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a  b  s  t  r  a  c  t

Semi-arid  regions  play  an increasingly  important  role  as  a  sink  within  the  global  carbon  (C)  cycle  and  is  the
main  biome  driving  inter-annual  variability  in  carbon  dioxide  (CO2) uptake  by terrestrial  ecosystems.  This
indicates  the  need  for detailed  studies  of  spatiotemporal  variability  in C  cycling  for  semi-arid  ecosystems.
We  have  synthesized  data  on  the land-atmosphere  exchange  of CO2 measured  with  the eddy  covariance
technique  from  the six  existing  sites  across  the  Sahel,  one  of  the  largest  semi-arid  regions  in  the world.
The  overall  aim  of  the  study  is  to  analyse  and quantify  the  spatiotemporal  variability  in  these  fluxes  and
to analyse  to which  degree  spatiotemporal  variation  can  be  explained  by  hydrological,  climatic,  edaphic
and  vegetation  variables.  All  ecosystems  were  C sinks  (average  ±  total  error  −162  ±  48  g  C m−2 y−1),  but
were  smaller  when  strongly  impacted  by  anthropogenic  influences.  Spatial  and  inter-annual  variability
in  the  C flux  processes  indicated  a strong  resilience  to dry conditions,  and  were  correlated  with  pheno-
logical  metrics.  Gross  primary  productivity  (GPP)  was  the most  important  flux  process  affecting  the sink
strength,  and  diurnal  variability  in  GPP  was  regulated  by  incoming  radiation,  whereas  seasonal  dynamics
was  closely  coupled  with  phenology,  and  soil water  content.  Diurnal  variability  in ecosystem  respiration

was  regulated  by  GPP,  whereas  seasonal  variability  was  strongly  coupled  to  phenology  and  GPP.  A budget
for the  entire  Sahel  indicated  a strong  C sink  mitigating  the  global  anthropogenic  C  emissions.  Global  cir-
culation  models  project  an  increase  in  temperature,  whereas  rainfall  is projected  to decrease  for  western
Sahel  and  increase  for  the  eastern  part, indicating  that  the  C sink  will  possibly  decrease  and  increase  for
the  western  and  eastern  Sahel,  respectively.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction
Vegetation growth in semi-arid regions plays an increasingly
mportant role as a sink within the global carbon (C) cycle, and it
s the main biome driving inter-annual variability and long-term
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trends in carbon dioxide (CO2) uptake by terrestrial ecosystems
(Ahlström et al., 2015; Poulter et al., 2014). It has recently been
shown that the net ecosystem exchange (NEE) of CO2 at the peak of
the growing season of semiarid savanna ecosystems can potentially
reach very high levels (up to −40 �mol CO2 m−2 s−1) (Tagesson
et al., 2015a), indicating the importance of improving our under-
standing of the spatiotemporal variability of C cycling for semi-arid
savanna regions across the world.

The African Sahel is a semi-arid savanna region with shrubs
and low tree coverage located south of the Sahara desert. The

region is characterized by a long dry season and a rainy season of
2–3 months. The livelihood of the Sahelian population is strongly
dependent on local ecosystems services providing food, feed, fuel
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ig. 1. Location of the different sites in the Sahel. Land cover for the Sahel (based o
ites  included in the study. The sites are Demokeya (SD-Dem), Agoufou (ML-AgG)
NE-WaM). The delineation of the Sahel is based on isohyets 150 and 700 mm.

nd fibre, but Sahelian ecosystems are currently under great pres-
ure from rapidly increasing population, changes in land-use and
limatic forcing (Abdi et al., 2014; Sarr, 2012). In the future, it is
rojected that the Sahel will have shorter rainy seasons, increased
emperature and increased or decreased rainfall, depending on
ocation within the Sahel (Roehrig et al., 2013; Sarr, 2012). This will
ffect the ecosystem productivity with consequences for Sahelian
ivelihood strategies (OECD, 2009; Sarr, 2012). An improved under-
tanding of resilience and responses of these ecosystems to climatic
nd environmental changes are therefore essential to better under-
tand, quantify, and predict the effects of current and future climate
hange.

