland) was recorded at a height of 1.2 m. All these
variables were sampled at 30 s time step and were aver-
aged at half hour scale. The photosynthetic photon flux
density (Q, μmol m−2 s−1) was estimated as twice the
global radiation (Rg, W m−2) (Scanlon and Albertson
2004; Boulain et al. 2009; Ago et al. 2014, 2015). The
CO2 fluxes and meteorological conditions data were also
available during 18 months, from 1st July 2008 to 31st
December 2009. Annually, the radiation sensors were cal-
ibrated by a comparison with the standard sensors (CGR4
and CMP21 Kipp and Zonen, Delft, The Netherlands).

Main species dominating vegetation were inventoried on a
1-km2 area around the two flux towers during the wet season
with the height of the herbs monitored only at the savannah
site. The dominant species were defined as those most abun-
dant in coverage and density. The leaf area index (LAI) time
series was obtained by a combination of the satellite LAI
products (SEVIRI) and in situ measurements. More details
on the LAI estimation method can be found in Ago et al.
(2014) and Mamadou et al. (2014).

2.3 Data treatment, analysis, and uncertainty evaluation

Half-hourly corrected flux NEE were calculated by Eq. (1)
below as the algebraic sum of the turbulent flux (FCO2) mea-
sured by the eddy-covariance system and the CO2 storage flux
change in the air below the measurement point, considering
the additional terms negligible (Aubinet et al. 2001). The stor-
age flux was computed using a single measurement point of
the CO2 concentration at a height of 18 m (forest) and 4.95 m
(savannah) as applied in several studies in the Africa region by

several authors (Archibald et al. 2009; Merbold et al. 2009;
Ago et al. 2014, 2015).

NEE ¼ FCO2 þ
1000*ΔCO2*hm

Δt
ð1Þ

where FCO2 is the flux measured by the eddy-covariance sys-
tem (μmol m−2 s−1), ΔCO2 is the difference in the CO2 con-
centrations (mmol m−3) measured between time t0 and t1, Δt is
the time step of 1800 s, hm is the sonic anemometer height, and
the factor 1000 converts 1 mmol into micromoles.

All these data were computed following the standard
Carboeurope procedure of the treatment of the eddy-
covariance fluxes (Aubinet et al. 2012) with the classical cor-
rections (despiking, high frequency losses, double rotation,
WPL). Flux data recorded during the rainy events and the
half-hour following the rains were excluded from the analysis.
The stationary tests (Foken and Wichura 1996) were applied
following three quality levels as Ago et al. (2014). In order to
remove the nighttime fluxes during the periods of the low
turbulence, the u* -filtering criterion was applied as in several
studies (Aubinet et al. 2012). We used the evolution of the
averages nighttime fluxes following the u* classes (Merbold
et al. 2009; Ago et al. 2014). For u* <0.1 m s−1, the nighttime
fluxes were rejected because they depended on the turbulence
and led to an underestimation. For u* >0.1m s−1, the nighttime
fluxes were stable and the threshold of 0.10 m s−1 was fixed
for the two sites as per other authors for similar African sites
(Archibald et al. 2009; Boulain et al. 2009; Merbold et al.
2009; Ago et al. 2014, 2015).

In the following development, we will consider that a neg-
ative net ecosystem exchange (NEE) expresses that the fluxes
are downward (i.e., dominated by the photosynthesis) while
the positive values correspond to the upward exchanges (i.e.,
respiration is dominating).

In order to firstly obtain the seasonal and annual cumulated
estimates of the net CO2 exchanges and to secondly discrim-
inate ER and GPP, the half-hour net fluxes were gap-filled.We
used the parameterizations to describe the fluxes responses to
the main meteorological and edaphic driving factors as ap-
plied by several authors in Africa (Merbold et al. 2009; Ago
et al. 2014, 2015; Tagesson et al. 2015; Quansah et al. 2015).
They were different for the daytime and nighttime fluxes. For
the measurement period, the amount of the gaps due to the
eddy-covariance technique failures or weather conditions was
49 and 45 % for forest and savannah, respectively. These
amounts of the data gap-filled were higher than 39 and 41 %
found on the half-hourly data by Sjöström et al. (2009) and
Archibald et al. (2009), respectively. However, Papale et al.
(2006) underlined that 20–60 % of the data measured by an
eddy-covariance technique was rejected by the different qual-
ity filters applied. We used the Misterlich equation, Eq. (2), to
describe the daytime fluxes responses as a function of the
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photosynthetic photon flux density (Q) (Aubinet et al. 2001)
taking into account the SWC influence through a simple linear
function expressed by Eq. (3) as obtained byAgo et al. (2014):

NEE ¼ − Amax þ ERd½ �* 1−exp
−αQ

Amax þ ERdð Þ
� �� �

þ ERd ð2Þ

where NEE is the net ecosystem exchange (μmol m−2 s−1), Q
is the photosynthetic photon flux density (μmol m−2 s−1) with
three parameters characterizing the model: ERd, the dark res-
piration (μmol m−2 s−1); α, the quantum light efficiency
(μmol μmol−1); and Amax, the NEE at the light saturation
(μmol m−2 s−1). The latter varies with the soil water content
(SWC) (m3 m−3) following Eq. (3) where Ao is a constant
(μmol m−2 s−1) related to the light-response characteristics
of the vegetation.

Amax ¼ Ao*SWC ð3Þ

These parameters were deduced monthly from the data
by fitting the non-linear equation, Eq. (2), using the
Levenberg-Marquardt algorithm with Matlab software
(R2010b version; the Mathworks, Natick, USA). This
Eq. (2) saturates at higher Q and leads to more realistic
values of the net CO2 uptake at the light saturation com-
pared to the classical rectangular hyperbola one (Michaelis
and Menten 1913). Therefore, Aubinet et al. (2001) did
not recommend the classical equation of Michaelis-Menten
underlining that the deduced values of NEE at the light
saturation and quantum light efficiency by the latter were
higher of 30 and 20 %, respectively, than those given by
Eq. (2), while the estimated values for ERd were not
found to be significantly different.

As the range variability of the daily average temperature for
the two sites was relatively low (<10 °C) and the seasonality
of the dry periods was clearly marked, ER was not expected to
depend on the temperature. We used therefore only SWC at
10 cm depth to predict the ecosystem respiration (nighttime
and daytime) at half-hour scales for both ecosystems
(Williams and Albertson 2004; Curiel Yuste et al. 2007;
Williams et al. 2009). This dependence with the SWC at
10 cm depth was fitted for the two sites using the half-
hourly nighttime fluxes measured (u*>0.1 m s−1) by Eq. (4)
which expresses a sigmoidal function proposed by Ago et al.
(2014):

ER ¼ a* 1−Exp −b* SWCð Þ2
� �h i

ð4Þ

where a is the maximal ER (μmol m−2 s−1), b is a parameter
characterizing the site controlling the sigmoid slope, and ER is
the ecosystem respiration measured at half-hour scale
(μmol m−2 s−1). These two parameters were determined fitting

the Eq. (4) using the whole nighttime fluxes data filtered for
the whole measurement period.

The leaf stomata play an important role in the exchanges
atmosphere-vegetation by a physiological control (Collatz
et al. 1991). Therefore, in order to analyze the main factors
affecting the transfers atmosphere-ecosystems of the CO2 and
water vapor, the canopy conductance, gc (mm s−1) was esti-
mated assuming the big-leaf hypothesis (Monteith and
Unsworth 2013) and the inverting Penman-Monteith equation
(Eq. 5) for the whole dry days at radiation saturation condi-
tions (Q>1000 μmol m−2 s−1) during the entire flux measure-
ments period as described by Aubinet et al. (2001):

gc ¼ ra
Δ
γ

Rn−Gð Þ
LE

−1
� 	

−1
� 	

þ ρa VPDð Þε
E

� �−1
ð5Þ

whereΔ is the slope of the saturation curve (Pa K−1), γ is the
psychrometer constant (Pa K−1), ρa is the air density (kg m

−3),
VPD is the vapor pressure deficit (kPa), ε is the ratio of the
molecular weights of water and dry air, Pa is the atmospheric
pressure (kPa), LE is the latent heat flux (Wm−2), Rn is the net
radiation (Wm−2),G is the ground heat flux (Wm−2), E is the
water vapor flux (kg m−2 s−1), and ra is the aerodynamic
resistance (s m−1).

The aerodynamic resistance was deduced from the turbu-
lence measurements by Eq. (6) below as obtained by
Mamadou et al. (2014) and Mamadou (2014) for the two
investigated sites:

ra ¼ u

u*2
φm
φH

ð6Þ

where u is the average wind speed (m s−1), u* is the friction
velocity (m s−1), and φm and φH are the Businger-Dryer sta-
bility functions (Businger et al. 1971).The ground heat flux
was derived from the soil temperature and soil water content
profiles using the harmonic method for these two studied sites
as per other authors (Guyot et al. 2009; Mamadou et al. 2014;
Mamadou 2014). This approach is based on the heat diffusion
coefficient estimated from the soil temperature at two depths.
The thermal conductivity was computed by using the mea-
sured soil water content and the volumetric heat capacity of
the soil and water. More details for this method can be found
in Guyot et al. (2009).

In drier tropical regions, the water availability appeared
primary for the growth or survival of the plants, and better
assessing the ecological responses to the global changes
(Seghieri et al. 2009; Walther 2010). At the leaf level,
the instantaneous water use efficiency (WUE) quantifies
the rate of the carbon uptake per unit of the water lost.
At the field scale, it appears difficult to measure directly
the photosynthesis and transpiration rates for the whole
canopy or ecosystem (Baldocchi 1994). Therefore, the es-
timated WUE was defined in this study as the ratio of the
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absolute value of the net carbon uptake NEE and the net
evapotranspiration E as used in other studies by several
authors worldwide (Baldocchi et al. 1985; Baldocchi 1994;
Verhoef et al. 1996; Moncrieff et al. 1997; Scanlon and
Albertson 2004; Boulain et al. 2009; Keenan et al. 2013;
Ago et al. 2014, 2015). Especially, the WUE was used
here for better understanding and comparison of the water
status of the two contrasting ecosystems during the photo-
synthetic carbon uptake (Williams and Albertson 2004;
Yang et al. 2010; Medlyn and De Kauwe 2013). The
sensitivity to the dry periods of the water usage was eval-
uated using a VPD-curve response to the WUE within
each of the four defined periods following the non-linear
equation, Eq. (7):

WUE ¼ WUEmax* 1þ w*VPDð Þ−1 ð7Þ

Where WUEmax is a theoretical maximum WUE [mmol C
(mol H2O)

−1] occurring when the VPD (kPa) is zero and w is
an empirical coefficient measuring the sensitivity of the WUE
to VPD. Both parameters depend on the characteristics of the
vegetation. In this study, the WUEmax was fixed to 8 mmol C
[mol (H2O)

−1] for the two ecosystems in order to determine
the coefficient w and make a relevant comparison. The sea-
sonal course ofwwas used to compare theWUE responses for
the two ecosystems to the environmental conditions changes,
notably the drought.

The daytime fluxes gaps were filled using Eqs. (2) and (3)
as applied by Ago et al. (2014). NEE was partitioned into its
two main components, gross primary productivity (GPP) and
ecosystem respiration (ER). The Reichstein et al. (2005) ap-
proachwas used and the total uncertainty was computed as per
Ago et al. (2014).

2.4 Different periods considered

The comparison of the two sites was mainly based on the
annual vegetation development in response to the climatic
and edaphic conditions changing, themselves depending on
two main seasons (dry and wet). In this study, we preferred
to use four periods as proposed by Franquin (1969) within the
inter-tropical regions which were based on the water balance.
In addition, most annual herbs appear usually in May, grow
during the wet season, and reach their yearly maximum height
in October when they are also senescent. In order to take into
account this physiological pattern of the annual herbs, we
defined the four following periods for making a relevant com-
parison between two sites:

– Period I : from December to March (dry period) of
121 days;

– Period II: fromApril toMay (transition dry to wet period)
of 61 days;

– Period III: from June to September (wet period) of
122 days;

– Period IV: from October to November (transition wet to
dry period) of 61 days.

3 Results

3.1 Micro-meteorological conditions

The mean climatic conditions at the two sites are summarized
in Table 1 and Fig. 4. Overall, period I and II were character-
ized by higher radiation (Q), higher air temperature (TA),
higher vapor pressure deficit (VPD), and lower soil water
content (SWC) at 10 cm depth. Compared to period II, the
relative lower radiation during period I can be mostly ex-
plained by an available radiation in the atmosphere top and
peaks are associated with Harmattan events which transport
the aerosols to the West Africa region (Nicholson 2013;
Mamadou et al. 2014; Quansah et al. 2015). During the
drought periods (I and II), the isolated rainy events occurred
(first one of April), and ~20% of the rainy days were observed
with more or less 17–18 % of the 2009 annual rainfall
(Tables 1 and 4). Period III was marked by the lowest Q,
lowest TA, lowest VPD, and highest SWC (Table 1). Most of
the rainfall was usually concentrated during this period
(>70 % of the annual amount) with ~66 % of the total rainy
days. During period IV, a significant increase was observed in
TA and VPD time series which corresponds to the severe de-
crease of the rainfall and SWC that indicates the installation of
the next dry season. The daily SWC average at 10 cm depth
remained below 0.03–0.05 m3 m−3 until the end of March
(Fig. 4c).

Main particularities between the two sites were observed
and concerned mostly precipitation and SWC at 10 cm depth.
During 2009, a difference of 129 mm was found, forest and
savannah sites having received 1624 and 1495 mm, respec-
tively. The rainy days number was 134 for the savannah, but
relatively higher than 124 of the forest (Table 4). The seasonal
dynamic of the SWC seems similar at the two sites, but the
SWC values at 10 cm depth for the forest were always slightly
higher than those for the savannah with significant differences
during the wet than the dry periods (Fig. 4d; Table 1). This
was probably due to the differences between the soil evapo-
ration rates, soil characteristics, deeps infiltration, and impor-
tance of the runoffs in relation with the vegetation types at the
two sites. These results were in accordance with other findings
reported between some sites more and less near each other in
West Africa by other authors, especially concerning the rain-
fall regimes (Ago et al. 2005; Boulain et al. 2009; Seghieri
et al. 2009; Merbold et al. 2009; Quansah et al. 2015). It
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appears reasonable to consider bothmeteorological conditions
at the two sites as similar overall.