The NEE is the balance between CO2 assimilated through gross
rimary productivity (GPP) by the vegetation and the C decom-
osed and released as ecosystem respiration (Reco). There is great
patiotemporal variability in climatic, hydrological, edaphic, and
egetation factors across the Sahel, and the NEE and the C exchange
rocesses (GPP and Reco) are known to vary considerably both spa-
ially and temporally for semi-arid savanna areas (e.g. Merbold
t al., 2009; Moncrieff et al., 1997). Merbold et al. (2009) explained
he variability in CO2 exchange across the African biomes with
nnual sums of rainfall and Brümmer et al. (2008) have shown the
mportance of water availability and rainfall distribution for inter-
nnual variation in C budgets for a Soudanian savanna ecosystem.
oncrieff et al. (1997) showed that phenology was the main factor

etermining CO flux variability, both in space and in time, which in
2
urn was mainly determined by the timing of the start of the rainy
eason. Rockström and de Rouw (1997) on the other hand showed
hat short periods of intra-seasonal drought have a larger effect on
ti-sensor satellite observations (Mayaux et al., 2003)) and location of the different
a (ML-Kem), Dahra (SN-Dah), Wankama Fallow (NE-WaF), and Wankama Millet

spatiotemporal variability in grain yield than the annual sums of
rainfall for a millet farm in the Sahel. Instead, it was nutrient avail-
ability increasing the capacity to compensate for damage caused
by water shortage determining the size of grain yield (Rockström
and de Rouw, 1997). The biomass accumulation and C exchange
processes can also vary considerably depending on species com-
position, thus affecting both the spatial and inter-annual variation
(Boulain et al., 2009; Mbow et al., 2013). Tagesson et al. (2016)
explained findings of high CO2 exchange fluxes at the peak of the
rainy season for a grazed semi-arid savanna site in Senegal with
alleviated water stress conditions, a low C3/C4 ratio and a graz-
ing pressure resulting in compensatory growth and fertilization
effects. Hence, there is a range of explanatory variables describ-
ing variability in the land-atmosphere C exchange processes for
semi-arid savanna ecosystems, which indicates the importance of
analysing and quantifying these relationships at different temporal
and spatial scales.

A method that has received much attention during recent
decades is the eddy covariance (EC) technique, which has become
an important tool for measuring the CO2 exchange between land
and atmosphere. The EC method provides high resolution long term
temporal data, making it suitable for assessing the diurnal, seasonal
and inter-annual variation of net C exchange at the ecosystem level.
Compared to boreal and temperate ecosystems, semi-arid savanna
regions of Africa are underrepresented in the global EC flux net-
works (Ardö et al., 2008; Schwalm et al., 2010). However, a limited

number of sites with conducted EC measurements does exist in the
Sahel, and data from these sites are now available from the Fluxnet
database, a global network of micrometeorological measurement
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ites (Baldocchi et al., 2001). In order to study spatial and tempo-
al variability for the semi-arid ecosystems of the Sahel we  have
ynthesized the NEE and the C exchange processes (GPP and Reco)
s represented by existing available EC data. Research questions
otivating this study are: To which degree can driving factors influ-

ncing the C exchange processes be used to determine the fluxes
t diurnal, seasonal, and inter-annual scale? Can the Sahel be con-
idered as a homogenous or heterogeneous region regarding the

 sink/source strength, and to which degree can driving factors be
sed to determine this spatial variability? Finally, can these rela-
ionships be used for improving our understanding of the role of
he entire Sahel on the global C balance?

. Material and methods

.1. Experimental sites

The Sahel is an ecoclimatic and biogeographic transition zone
etween the Sahara desert to the north and the Soudanian Savanna
o the south stretching from the Atlantic Ocean to the Red Sea
Fig. 1). The extent of Sahel is defined as the region receiving
etween 150 and 700 mm rainfall per year (Prince et al., 1995). We
ave used EC data of NEE from six semi-arid savanna sites across
he Sahel (Table 1; Fig. 1). The sites represent a variety of natural
nd cultivated semi-arid ecosystems of the Sahel, from Senegal in
he west to Sudan in the east, and from a dry fallow bush region to a
easonally inundated acacia forest. For description of the different
ites, we refer to Table 1 and references therein.

.2. Eddy covariance and ancillary data

The sites are registered at the Fluxnet database, and EC and
ncillary data were collected from the principal investigators. Data
over the years between 2005 and 2013, with available data from
etween one and four years from each site (Table 1). The EC systems
onsisted of 3-axis sonic anemometers, and open-path CO2/H2O
nfrared gas analysers. The sonic anemometer and gas analyser
ata were sampled at 20 Hz rate, and the fluxes were calculated for
0 min  periods. We  extracted the level 2 original NEE data, with-
ut any gap filling and partitioning of NEE to GPP and Reco applied
o the datasets. The fluxes were filtered according to the Fluxnet
uality control flags, (only good data were used; quality control
ag = 0). Outliers were additionally filtered according Papale et al.
2006). Many of the sites have big data gaps, and a lot of filtered data
Table 1). However, Falge et al. (2001) found that on average 35%
f EC data are generally missing, whereas Papale et al. (2006) esti-
ated that 20–60% of the data were rejected by the different quality

lters applied. The EC systems were running throughout most of
he rainy seasons, capturing the part of the year with high NEE
ariability, and the long gaps mainly occurred during the dry sea-
ons, characterised by stable fluxes and limited vegetation activity.
ll sites are located in remote areas with limited research activ-

ties during the dry seasons, including also a lower maintenance
requency of the EC systems causing longer gaps in cases of instru-

ental malfunctioning. Additionally, in case there was need for any
ensor repair this was done during the dry seasons.

We  collected hydrological, meteorological, edaphic, and vege-
ation data from the individual sites; air and soil temperature (Tair,
nd Tsoil (0.1 m depth), respectively; ◦C), rainfall (P; mm), relative
ir humidity (Rh; %), soil moisture at 0.1 m depth (SWC; % vol-
metric water content), incoming global radiation (Rg; W m−2),
ncoming photosynthetically active radiation (PAR; �mol  m−2 s−1),
apour pressure deficit (VPD; hPa), herbaceous peak dry weight
iomass (g DW m−2), C3/C4 species ratio, and soil nitrogen and C
ontent (%) (Table 2).
eteorology 226–227 (2016) 108–118

For investigating the relationship between the C exchange fluxes
and vegetation phenology, we collected remotely sensed composite
products from the Moderate Resolution Imaging Spectroradiome-
ter (MODIS)/Terra L3 & L4 from the NASA Earth Observing System
(EOS) data gateway. The obtained products were the normalized
difference vegetation index (NDVI) (MOD13Q1) at 250 m spatial
resolution, and leaf area index (LAI) and fraction of photosynthet-
ically active radiation absorbed by the green vegetation (FPAR)
(MOD15A2) at 1 km spatial resolution. The time series of the
MODIS products were filtered according to the MODIS  quality con-
trol data (MODLAND QC) and gap-filled using linear interpolation.
Annual maximum values (max) of the remotely sensed products
were extracted. Integrals of vegetation indices are often used as
metrics for vegetation productivity within the earth observation
community (e.g. Bai et al., 2008; Fensholt et al., 2015; Tucker
et al., 1983) and annual sums (sum) were therefore calculated.
Additional metrics from NDVI were growing season integral (int),
start, end and length of the growing season, and these were com-
puted using a Savitsky–Golay filtering technique available in the
TIMESAT software (Jönsson and Eklundh, 2004). The parameters
applied in the TIMESAT analysis were: NDVI data range = 0.1-1.0,
seasonal parameter = 0.5, Number of envelope iterations = 3, adap-
tation strength = 1, Savitzky–Golay window size = 3, and amplitude
season start and end = 0.2 (Jönsson and Eklundh, 2004). For a fur-
ther description of the TIMESAT software and the parameters, see
Jönsson and Eklundh (2004).

2.3. Data analysis

2.3.1. Short term controls on half-hourly CO2 exchange fluxes
We used a 20 W m−2 Rg threshold to separate the half-hourly

NEE into daytime and night-time data. To investigate the drivers
of short term variability in CO2 exchange across the Sahel, day-
time and night-time half-hourly NEE were analysed for linear and
exponential relationships to ancillary data (Tair, Tsoil, Rh, SWC, Rg,
PAR, and VPD) using ordinary least square single variable regres-
sions during 7-day moving windows. Only measured data without
any gap-filling were included in this analysis and the 7-day moving
windows were used in order to avoid seasonal auto-correlation. The
effect of incoming PAR on daytime-NEE was  additionally estimated
for each 7-day moving window using non-linear Mitscherlich light-
response functions following the equation used by Aubinet et al.
(2001), Lindroth et al. (2008) and Reichstein et al. (2012):

NEE = −(Fcsat + Rd) × (1 − exp
(

−˛×PAR
Fcsat+Rd

)
) + Rd (1)

where Fcsat is the optimized NEE at light saturation (�mol  CO2
m−2 s−1), Rd is dark respiration (�mol CO2 m−2 s−1) and � is the
quantum efficiency (�mol  CO2 �mol  PAR−1) or the initial slope of
the light response curve. Ecosystem respiration is generally consid-
ered to follow an exponential relationship against temperature. An
equation originally derived for soil respiration by Lloyd and Taylor
(1994) is commonly used for testing the relationship between
ecosystem respiration and temperature:

Reco = R10 × exp

(
1

56.02 − 1
T+273015−227.13

)
(2)

where R10 is the respiration rate (�mol  CO2 m−2 s−1) at 10 ◦C, and
T is the temperature (◦C) (Falge et al., 2001; Lloyd and Taylor, 1994;
Reichstein et al., 2005, 2012). We fitted equation 2 with night-time
NEE against air temperature, and soil temperature for each 7-day
moving window.
2.3.2. Partitioning and gap-filling half-hourly CO2 exchange
fluxes

From the Fluxnet data base, partitioned data is available using
temperature response curves following a standardized method by
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Table 1
Site description including location, ecosystem type, dominant species, soil classification, measurement period and sensor set up for the eddy covariance system of the different sites. Height is measurement height of the sensors.