3.2 Diurnal patterns of CO2 fluxes and driving factors

The diurnal patterns of NEE during the four periods defined
for the two sites (not shown) present a clear classical behavior
with the CO2 assimilation dominating during the day condi-
tions and the respiration occurring only during the night. The
net CO2 uptake was constantly higher at the forest than at the
savannah sites. During the dry seasons, the net CO2 uptake
was limited for the savannah and reduced for the forest due to
the plant species which were present in the footprint and their
own densities for each of the two sites (Ago et al. 2014). The
forest respiration was always higher than that of the savannah
during the year. For the two sites, the net CO2 assimilation
remained more important during the wet compared to the dry
seasons, which was supported by the seasonal evolutions of
the LAI values (Fig. 4a; Table 1). A dissymmetry was ob-
served in the diurnal courses of NEE not only during the dry
season but also during the wet season. This suggests a signif-
icant impact of other environmental factors, notably tempera-
ture, humidity, or vapor pressure deficit. However, this impact
can be limited because of the weakness of the dissymmetry.
Finally, the maximum values of the daytime averages of NEE
within the four defined periods varied from 20.3±0.8 to 28.2
±1.2 μmol m−2 s−1 for the forest and from 2.6±0.2 to 17.6
±0.8 μmol m−2 s−1 for the savannah.

The response of ER to the temperature was analyzed for the
two sites by plotting the nighttime NEE against the soil temper-
ature (TS) measured at 10 cm depth (Fig. 5). Within the four
periods, no clear relationship was observed between the night-
time NEE and TS. This lack of relationship with the temperature
could be due to numerous reasons. Firstly, the ER could be in-
sensitive to the range of the temperature variability at the two
sites, especially because the variation of the daily temperature
average was low (<10 °C). Secondly, within a given ecosystem,
there are several sources of the CO2 emissions, each of them
having its own controlling factors (Davidson et al. 2006a).
Thirdly, the seasonality of the dry periods was clearly marked
and therefore the ER relationship with the temperature could be
masked by the response to the SWC (Curiel Yuste et al. 2007).
Moreover, a highly positive significant correlation was found
between the nighttime NEE and the soil water content at both
sites (Fig. 6): forest (R2 = 0.77, p< 0.0001) and savannah
(R2=0.75, p<0.0001). This suggests that the ER was mainly
controlled by the soil water availability at the two sites as reported
for similar ecosystems in Africa by other authors (Williams and
Albertson 2004; Williams et al. 2009; Ago et al. 2014). In con-
trast, other studies reported for several dry West African sites
(annual sum rainfall<1000 mm) that the ER was primarily driv-
en by the temperature and additionally by the soil water content
(Brümmer et al. 2008; Merbold et al. 2009; Quansah et al. 2015).T
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The peak seasonal average of the nighttime respiration
based on Eq. (4) was 5.4 ± 0.1 μmol m−2 s−1 for the
savannah which was lower than 8.2±0.2 μmol m−2 s−1

for the forest (Table 2) while within each period, the dark
respirations which were deduced from Eq. (2) ranged from
1.0±0.4 to 6.8±1.1 μmol m−2 s−1 for the savannah and
from 4.4±1.5 to 8.8± 1.5 μmol m−2 s−1 for the forest.
However, during the year, the ER of the forest was always
higher than that of the savannah within the four periods
(Figs. 8 and 9; Table 3). The comparison of these results
and values supports well the robustness of the validity not
only of higher ER during the wet than dry periods but
also of higher ER magnitude found for the forest.
However, the differences between the values were due to
the differences in the methods, fluxes, models, and periods
used for the different estimations.

3.3 Seasonal courses of CO2 and carbon fluxes in the two
sites with their own characteristics

T h e N E E d a t a c o r r e s p o n d i n g t o c r i t e r i o n
(Q>1000 μmol m−2 s−1) was plotted against gc within each
period in order to better understand the influences of each
vegetation type considering the ecosystems/atmosphere ex-
changes (Fig. 7). Except during the dry period, a slightly cur-
vilinear dependency of the CO2 assimilation with the canopy
conductance was observed for the two sites. Overall, the de-
crease in NEE (in absolute value) following decreasing gcwas
clear, especially during the wet period over the two sites. This
suggests a limitation of the leaf CO2 assimilation at higher
canopy conductance. The thresholds can be identified around
15 and 10 mm s−1 for the forest and savannah sites, respec-
tively. During the dry periods, gc did almost never exceed the

Fig. 4 Seasonal variation of the relevant meteorological variables with
the vegetation growth from 1st July 2008 to 31st December 2009 at both
sites: daily averages of a leaf area index (LAI), b vapor pressure deficit
(VPD), air temperature (TA), c photosynthetic photon flux density (Q) and

light index (K), and d precipitation and soil water content (SWC) at 10 cm
depth. Forest (black color) and savannah (gray color). The vertical pink
discontinuous line indicates the periods I to IV
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threshold and only few net CO2 assimilation were observed.
The clear decrease in the CO2 uptake following a decrease in
the canopy conductance suggests a partial stomatal regulation
in the two ecosystems besides the radiation control. Similar

close relationships were also reported for several African eco-
systems between the net CO2 uptake and the canopy conduc-
tance both at the spatial (Merbold et al. 2009) and temporal
scales (Kutsch et al. 2008).

Fig. 5 Relationships between the nighttime NEE and soil temperature at 10 cm depth at both sites during periods I to IV: Savannah (a–d) and forest (e–
h). Data were filtered

Fig. 6 Relationships between the nighttime NEE and soil water content at 10 cm depth at both sites during the year: savannah (a) and forest (b). Filtered
data were used. Data points are bin averages of 25 measurements. Error bars are 95 % confidence intervals
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The seasonal evolution of the important parameters char-
acteristics of the two sites during the four periods is summa-
rized in Fig. 8 and reveals likely how vegetation acclimate to
the changes in the main environmental conditions. At the sea-
sonal scale, both Amax and α were higher within each period
for the forest than savannah, indicating higher radiation-use
efficiency for the forest than savannah. This could be due to
the differences between the canopy structures: at the savan-
nah, plants (mostly crops and herbs) have narrow and elon-
gated canopies while the forest (mostly trees and shrubs) has a
top and open canopy that is able to intercept an important
radiation. Also, the photosynthetic capacity of the green
leaves can play an important role in the radiation-use efficien-
cy for the forest. Moreover, the two parameters (Amax and α)
increased following increasing gc, then following the growth
of the vegetation for the two sites which was confirmed by
LAI seasonal courses (Fig. 4a; Table 1). From the wet to dry
periods, these two parameters decreased.

Overall, the coefficient w was relatively constant from
April to November for the forest, showing a constant sensitiv-
ity of its water use to the seasonal VPD variations. For the
savannah, the values of w were high within period II, de-
creased from periods II to III, and then remained relatively
constant until period IV. This suggests that for the savannah,
the water use was more sensitive to the VPD variations during
period II than III, but showed a relatively constant sensitivity
from periods III to IV. On the contrary, the water use for the
forest showed a relatively constant sensitivity from period II to
IV (from April to November). However, the whole seasonal

behavior of each of these ecosystems corresponded to an av-
erage response of a large number of plant species. Each plant
can individually respond differently to the changes in the main
environmental conditions such as drought.