Site Coordinates Ecosystem Dominant species Soil
classification

Years Gas analyser Sonic
anemometer

Data availability Height (m)

Demokeyaa

(SD-Dem,
Sudan)

13.28◦N,
30.48◦E

Sparse acacia
savanna (7%
tree cover)

Trees: Acacia spp.,
Herbs: Aristida pallida,
Eragrostis tremula, Cenchrus
biflorus

Cambic
Arenosol

2007–2009 LiCor 7500 GILL R3 (GILL
Instruments)

0.43 9

Agoufoub

(ML-AgG, Mali)
15.34◦N,
1.48◦W

Open woody
savanna (4%
tree cover)

Trees: Acacia spp., Balanites
aegyptiaca,
Combretum glutinosum
Herbs:  Zornia glochidiata,
Cenchrus biflorus, Aristida
mutabilis, Tragus berteronianus

Sandy
ferruginous
Arenosol

2007 LiCor 7500 Csat-3
(Campbell
Scientific)

0.40 4.2

Kelmab

(MA-Kem,
Mali)

15.22◦N,
1.57◦W

Seasonally
flooded open
woodland (90%
tree cover)

Trees: Acacia seyal, Acacia
nilotica, Balanites aegyptiaca
Herbs: Sporobolus hevolvus,
Echinochloa colona,
Aeschinomene sensitive

Clay soil
depression

2007 LiCor 7500 Csat-3
(Campbell
Scientific)

0.45 12

Dahrac

(SN-Dah,
Senegal)

15.40◦N,
15.43◦W

Grassland/shrubland
Savanna (3%
tree cover)

Trees: Acacia spp., Balanites
aegyptiaca
Herbs: Zornia latifolia, Aristida
adscensionis, Cenchrus biflorus

Sandy luvic
Arenosol

2010–2013 LiCor 7500 GILL R3 (GILL
Instruments)

0.26 9

Wankama
Fallowd

(NE-WaF,
Niger)

13.65◦N, 2.63◦E Fallow bush Trees: Guiera senegalensis
Herbs: Cenchrus biflorus, Zornia
glochidiata, Mitracarpus scaber

Sandy
ferruginous
Arenosol

2005–2006 LiCor 7500 Csat-3
(Campbell
Scientific)

0.47 5

Wankama
Millete

(NE-WaM,
Niger)

13.64◦N, 2.63◦E Millet crop Crop: Pennisetum glaucum
Residual, cut-back trees: Guiera
senegalensis

Sandy
ferruginous
Arenosol

2005–2006 LiCor 7500 Csat-3
(Campbell
Scientific)

0.42 5.1

a Sjöström et al. (2009).
b Mougin et al. (2009).
c Tagesson et al. (2015b).
d Ramier et al. (2009).
e Boulain et al. (2009).
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Table  2
Annual values of hydrological, meteorological, edaphic and vegetation variables for the different sites. The biomass is the dry weight (DW) herbaceous biomass measured
at  the peak of the growing season; P is rainfall; N and C cont. are soil nitrogen and carbon contents at 0–20 cm depth; Tair and Tsoil are air temperature at 2 m height and
soil  temperature at 0.1 m depth, respectively; SWC  is soil water content (% volumetric water content) measured at 0.1 m soil depth; Rh is relative humidity, VPD is vapour
pressure deficit, Rg is incoming global radiation and PAR is photosynthetically active radiation. The sites are Demokeya (SD-Dem), Agoufou (ML-AgG), Kelma (ML-Kem),
Dahra  (SN-Dah), Wankama Fallow (NE-WaF), and Wankama Millet (NE-WaM). – means no data.

Site Year Biomass(g DW m−2) C3/C4 ratio P(mm)  N cont. (%) C cont. (%) Tair (◦C) Tsoil (◦C) SWC  (%) Rh(%) VPD (hPa) Rg(W m−2) PAR(�mol m−2 s−1)

SD-Dem 2007 92 0.30 356 0.027 0.09 27.0 33.0 4.2 35.2 25 264 521
SD-Dem  2008 99 0.30 293 0.027a 0.09a 27.1 32.7 4.2 36.5 25 257 511
SD-Dem  2009 59 0.30 238 0.027a 0.09a 27.9 33.7 3.6 31.1 28 253 480
ML-AgG  2007 162 0.25 349 0.033b 0.20b 29.2 30.0d 1.8d 31.2 31 262 499
ML-Kem  2007 – 0.90 349 0.069b 0.45b 28.4 31.5 – 33.6 28 254 488e

SN-Dah 2010 471 0.19 650 0.037c 0.38c 28.6 33.9 3.9 41.8 35 237 449
SN-Dah  2011 223 0.19 486 0.040 0.32 27.9 33.3 3.9 39.9 37 244 473
SN-Dah  2012 206 0.19 606 0.034 0.43 28.1 34.0 4.7 41.6 37 233 471
SN-Dah  2013 265 0.19 355 0.037c 0.38c 28.5 33.8 4.4 41.5 40 239 498
NE-WaF  2005 71 0.80 495 – – 29.7 33.1 1.3 34.7 44 242 468e

NE-WaF 2006 132 0.80 572 – – 29.5 33.2 1.7 36.4 42 244 472e

NE-WaM 2005 201 0.10 495 – – 29.0 31.8 2.3 33.3 43 247 479e

NE-WaM 2006 130 0.10 572 – – 28.5 31.0 2.8 35.8 28 245 475e

a Measured in 2007.
b Measured in 2006.
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Table 3
Statistics for the regression tree analysis studying relationships between seasonal
dynamics in the land-atmosphere C exchange processes and the explanatory vari-
ables. NEE is net ecosystem exchange, GPP is gross primary productivity, Reco is
ecosystem respiration, R2 is the coefficient of determination for the regression tree,
NDVI is the normalized difference vegetation index, PAR is photosynthetically active
radiation (�mol  m−2 s−1), VPD is vapour pressure deficit (hPa), SWC  is soil water
content at 0.1 m soil depth (% volumetric water content), Tsoil and Tair is soil temper-
ature at 0.1 m soil depth and air temperature at 2 m height ( ◦C), respectively. The
sites are Demokeya (SD-Dem), Agoufou (ML-AgG), Kelma (ML-Kem), Dahra (SN-
Dah), Wankama Fallow (NE-WaF), and Wankama Millet (NE-WaM). The pruning
level is the number of splits of the regression tree.

Explanatory variables: 1 2 3 4 5 6 Pruning level R2

NEE (g C m−2 d−1)
SD-Dem NDVI Tsoil PAR SWC  VPD Tair 20 0.81
ML-AgG NDVI SWCa PAR 6 0.85
ML-Kem NDVI PAR 6 0.78
SN-Dah NDVI PAR VPD SWC  Tsoil Tair 17 0.77
NE-WaF NDVI SWC  Tsoil PAR Tair VPD 16 0.79
NE-WaM SWC  NDVI 2 0.17

GPP  (g C m−2 d−1)
SD-Dem NDVI VPD SWC  PAR Tair 88 0.98
ML-AgG NDVI SWCa PAR Tair 10 0.98
ML-Kem NDVI PAR VPD Tair 26 0.97
SN-Dah NDVI SWC  PAR VPD Tair 54 0.96
NE-WaF NDVI SWC  VPD PAR 18 0.94
NE-WaM NDVI Tair SWC  VPD PAR 19 0.72

Reco (g C m−2 d−1)
SD-Dem GPP SWC  VPD Tsoil NDVI 24 0.83
ML-AgG NDVI SWCa GPP VPD Tsoil 14 0.96
ML-Kem NDVI VPD GPP Tsoil 26 0. 74
SN-Dah GPP NDVI SWC  VPD Tsoil 27 0.91
NE-WaF NDVI SWC  Tsoil VPD GPP 16 0.89
c Average of 2011–2012.
d Measured at 0.05 m depth.
e Modelled from Rg.

eichstein et al. (2005). No short term relationship between night-
ime NEE and temperature during 7-day moving windows at these
ahelian sites were observed (for results see subsection 3.1). The
aytime NEE measured at all sites were thereby partitioned into
PP and Reco following the method by Falge et al. (2001), using

he Mitscherlich light-response function (Eq. (1)). Vapour pressure
eficit limits on GPP was accounted for by replacing the fixed Fcsat

arameter in Eq. (1) with an exponential decreasing function:

csat =
{

Fcsatexp−k VPD−VPD0

Fcsat

VPD > VPD0

VPD < VPD0

VPD0 = 10hPa (3)

ollowing the method by Lasslop et al. (2010). Eq. (1) in combi-
ation with Eq. (3) was parameterized for daytime NEE using the
-day moving windows throughout the measurement periods. By
ubtracting Rd the functions were forced through 0, and GPP was
hereby estimated:

PP = −(Fcsat + Rd) × (1 − exp
(

−˛×PAR
Fcsat+Rd

)
) (4)

Ecosystem respiration was subsequently calculated by subtract-
ng modelled GPP from measured NEE.