The seasonal variations of the carbon fluxes were
also analyzed for the two sites (Fig. 9). During periods
I and II, the forest sequestered the carbon while the
savannah emitted it clearly (Fig. 9c). For the savannah
site, this behavior was due to the absence of the vege-
tation practically in the footprint areas and the vegeta-
tion growth beginning with the rains. However, the cu-
mulated fluxes were relatively high at the two sites
(Fig. 9a–c) due mainly to this period length that was
more significant (121 days). During period III, both
sites sequestered the carbon because of the full growth
of the vegetation (shrubs, trees, herbs, crops) due to the
best seasonal environmental conditions. Typically, the
cumulated GPP reached 41 and 56 % of the total annual
with the ER of 40 and 44 % for the forest and savan-
nah, respectively, because of the long growth timing of
the vegetation (Table 4). However, the GPP and ER
were always lower for the savannah than forest both
at the daily and seasonal scales with the absolute values
of the ER/GPP ratio around 69–71 % (Fig. 9f). Period
IV was marked by a weak radiation increase if it was
compared to the wet period, and both sites sequestered
the carbon considering the daily and cumulated carbon
fluxes (GPP, ER) decreasing (Fig. 9; Table 3). These
results were due to a significant decrease in the soil
water content and green biomass amounts (crop harvest,
desiccation, senescence) as shown in the LAI values
(Fig. 4; Table 1). The decrease in the daily cumulated
ER and GPP appeared more significant for the savannah
(20 and 39 %, respectively) than for the forest (only 15
and 17 %, respectively) due to the differences between
most species composing both sites concerning their
physiologies, phenologies, or canopy structures
(Seghieri et al. 2009; Houéto et al. 2013). The absolute
value of ER/GPP ratio increased greatly compared to
that of 24 % during period III for the savannah while
it increased only by 2 % for the forest (Fig. 9f).

Table 2 Sigmoidal fit results and statistics of the nighttime fluxes
versus SWC at 10 cm depth for forest and savannah sites

Parameters Forest Savannah

a (μmol m−2 s−1) 8.2 ± 0.16 5.4 ± 0.14

b (μmol m−2 s−1) 403.0 ± 26.12 268 ± 20.00

r2 (%) 39 40

RMSE (μmol m−2 s−1 ) 1.55 1.54

The uncertainties are the 95 % confidence intervals

RMSE root mean squared error, r2 root square (coefficient of
determination)

Table 3 The daily means of the carbon fluxes (NEE, GPP, ER) during each period for forest and savannah sites

Ecosystems NEE [g C m-2d-1] GPP [g C m-2d-1] ER [g C m-2d-1]

Forest Savannah Forest Savannah Forest Savannah

Period I −1.59± 0.16 0.80± 0.10 −6.01± 0.14 −1.82 ± 0.06 4.43± 0.69 2.72± 0.12

Period II −1.56± 0.32 0.26± 0.19 −7.71± 0.30 −3.79 ± 0.36 6.15± 0.21 3.89± 0.26

Period III −2.76± 0.20 −2.18± 0.21 −9.52± 0.20 −7.60 ± 0.24 6.77± 0.55 5.24± 0.75

Period IV −2.19± 0.13 −0.47± 0.34 −7.94± 0.26 −4.62 ± 0.48 5.75± 0.19 4.21± 0.23

The uncertainties are the 95 % confidence intervals
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3.4 Annual carbon sequestration of the two sites

At the annual scale, the cumulated NEE indicated during the
measurement period a clear carbon sequestration with the av-
erage values of 190±40 and 640±50 g C m−2 for the savan-
nah and forest sites, respectively. In West Africa, similar re-
sults were reported for some similar ecosystems using the
eddy-covariance measurements (Brümmer et al. 2008; Ago
et al. 2014; Tagesson et al. 2015; Quansah et al. 2015).
However, other sites were in equilibrium (Hanan et al. 1998;
Ago et al. 2015) or carbon emitters (Quansah et al. 2015). The
variability of the ecosystem patterns was probably due to sev-
eral factors as the drought (low annual precipitation), types of
vegetation, anthropogenic pressures, or environmental condi-
tions (Ago et al. 2016). On the model basis, Bombelli et al.
(2009) found that the “Northern Savanna Belt” region

including the whole West African ecosystem was a net carbon
sequester of 248±50 g C m−2 at the annual scale.

4 Discussion

4.1 Larger ecosystem respiration (ER) for the forest than
savannah

The average of the CO2 nighttime fluxes reported for the trop-
ical forests and woodlands ranged from 3 to 8.5 μmol m−2 s−1,
with little seasonal variability (Vourlitis et al. 2001; Loescher
et al. 2003; Merbold et al. 2009; Longdoz et al. 2010; Ago
et al. 2015). It varied between 1 and 6 μmol m−2 s−1 for the
savannah sites in West Africa (Brümmer et al. 2008; Merbold
et al. 2009; Ago et al. 2014; Tagesson et al. 2015; Quansah

Fig. 7 Net CO2 assimilation (Q> 1000 μmol m−2 s−1) response to the canopy conductance during periods I to IV. Savannah (a–d) and forest (e–h)
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et al. 2015). Unsurprisingly, a large increase of the ER was
observed for the two sites from the dry to wet periods (Figs. 8
and 9; Table 3) with the highest values of the ER occurring
during the wet periods due mainly to the full vegetation
growth and the best environmental conditions. These ER
values and magnitudes were consistent with those reported
for the forest and savannah by other authors in the tropical
regions, and were mainly explained by the significant seasonal
variabilities of the autotrophic and heterotrophic respirations.
During the dry periods, a decrease of ERd to 4.4
±1.5 μmol m−2 s−1 was observed for the forest, which was

closer to ERd values reported for the savannah during the wet
periods (Fig. 8e). Between 2001 and 2002, Mulindabigwi
(2005) used the soil chambers EGM-2 to measure the soil
respirations in similar ecosystems located in Djougou district
and near our two studied sites. These authors found the aver-
ages of the soil respiration ranging from 5.1 to 12.2 for the
semi-deciduous forest, 3.2 to 7.8 for the woodland, and 2.5 to
7.7 μmol m−2 s−1 for the fallow. Of course, these soil respira-
tion values cannot be directly compared to those of the ER
obtained using an eddy-covariance system for similar sites
because the latter includes the aerial vegetation respiration.
However, as the soil respiration is generally the major com-
ponent of ER (Aubinet et al. 2001; Davidson et al. 2006b), it
appears relevant that a high soil respiration leads also to a high
ERmeasured by an eddy-covariance technique and therefore a
higher ERd found for the two investigated sites, especially
during the wet season (Figs. 8e and 9b–e).

The ER, which includes the heterotrophic (HR) and au-
totrophic respirations (AR), is generally known to depend
strongly on the temperature, soil water status, vegetation
dynamics, and land-use regime (Hanan et al. 1998; Curiel
Yuste et al. 2007; Archibald et al. 2009; Williams et al.
2009; Merbold et al. 2009; Ago et al. 2014, 2015). For both
sites, the ER was found mainly controlled by the soil water
content with similar seasonal dynamics and differences in
their values between the periods (Figs. 8e and 9b–e;
Table 3). This dependency was likely due to the enhance-
ment of two ER components, i.e., AR and HR, by a high
soil water availability from dry to wet seasons as reported
for other West African sites (Hanan et al. 1998; Brümmer
et al. 2008; Ago et al. 2014, 2015; Quansah et al. 2015),
though an increase in the green vegetation density, litter and
organic matter amounts, and microorganism activities is also
strongly influenced by rainfall regimes. Indeed, the soil
moistening induces an activation of HR by an increase of
the dissolved organic carbon or by a stimulation of the mi-
croorganism activities (Williams et al. 2009). In the two
sites’ region, the litter amount was usually its seasonal max-
imum level at the end of the dry season (Mulindabigwi
2005). Also, the rain leads to an increase of the AR by a
great growth of the vegetation during the wet season as
reported elsewhere in Africa (Hanan et al. 1998; Archibald
et al. 2009). At the daily scale, for the two sites, a highly
significant correlation was found between the ER and the
net CO2 assimilation (p<0.0001, R2 = 0.38 and R2 = 0.56
for the forest and savannah, respectively). This suggests an
important influence of the seasonal ER variability by that of
the AR and therefore by the vegetation development for the
forest than savannah. Larger ER values observed at the daily
and seasonal scales for the forest compared to savannah
(Figs. 8e and 9b–e) could be due to the relative great con-
tribution of the AR to ER for the forest than savannah. The
differences in the ER between the two sites were significant