Gaps shorter than three days in the time series of NEE, GPP and
eco were consequently gap-filled, following Falge et al. (2001): (1)
aps shorter than 2 h were filled using linear interpolation; (2) day-
ime gaps longer than 2 h were filled using Eqs. (1) and (3) for NEE,
nd Eqs. (3) and (4) for GPP fitted to half-hourly NEE values from
-day moving windows; (3) night-time GPP was set to 0, and gaps

n night-time NEE were set to average NEE measured during that
ight; (4) mean diurnal variation calculated for the 7-days mov-

ng windows were used for filling any remaining gaps shorter than
hree days; (5) finally, gap-filled GPP was subtracted from gap-filled
EE to estimate gap-filled Reco. This first calculation step gives neg-
tive GPP values; in order to clarify results from the correlation
nalysis we converted GPP to positive values. A source of error in
he gap-filling is that data during low turbulent conditions are fil-
ered out, and hence underrepresented in the application of the
ap filling. However, there was no correlation between NEE and
riction velocity within 7-day moving windows for any of the sites
ndicating no strong influence of turbulence on the measurements.
.3.3. Seasonal, spatial and inter-annual dynamics of the C
xchange fluxes

The seasonal dynamics in NEE, Reco and GPP interact in compli-
ated non-linear ways with environmental variability, and ordinary
NE-WaM NDVI GPP Tsoil 3 0.27

a Measured at 0.05 m depth.

regression models that are supposed to apply over the entire data
space do not perform well. Therefore, daily sums of NEE, Reco and
GPP were calculated from the gap-filled time-series and relation-
ships to the ancillary data were analysed using regression tree
analysis. This is a robust non-parametric statistical method to study
complex, nonlinear relationships between a response variable and

several explanatory variables (De’ath and Fabricius, 2000). The
ancillary data included in the regression tree analysis were daily
values of: NDVI, Tair, Tsoil, Rh, SWC, PAR, and VPD. The data were
split into homogeneous subgroups categorized by values of the
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Fig. 2. Diurnal patterns in the land atmosphere exchange processes. Median diurnal patterns in (a) gross primary productivity (GPP), photosynthetically active radiation
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PAR), and (b) ecosystem respiration (Reco) for Demokeya (SD-Dem), Agoufou (ML-A
NE-WaM). The normalization was done by dividing each half-hourly value by the m

ependent and the independent variables. The splitting creates a
arge tree, which was pruned to an appropriate size using cross val-
dation. The data were separated into ten subgroups of about equal
ize, and at least five days were required in each subgroup. Ten trees
ere created with nine of the subgroups, one was  left out, and the

en trees were evaluated against the left-out subgroup. For each of
he ten trees, the error was summed and the smallest tree with the
owest error was selected. We  repeated the procedure 100 times,
nd the tree size that was most common was used in the final anal-
sis. For a detailed description of the advantages with regression
ree analysis, see De’ath and Fabricius (2000).

Regression trees were also used for filling remaining gaps longer
han three days in the CO2 fluxes. 100 tree sizes were chosen based
n 100 runs of cross validation, and these trees were used for esti-
ating the CO2 fluxes (De’ath and Fabricius, 2000). The 100 CO2

ux subsets were averaged and used for filling the gaps in daily
ums of NEE, GPP and Reco. A source of error in the gap filling of
aily sums of the CO2 fluxes is the long data gaps during the dry
easons. However, because of the limited vegetation activity dur-
ng this period of the year, flux variability is low and fluxes are very
table. All sites had sampled data from the dry seasons, which were
sed within the regression trees for filling these gaps.

We calculated total annual C budgets by summing all NEE, GPP
nd Reco fluxes for each year. To study the drivers of spatial and
nter-annual variability in CO2 exchange across the six sites in
ahel, annual sums of NEE, GPP, and Reco were correlated with ancil-
ary data using ordinary Pearson linear correlation. GPP and Reco

re derived from NEE and these variables are thereby spuriously
orrelated (Brett, 2004). In order to avoid the spurious correlation
hen analysing the relationship between NEE, GPP, and Reco we

sed a bootstrap simulation methodology where the NEE, GPP, and
eco datasets were copied and randomly sorted 1000 times (Brett,
004). The 1000 randomly sorted datasets of GPP and Reco were
elma (ML-Kem), Dahra (SN-Dah), Wankama Fallow (NE-WaF), and Wankama Millet
daily value. We only used data from days with more than 70% data coverage.

subtracted from the 1000 random datasets of NEE resulting in 1000
random datasets of Reco and GPP, respectively. The spurious corre-
lation was  estimated by correlating these 1000 random datasets,
and accounted for in the correlation between the original NEE, GPP,
and Reco datasets following the method by Brett (2004) and Lund
et al. (2010).

There are uncertainties built in to the EC method which affect
the long term CO2 budgets and it is therefore essential to quantify
errors in the budgets. Given that data were collected at Fluxnet, it
is not possible to estimate the random and systematic error of each
individual turbulent flux measurement. However, it is commonly
accepted that uncertainty for individual turbulent flux measure-
ments are 10–20% (Moncrieff et al., 1996), and we  thereby applied
an uncertainty factor of 15% to each individual flux measured value
(Emeas). Uncertainties related to gap filling using light response
functions (Egap light) can be estimated by using different subsets
when parameterising the gap-filling model (Papale, 2012). We
used a bootstrap simulation methodology, where the datasets were
copied 100 times for each 7-day moving window (Richter et al.,
2012). The runs generated 100 sets of parameters for Eqs. (1), (3)
and (4) and Egap light was  estimated from the uncertainty in 100
budgets calculated using these 100 sets of parameters. The errors
associated with the gap-filling using the average night-time data
and the mean diurnal variation was estimated from the standard
deviation (Egap mean). The errors associated with filling gaps longer
than 3 days using regression tree analysis (Egap tree) were estimated
from the uncertainty in 100 CO2 flux estimates from the regression
trees. All gap filling errors were considered as systematic given that
the gap-filling methods differed for different parts of the day and
that the longer gaps were not randomly distributed throughout the

year (Moncrieff et al., 1996).
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Fig. 3. Seasonal patterns in the land atmosphere exchange processes. Seasonal patterns in net ecosystem exchange (NEE), gross primary productivity (GPP) and ecosystem
respiration (R ). DOY is set to equal 0 the day of year (DOY) when the rainy season starts. The rainy season is defined to start the first DOY with rainfall (occasionally there
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ere  minor rainfall events before the actual start of the rainy season and these are
ahra  (SN-Dah), Wankama Fallow (NE-WaF), and Wankama Millet (NE-WaM).

. Results

.1. Diurnal variability in CO2 exchange fluxes

Half-hourly GPP peaked in the morning at 11:00-11:30, slightly
efore the peak of incoming radiation (Fig. 2a). Average Reco was  at
inimum in the morning at 11:00 and peaked late in the afternoon

t 17:00 (Fig. 2b). All sites except Dahra followed the average diur-
al Reco curve, whereas Dahra had lowest values during night-time.
one of the sites had any strong relationships between night-time
alf-hourly NEE and any of the explanatory variables for the 7-
ay periods throughout neither the rainy nor the dry season. The
ain factor determining the daytime half-hourly NEE was  PAR, as

here were strong relationships following the Mitscherlich function
Eq. (1)) for all sites and throughout most of the seasonal cycles.
here were, however, days during the dry season and during the
tart and end of the rainy season without a relationship. During the
ry season, limited productivity was observed. In the beginning
f the rainy season, there were large bursts in Reco (Fig. 3) which
onceals the minor productivity at this state of the phenological

ycle.
cluded). The sites are Demokeya (SD-Dem), Agoufou (ML-AgG), Kelma (ML-Kem),

3.2. Seasonal dynamics in CO2 exchanges

The overall seasonal dynamics were similar across all sites, but
differences in the amplitude were observed (Fig. 3). The ecosys-
tems were more or less C neutral during the dry season, and
NEE were low (average NEE 1 December to 1 June all sites:
−0.11 ± 0.18 g C m−2 d−1). There was no herbaceous vegetation and
the minor dry season GPP (average GPP 1 December to 1 June all
sites: 0.52 ± 0.15 g C m−2 d−1) was from some few evergreen trees.
Ecosystem respiration was  also low (average Reco 1 December to 1
June all sites: 0.44 ± 0.16 g C m−2 d−1), due to the low SWC  (aver-
age SWC  1 December to 1 June all sites: 1.9 ± 0.13%Vol) decreasing
microbial activity. The effect of the start of the rainy season on the
CO2 exchange processes was clear (Fig. 3); soil decomposers were
activated due to the increased SWC  and there was a strong increase
in Reco. The Reco exceeded the GPP, and the ecosystem acted as a
C source. However, herbaceous vegetation also responded to the
increased SWC, and subsequently started to grow. Gross primary
productivity increased with biomass turning the ecosystem into a
C sink when GPP exceeded the Reco. For the peak of the rainy sea-

son, daily average peak (highest annual value of a 15 day running
mean) NEE rates for all sites were −3.69 g C m−2 d−1, but with a
large range of between −0.90 g C m−2 d−1 (Wankama Millet 2006)
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Fig. 4. Scatter plot of among-site and inter-annual budgets of the land atmosphere exchange processes against the seasonal integral of the normalized difference vegetation
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ndex  (NDVIint). NDVIint was the explanatory variables of strongest correlation. (a) 

espiration (Reco). The sites are Demokeya (SD-Dem), Agoufou (ML-AgG), Kelma (M
he  black lines are the ordinary least-square linear regression lines.

nd −7.02 g C m−2 d−1 (Kelma 2007). Average peak GPP and Reco

ates were 8.34 g C m−2 d−1 and 5.04 g C m−2 d−1 respectively. The
ange was between 3.39 g C m−2 d−1 and 14.41 g C m−2 d−1 for GPP
nd 2.84 g C m−2 d−1 and 9.59 g C m−2 d−1 for Reco. Dahra 2010 had
he highest absolute values for both GPP and Reco, and Wankama

illet 2006 the lowest for GPP and Demokeya 2007 the lowest for
eco. The ecosystems continued to be C sinks until the end of the
ainy season (Fig. 3).