Fig. 8 Seasonal courses of the parameters characterizing both
ecosystems during the four periods: a the coefficient w describing the
WUE sensitivity to VPD; b the average canopy conductance (gc); c
NEE at the light saturation, Amax; d the quantum efficiency, α; and e
the dark respiration, ERd. Savannah (dark discontinuous line) and forest
(dark continuous line). The lack of data during period I was due to the
selection criterion of NEE and E in the WUE calculation. Error bars are
95 % confidence intervals and very low for gc and w
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during the dry periods rather than during the wet one.
Moreover, the AR that depends mainly on the growth veg-
etation (Chambers et al. 2004) may be significantly affected
by the drier conditions. Indeed, during dry periods (lack of
rain, soil, and air drought conditions), the vegetation growth
was reduced due mainly to the senescence and desiccation
processes leading to the reduced density of the active leaves,
but in different proportions according to the ecosystem types
(savannah or forest). In particular, the wind was mainly from
the northeast and no herbaceous cover is present between

the sparse trees or shrubs at the savannah site. Thereby, for a
given ecosystem when the vegetation growth is limited, the
AR may be also expected to be limited and leads, therefore,
to a significant reduction of the ER. This was probably the
case for the savannah site during the dry periods with the
ER value remarkably lower than that of the forest, the HR
resulting mainly from the dissolved organic carbon or stim-
ulation of the microorganism activities of the soil, surface
litter amount, and soil organic matter pool (Vourlitis et al.
2001; Davidson et al. 2006a; Williams et al. 2009).

Fig. 9 Seasonal evolution of the carbon fluxes for both sites during the
four periods. Forest (dark color) and savannah (gray color): a the
absolute value (abs) of the cumulated GPP, b the cumulated ER, c the

cumulated NEE, d the absolute value (abs) of the daily GPP, e the daily
ER, and f the absolute value (abs) of the daily ER/GPP ratio. Error bars
are 95 % confidence intervals

Table 4 Day numbers during each period of rains and vegetation growth

Ecosystems Total length (days) Rainy length (days) Rainy/total rainy length (%)

– Forest Savannah Forest Savannah

Period I 121 5 5 4 4

Period II 61 20 19 16 14

Period III 122 80 88 65 66

Period IV 61 19 22 15 16

Total 365 124 134 100 100
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4.2 Differences in NEE and GPP values between the two
sites: a combination of phenological and physiological
factors

As ER, the seasonal dynamics of the GPP differed between the
four periods at the two sites, but with similar seasonal evolu-
tions (Fig. 9). This GPP dynamic was phased with the annual
growth of the vegetation in Sudanian and Sahelian regions
(Seghieri et al. 2009; Guyot et al. 2012; Mamadou 2014; Ago
et al. 2014, 2015). The similar seasonal trend in GPP for the
two sites was likely related to similar meteorological conditions
rather than other factors at the whole Djougou district.
However, the GPP was always higher within each period for
the forest than savannah and needs to be discussed considering
the floristic compositions, root systems, canopy structures or
green leaf densities, photosynthetic capacities, and edaphic
conditions. During the wet periods, the savannah was mainly
composed by the herbs and crops (mostly C4) with a few trees
(mostly C3) while the forest was mainly formed by the trees
(mostly C3) with few herbs (mostly C4) for the underlying
strata. During the dry seasons, similar plant species (essentially
shrubs and trees), soil water content, and climatic conditions
were observed at the two sites, but a significant difference in
their densities was found and confirmed by the LAI evolution
(Fig. 4). The forest showed a less clear behavior in the seasonal
variations of Amax and α compared to the savannah (Fig. 8c, d).
This suggests that the CO2 assimilation at saturation and quan-
tum efficiency were less sensitive to the dry season for forest
compared to savannah. This higher radiation conversion by the
forest than the savannah could be favored by a higher physio-
logical performance of the trees/shrubs and their canopy struc-
tures that were generally more efficient in terms of the radiation
interception as reported by several authors for similar African
sites (Williams and Albertson 2004; Merbold et al. 2009;
Longdoz et al. 2010; Fisher et al. 2013; Sjöström et al. 2013).
Indeed, the trees are generally able to use the water from the
deep soil during the dry periods through their root system to
satisfy the atmospheric demand and maintain their
photosynthesis activities. Canadell et al. (1996) found that the
maximum rooting depth of the trees in the tropical regions
ranged from 3.7±0.5 to 15.0±5.4 m. In particular, the deep
roots system of the main tree species in the Sudanian region is
generally located in the first layers of the soil, up to 2 m depth
or more (Bationo et al. 2001, 2005; Dourma et al. 2006). As a
result, the deep roots of the shrubs and trees in the Sudanian
region are also able to use the water from the deep layers during
the drought periods for the satisfying of the atmospheric de-
mand and the photosynthesis. Therefore, the main differences
in the patterns of the CO2 assimilation during the dry seasons
between our two sites could be better explained by the differ-
ences between the vegetation types (species, green biomass
amounts, canopy structures) as observed in Africa (Williams
and Albertson 2005). Jenerette et al. (2009) found over 3 years

at San Pedro River in Southern Arizona, USA that the GPP
values were consistently higher and less variable for the wood-
land than for grassland with some distinct rates and variability
during the growing seasons.

During the year, while the absolute ER/GPP ratio was rel-
atively constant (71–80 %) for the forest, it was highly vari-
able (69–157 %) for the savannah (Fig. 9f). This clearly
showed that the forest was more stable within and among
the four periods than savannah. The absolute ER/GPP ratio
was lesser than 100 % for the forest as the GPP dominated
always ER at the daily and seasonal scales (Fig. 9d–f;
Table 3). Houéto et al. (2013) concluded the stability for this
forest using the data of the dendrometric measurements. For
the savannah, the daily GPP was lower than ER during the dry
periods and at the beginning of rains, confirming that the first
precipitations were not sufficient to induce continuously the
leaf initiation and thus increase the GPP. However, the GPP
becomes higher than ER from June to October when the soil
water availability reaches a sufficient level, suggesting contin-
uous growth of the vegetation inducing an absolute ER/GPP
ratio lower than 100 % (Fig. 9d–f; Table 3).

4.3 Sensitivity to water usage

During the day, a VPD-curve response to the WUE was ob-
served within each period. WUE was high during the morning
due to both the low radiation and low VPD. From morning to
afternoon, theWUE decreases continuously (not shown), while
VPD increases and reaches its maximal value around 15:00
before decreasing until sunset (Verhoef et al. 1996; Moncrieff
et al. 1997; Williams and Albertson 2004). This daily course
suggests an influence of the VPD on theWUE, notably a partial
stomatal closure impact besides the control by the radiation
(Yang et al. 2010). In Africa, similar daytime WUE courses
were found for similar Sudano-Sahelian sites (Verhoef et al.
1996; Moncrieff et al. 1997; Friborg et al. 1997; Boulain
et al. 2009; Ago et al. 2014, 2015). The two ecosystems were
more efficient during morning and wet period than during af-
ternoon and dry period. The daytime WUE values were in the
same order to those reported for similar sites in West Africa
varying from 0.04±0.09 to 8.25±1.94 mmol C (mol H2O)

−1

(Verhoef et al. 1996; Moncrieff et al. 1997; Friborg et al. 1997;
Boulain et al. 2009; Ago et al. 2014, 2015).

At the seasonal scale, the WUE was also influenced by the
drought conditions, but the sensitivity to the water usage did
not vary for the forest. In contrast, the sensitivity for the sa-
vannah decreased about 46 % from April–May to June and
then remained constant until October–November. The differ-
ence observed between the two ecosystems’ sensitivity was
mainly due to the vegetation types and the acclimation of the
plant growth within each period with the main environmental
condition changes. Overall, the forest sensitivity of the water
usage was always lower than that for the savannah.
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5 Conclusion

The main objective of this study was to highlight the patterns
of the carbon fluxes, the driving variables, especially the re-
sponses of carbon fluxes to water in the two contrasting sites
in northern Benin (West Africa). The data revealed the strong
influences of water on CO2 fluxes in the two contrasting eco-
systems investigated. To our knowledge, this study remains
the first comparison between savannah and forest ecosystems
in the Sudano-Sahelian region using a long-term eddy-covari-
ance dataset.

In particular, it showed that the carbon fluxes were subject-
ed to a large seasonal variability in the two ecosystems, de-
pending on the variability of the environmental factors, espe-
cially between the dry and wet seasons. While the meteoro-
logical conditions were similar in this region, the flux values
were consistently lower (in absolute value) for the savannah
than for the forest. This was due to the differences in physio-
logical and phenological characteristics of plant species at the
two sites. However, a larger ecosystem respiration was ob-
served during the wet periods, expressing not only a signifi-
cant litter amount but also greater intensity of the microorgan-
ism’s activity. At daily and seasonal scales, the relationships
were close between the CO2 uptake and canopy conductance.

The forest showed a relatively constant sensitivity towards
water usage from April to November. On the contrary, the
savannah sensitivity was highly variable between dry and
wet periods. However, the forest was always less sensitive
than the savannah within a given period.

The forest sequestered the carbon during the four periods,
while the savannah sequestered only during the wet and tran-
sitional wet to dry periods. Finally, the forest was more stable
during the year, while the savannah was clearly variable fol-
lowing the periods. At the annual scale, the forest sequestered
640±50 g C m−2 and the savannah 190±40 g C m−2.

Acknowledgments This work was financed by “Association pour
l’Agriculture et le Développement Durable” (A2D). The first author
thanks the staff of Exchange Ecosystems-Atmosphere Axis, University
of Liege, Gembloux Agro Bio Tech (Belgium) and “Laboratoire
d’Hydraulique et de Maîtrise de l’Eau, Faculté des Sciences
Agronomiques, Université d’Abomey-Calavi (Bénin)” for their signifi-
cant help during the thesis. The authors thank the members of the
AMMA-Benin observatory and Ouémé 2025 project for the eddy-
covariance data set. We are also grateful to Belarmain Fandohan, PhD
for the identification of species, Ossenatou Mamadou, PhD for the aero-
dynamic resistance calculation, Djafarou Abdoulaye, PhD for the devel-
oping map, and Jagruti Patel for the editing assistance. The authors are
grateful to the reviewers for their relevant comments, suggestions, and
encouragements.

Compliance with ethical standards

Funding This work was financed by “Association pour l’Agriculture et
le Développement Durable” (A2D).

References

Ago EE, Petit F, Ozer P (2005) Analyse des inondations en aval du
barrage de Nangbeto sur le fleuve Mono (Togo et au Bénin). Geo-
Eco-Trop 29:1–14

Ago EE, Agbossou EK, Galle S et al (2014) Long term observations of
carbon dioxide exchange over cultivated savanna under a Sudanian
climate in Benin (West Africa). Agric For Meteorol 197:13–25. doi:
10.1016/j.agrformet.2014.06.005

Ago EE, Serça D, Agbossou EK et al (2015) Carbon dioxide fluxes from
a degraded woodland in West Africa and their responses to main
environmental factors. Carbon Balance Manage. doi:10.1186/
s13021-015-0033-6

Ago E E, Agbossou E K, Ozer P et al (2016) Mesure des flux de CO2 et
séquestration de carbone dans les écosystèmes terrestres ouest-
africains (synthèse bibliographique). Biotechnol Agron Soc
Environ 20 (1):68–82

Ajonina GN, Ago EE, Amoussou G et al (2014) Carbon budget as a tool
for assessing mangrove forests degradation in the western, coastal
wetlands complex (Ramsar Site 1017) of Southern Benin, West
Africa. In: Diop S, Barusseau J-P, Descamps C (eds) The land/ocean
interactions in the coastal zone of West and Central Africa. Springer
International Publishing, Cham, pp 139–149

Archibald SA, Kirton A, Van der MerweMR et al (2009) Drivers of inter-
annual variability in Net Ecosystem Exchange in a semi-arid savan-
na ecosystem, South Africa. Biogeosciences 6:251–266

Aubinet M, Chermanne B, VandenhauteM et al (2001) Long term carbon
dioxide exchange above a mixed forest in the Belgian Ardennes.
Agric For Meteorol 108:293–315

Aubinet M, Vesala T, Papale D (eds) (2012) Eddy covariance: a practical
guide to measurement and data analysis. Springer Netherlands,
Dordrecht

Baldocchi DD (1994) A comparative study of mass and energy exchange
rates over a closed C3 (wheat) and open C4 (corn) crop: II. CO2

exchange and water use efficiency. Agric For Meteorol 67:291–321
Baldocchi DD, Verma SB, Rosenberg NJ (1985)Water use efficiency in a

soybean field: influence of plant water stress. Agric For Meteorol
34:53–65

Bationo BA, Ouedraogo SJ, Alexandre DYet al (2001) Statut hydrique de
quatre espèces ligneuses soudaniennes dans la forêt classée de
Nazinon (Burkina Faso). Sécheresse 12:87–94

Bationo BA, Ouedraogo SJ, SoméAN et al (2005) Régénération naturelle
d’Isoberlinia doka Craib. et Stapf. dans la forêt classée du Nazinon
(Burkina Faso). Cah Agric 14:297–304

Blanchard M, Peugeot C, Seghieri J (2007) Structure et dynamique
saisonnière de végétation sur quatre types de couvert végétal
représentatifs de la diversité du bassin versant de la Donga.
AMMA Activity report on vegetation 2007, Cotonou, Benin. 40 p
+ appendices

Bombelli A, Henry M, Castaldi S et al (2009) An outlook on the sub-
Saharan Africa carbon balance. Biogeosciences 6:2193–2205. doi:
10.5194/bg-6-2193-2009

Boulain N, Cappelaere B, Ramier D et al (2009) Towards an understand-
ing of coupled physical and biological processes in the cultivated
Sahel—2. Vegetation and carbon dynamics. J Hydrol 375:190–203.
doi:10.1016/j.jhydrol.2008.11.045

Brümmer C, Falk U, Papen H et al (2008) Diurnal, seasonal, and inter-
annual variation in carbon dioxide and energy exchange in shrub
savanna in Burkina Faso (West Africa). J Geophys Res. doi:10.
1029/2007JG000583

Businger JA, Wyngaard JC, Izumi Y et al (1971) Flux-profile relation-
ships in the atmospheric surface layer. J Atmos Sci 28:181–189

Canadell J, Jackson RB, Ehleringer JR et al (1996) Maximum rooting
depth of vegetation types at the global scale. Oecologia 108:583–
595

498 E.E. Ago et al.

http://dx.doi.org/10.1016/j.agrformet.2014.06.005
http://dx.doi.org/10.1186/s13021-015-0033-6
http://dx.doi.org/10.1186/s13021-015-0033-6
http://dx.doi.org/10.5194/bg-6-2193-2009
http://dx.doi.org/10.1016/j.jhydrol.2008.11.045
http://dx.doi.org/10.1029/2007JG000583
http://dx.doi.org/10.1029/2007JG000583


Chambers JQ, Tribuzy ES, Toledo LC et al (2004) Respiration from a
tropical forest ecosystem: partitioning of sources and low carbon use
efficiency. Ecol Appl 14:72–88

Collatz GJ, Ball JT, Grivet C, Berry JA (1991) Physiological and envi-
ronmental regulation of stomatal conductance, photosynthesis and
transpiration: a model that includes a laminar boundary layer. Agric
For Meteorol 54:107–136. doi:10.1016/0168-1923(91)90002-8

Curiel Yuste J, Baldocchi DD, Gershenson A et al (2007) Microbial soil
respiration and its dependency on carbon inputs, soil temperature
and moisture. Glob Chang Biol 13:2018–2035. doi:10.1111/j.1365-
2486.2007.01415.x

Davidson EA, Janssens IA, Luo Y (2006a) On the variability of respira-
tion in terrestrial ecosystems: moving beyond Q10. Glob Chang
Biol 12:154–164. doi:10.1111/j.1365-2486.2005.01065.x

Davidson EA, Richardson AD, Savage KE, Hollinger DY (2006b) A
distinct seasonal pattern of the ratio of soil respiration to total eco-
system respiration in a spruce-dominated forest. Glob Chang Biol
12:230–239. doi:10.1111/j.1365-2486.2005.01062.x

Dourma M, Atsu Guelly K, Kokou K et al (2006) Multiplication par
drageonnage d’Isoberlinia doka et I tomentosa au sein des forma-
tions arborées du Nord-Togo. Bois et Forêts des Tropiques 288:49–
57

Faure P, Volkoff B (1998) Some factors affecting regional differentiation
of the soils in the Republic of Benin (West Africa). Catena 32:281–
306

Fisher JB, Sikka M, Sitch S et al (2013) African tropical rainforest net
carbon dioxide fluxes in the twentieth century. Philos Trans R Soc B
Biol Sci 368:20120376. doi:10.1098/rstb.2012.0376

Foken T, Wichura B (1996) Tools for quality assessment of surface-based
flux measurements. 78:83–105

Franquin P (1969) Analyse agroclimatique en régions tropicales. Saison
pluvieuse et saison humide. Applications. Cah ORSTOM Sér Biol
65–95

Friborg T, Boegh E, Soegaard H (1997) Carbon dioxide flux, transpira-
tion and light response of millet in the Sahel j Hydrol 189:633-650

Grace J, Mitchard E, Gloor E (2014) Perturbations in the carbon budget of
the tropics. Glob ChangBiol 20:3238–3255. doi:10.1111/gcb.12600

Guyot A, Cohard J-M, Anquetin S et al (2009) Combined analysis of
energy and water balances to estimate latent heat flux of a Sudanian
small catchment. J Hydrol 375:227–240. doi:10.1016/j.jhydrol.
2008.12.027

Guyot A, Cohard J-M, Anquetin S, Galle S (2012) Long-term observa-
tions of turbulent fluxes over heterogeneous vegetation using
scintillometry and additional observations: a contribution to
AMMA under Sudano-Sahelian climate. Agric For Meteorol 154–
155:84–98. doi:10.1016/j.agrformet.2011.10.008

Hanan NP, Kabat P, Dolman AJ, Elbers JA (1998) Photosynthesis and
carbon balance of a Sahelian fallow savanna. Glob Chang Biol 4:
523–538

Houéto G, Fandohan B, Ouédraogo A et al (2013) Floristic and
dendrometric analysis of woodlands in the Sudano-Guinean zone:
a case study of Belléfoungou forest reserve in Benin. Acta Bot
Gallica 159:387–394. doi:10.1080/12538078.2012.735124

IPCC (2013) Climate Change 2013: the physical science basis:
Contribution of Working Group I to the fifth assessment report of
the Intergovernmental Panel on Climate Change. In: Stocker T, Qin
FD, Plattner GK, Tigor M, Allen SK, Boschung J, Nauels A, Xia Y,
Bex V, Midgley PM (eds). Cambridge University Press, Cambridge
U.K.

Jenerette GD, Scott RL, Barron-Gafford GA, Huxman TE (2009) Gross
primary production variability associated with meteorology, physi-
ology, leaf area, and water supply in contrasting woodland and
grassland semiarid riparian ecosystems. J Geophys Res. doi:10.
1029/2009JG001074

Keenan TF, Hollinger DY, Bohrer G et al (2013) Increase in forest water-
use efficiency as atmospheric carbon dioxide concentrations rise.
Nature 499:324–327. doi:10.1038/nature12291

Kutsch WL, Hanan N, Scholes RJ et al (2008) Response of carbon fluxes
to water relations in a savanna ecosystem in South Africa. Biogeosci
Discuss 5:2197–2235

Lebel T, Cappelaere B, Galle S et al (2009) AMMA-CATCH studies in
the Sahelian region ofWest-Africa: an overview. J Hydrol 375:3–13

Loescher HW, Oberbauer SF, Gholz HL, Clark DB (2003) Environmental
controls on net ecosystem-level carbon exchange and productivity in
a Central American tropical wet forest. Glob Chang Biol 9:396–412

Longdoz B, Granier A, Rambal S et al (2010) Environmental control of
carbon fluxes in forest ecosystems in France: a comparison of tem-
perate, Mediterranean and tropical forests. In: Loustau D (ed)
Forests, carbon cycle and climate change. Quae, Paris, pp 27–53

Mamadou O (2014) Etude des Flux d’Evapotranspiration en Climat
Soudanien: comportement comparé de deux couverts végétaux au
Bénin. Université de Grenoble, Unversité d’Abomey-Calavi

Mamadou O, Cohard JM, Galle S et al (2014) Energy fluxes and surface
characteristics over a cultivated area in Benin: daily and seasonal
dynamics. Hydrol Earth Syst Sci 18:893–914. doi:10.5194/hess-18-
893-2014

Medlyn B, De Kauwe M (2013) Biogeochemistry: carbon dioxide and
water use in forests. Nature 499:287–289. doi:10.1038/nature12411

Merbold L, Kutsch WL, Corradi C et al (2009) Artificial drainage and
associated carbon fluxes (CO2/CH4) in a tundra ecosystem. Glob
Chang Biol 15:2599–2614. doi:10.1111/j.1365-2486.2009.01962.x

Michaelis L, Menten ML (1913) Die kinetik der invertinwirkung.
Biochem Z 49:352

Moncrieff J, Monteny B, Verhoef A et al (1997) Spatial and temporal
variations in net carbon flux during HAPEX-Sahel. J Hydrol 189:
563–588

Monteith J, Unsworth M (2013) Principles of environmental physics:
plants, animals, and the atmosphere, 4th edn. Academic Press

Mulindabigwi von V (2005) Influence des systèmes agraires sur
l’utilisation des terroirs, la séquestration du carbone et la sécurité
alimentaire dans le bassin de l’Ouémé supérieur au Bénin.
Rheinischen Friedrich-Wilhelms

Nicholson SE (2013) The West African Sahel: a review of recent studies
on the rainfall regime and its interannual variability. ISRNMeteorol
2013:1–32. doi:10.1155/2013/453521

Panthou G, Vischel T, Lebel T (2014) Recent trends in the regime of
extreme rainfall in the Central Sahel. Int J Climatol 34:3998–4006.
doi:10.1002/joc.3984

Papale D, Reichstein M, Aubinet M et al (2006) Towards a standardized
processing of Net Ecosystem Exchange measured with eddy covari-
ance technique: algorithms and uncertainty estimation.
Biogeosciences 3:571–583

Quansah E, Mauder M, Balogun AA et al (2015) Carbon dioxide fluxes
from contrasting ecosystems in the Sudanian Savanna in West
Africa. Carbon Balance Manage. doi:10.1186/s13021-014-0011-4

Reichstein M, Falge E, Baldocchi D et al (2005) On the separation of net
ecosystem exchange into assimilation and ecosystem respiration:
review and improved algorithm. Glob Chang Biol 11:1424–1439.
doi:10.1111/j.1365-2486.2005.001002.x

Scanlon TM, Albertson JD (2004) Canopy scale measurements of CO2

and water vapor exchange along a precipitation gradient in southern
Africa. Glob Chang Biol 10:329–341

Seghieri J, Vescovo A, Padel K et al (2009) Relationships between cli-
mate, soil moisture and phenology of the woody cover in two sites
located along the West African latitudinal gradient. J Hydrol 375:
78–89. doi:10.1016/j.jhydrol.2009.01.023

Séguis L, Boulain N, Cappelaere B et al (2011) Contrasted land-surface
processes along the West African rainfall gradient. Atmos Sci Lett
12:31–37. doi:10.1002/asl.327

Response of CO2 fluxes in two contrasting ecosystems 499

http://dx.doi.org/10.1016/0168-1923(91)90002-8
http://dx.doi.org/10.1111/j.1365-2486.2007.01415.x
http://dx.doi.org/10.1111/j.1365-2486.2007.01415.x
http://dx.doi.org/10.1111/j.1365-2486.2005.01065.x
http://dx.doi.org/10.1111/j.1365-2486.2005.01062.x
http://dx.doi.org/10.1098/rstb.2012.0376
http://dx.doi.org/10.1111/gcb.12600
http://dx.doi.org/10.1016/j.jhydrol.2008.12.027
http://dx.doi.org/10.1016/j.jhydrol.2008.12.027
http://dx.doi.org/10.1016/j.agrformet.2011.10.008
http://dx.doi.org/10.1080/12538078.2012.735124
http://dx.doi.org/10.1029/2009JG001074
http://dx.doi.org/10.1029/2009JG001074
http://dx.doi.org/10.1038/nature12291
http://dx.doi.org/10.5194/hess-18-893-2014
http://dx.doi.org/10.5194/hess-18-893-2014
http://dx.doi.org/10.1038/nature12411
http://dx.doi.org/10.1111/j.1365-2486.2009.01962.x
http://dx.doi.org/10.1155/2013/453521
http://dx.doi.org/10.1002/joc.3984
http://dx.doi.org/10.1186/s13021-014-0011-4
http://dx.doi.org/10.1111/j.1365-2486.2005.001002.x
http://dx.doi.org/10.1016/j.jhydrol.2009.01.023
http://dx.doi.org/10.1002/asl.327


Sjöström M, Ardö J, Eklundh L et al (2009) Evaluation of satellite based
indices for gross primary production estimated in a sparse savanna in
the Sudan. Biogeoscience 6:129–138

Sjöström M, Zhao M, Archibald S et al (2013) Evaluation of MODIS
gross primary productivity for Africa using eddy covariance data.
Remote Sens Environ 131:275–286. doi:10.1016/j.rse.2012.12.023

Tagesson T, Fensholt R, Guiro I et al (2015) Ecosystem properties of
semiarid savanna grassland in West Africa and its relationship with
environmental variability. Glob Chang Biol 21:250–264. doi:10.
1111/gcb.12734

Valentini R, Arneth A, Bombelli A et al (2014) A full greenhouse gases
budget of Africa: synthesis, uncertainties, and vulnerabilities.
Biogeosciences 11:381–407. doi:10.5194/bg-11-381-2014

Verhoef A, Allen SJ, De Bruin HAR et al (1996) Fluxes of carbon dioxide
and water vapour from a Sahelian savanna. Agric For Meteorol 80:
231–248. doi:10.1016/0168-1923(95)02294-5

Vourlitis GL, Priante Filho N, Hayashi MM et al (2001) Seasonal varia-
tions in the net ecosystem CO2 exchange of a mature Amazonian
transitional tropical forest (cerradao). Funct Ecol 15:388–395

Walther GR (2010) Community and ecosystem responses to recent cli-
mate change. Philos Trans R Soc BBiol Sci 365:2019–2024. doi:10.
1098/rstb.2010.0021

Williams CA, Albertson JD (2004) Soil moisture controls on canopy-
scale water and carbon fluxes in an African savanna: soil moisture
controls on fluxes. Water Resour Res 40. doi:10.1029/
2004WR003208

Williams CA, Albertson JD (2005) Contrasting short- and long-timescale
effects of vegetation dynamics on water and carbon fluxes in water-
limited ecosystems: vegetation controls on dryland fluxes. Water
Resour Res 41. doi:10.1029/2004WR003750

Williams CA, Hanan N, Scholes RJ, Kutsch W (2009) Complexity in
water and carbon dioxide fluxes following rain pulses in an
African savanna. Oecologia 161:469–480. doi:10.1007/s00442-
009-1405-y

Yang B, Pallardy SG, Meyers TP et al (2010) Environmental controls on
water use efficiency during severe drought in an Ozark Forest in
Missouri, USA. Glob Chang Biol 16:2252–2271. doi:10.1111/j.
1365-2486.2009.02138.x

Youssouf I, Lawani M (2000) Les sols béninois: classification dans la
base de référence mondiale. Centre National d’Agropédologie, 29–
50. Rapport de la Quatorzième réunion du Sous-Comité ouest et
centre africain de corrélation des sols, 224 p

500 E.E. Ago et al.

http://dx.doi.org/10.1016/j.rse.2012.12.023
http://dx.doi.org/10.1111/gcb.12734
http://dx.doi.org/10.1111/gcb.12734
http://dx.doi.org/10.5194/bg-11-381-2014
http://dx.doi.org/10.1016/0168-1923(95)02294-5
http://dx.doi.org/10.1098/rstb.2010.0021
http://dx.doi.org/10.1098/rstb.2010.0021
http://dx.doi.org/10.1029/2004WR003208
http://dx.doi.org/10.1029/2004WR003208
http://dx.doi.org/10.1029/2004WR003750
http://dx.doi.org/10.1007/s00442-009-1405-y
http://dx.doi.org/10.1007/s00442-009-1405-y
http://dx.doi.org/10.1111/j.1365-2486.2009.02138.x
http://dx.doi.org/10.1111/j.1365-2486.2009.02138.x

	Response of CO2 fluxes and productivity to water availability in two contrasting ecosystems in northern Benin (West Africa)
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Two sites’ description
	Measurement system
	CO2 flux measurements
	Climatic and environmental measurements

	Data treatment, analysis, and uncertainty evaluation
	Different periods considered

	Results
	Micro-meteorological conditions
	Diurnal patterns of CO2 fluxes and driving factors
	Seasonal courses of CO2 and carbon fluxes in the two sites with their own characteristics
	Annual carbon sequestration of the two sites

	Discussion
	Larger ecosystem respiration (ER) for the forest than savannah
	Differences in NEE and GPP values between the two sites: a combination of phenological and physiological factors
	Sensitivity to water usage

	Conclusion
	References