All variables included in the regression tree analysis are
epeated observations characterized by temporal auto-correlation
nd are thereby not statistically independent. It is therefore not
ossible to estimate the exact contribution of each of the explana-
ory variables controlling the CO2 fluxes, but the regression tree
nalysis does indicate which explanatory variables that are closest
oupled to the CO2 fluxes. The regression trees explained the vari-
bility in CO2 fluxes well for all sites except for NEE at Wankama
illet (Table 3). The main explanatory variables (in the order men-
ioned) coupled to seasonal dynamics in NEE were: NDVI, SWC, PAR,
soil, VPD, and Tair. Variables coupled to seasonal dynamics in GPP
ere: NDVI, SWC, PAR, VPD, and Tair. For the analysis of seasonal
osystem exchange (NEE); (b) gross primary productivity (GPP), and (c) ecosystem
), Dahra (SN-Dah), Wankama Fallow (NE-WaF), and Wankama Millet (NE-WaM).

dynamics in Reco the main explanatory variables were: NDVI, GPP,
SWC, VPD, and Tsoil.

3.3. Spatial and inter-annual dynamics in CO2 fluxes

Large spatial and inter-annual variability in the CO2 fluxes
were found across the six sites in the Sahel (Table 4). The
average yearly NEE was −162 ± 47 g C m−2 y−1 (annual bud-
get ± total error). On average, all sites acted as C sinks ranging
between −10 ± 29 g C m−2 y−1 to −373 ± 80C m−2 y−1; with the
smallest and largest sink strength at Wankama Millet 2006 and
Dahra 2010, respectively. Also large inter-annual and spatial
variability in GPP and Reco was observed; GPP ranged between
414 ± 54 to 1301 ± 124 g C m−2 y−1 (average: 692 ± 88 g C m−2 y−1)
and Reco ranged between 332 ± 31 and 937 ± 94 g C m−2 y−1 (aver-
age: 546 ± 60 g C m−2 y−1). Again Dahra was  characterised by the

highest absolute values of annual GPP and Reco, whereas Agoufou
showed the lowest.

There were strong negative correlations between annual NEE
and GPP and Reco budgets, also after taking the spurious correlation
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temming from the partitioning procedure into account, indicating
hat sites with high GPP and Reco were strong C sinks (Table 5). It
as also shown that sites with high Rh, biomass, and soil C content,

nd high values of phenology metrics (LAImax, FPARmax, NDVImax,
DVIsum, and NDVIint) were strong C sinks. Annual GPP was  cor-

elated with Rh, Rg, biomass, soil C contents, and all phenology
etrics. Annual Reco was correlated with P, Rh, Rg, biomass, soil

 contents, and all phenology metrics. NDVIint was  found to be the
etric with the strongest correlations to NEE, GPP and Reco (Table 5,

ig. 4).

. Discussion

One of the main characteristics of the Sahelian environment, and
or semi-arid areas in general, is the dry season suppressing GPP and
eco for a long period of the year (>200 days) (Fig. 3). Even though
here was among-site variations in meteorology, nutrient availabil-
ty, species composition, and ecosystem structure (Table 1), all sites
re characterized by long dry seasons. The among-site variation
n GPP was higher than the among-site variation in Reco (range:
87 and 605 g C m−2 y−1 and coefficient of variation: 0.45 and 0.38,
espectively), indicating that Reco was more suppressed than was
PP by these dry conditions. Consequently, GPP of the Sahel is more
ariable than Reco, and factors regulating GPP are fundamental for
he inter-annual variability in the C balance of the Sahel.

Limited variability in night-time NEE was observed, and there
as no correlation between night-time NEE and temperature. The
iurnal pattern (Fig. 2) is noticeable and indicates that photo-
ynthesis could be the main driver of short-term variability in
eco, but with a time-lag (Tang et al., 2005). Ecosystem respiration
ould then instead be constrained by substrate availability, and

he time-lag is due to the fact that photosynthetic products (mainly
arbohydrates) needs some time for the translocation downwards
rom the leaves to the roots (Tang et al., 2005). The Reco thereby
eaks when the carbohydrate reaches the roots, a couple of hours
fter the daytime GPP peak (Fig. 2). The only site which deviated
rom this pattern was Dahra, being characterised by high GPP val-
es, possibly giving high substrate availability for heterotrophic
espiration resulting in high Reco throughout the day (Fig. 2). Sea-
onal dynamics in Reco was also strongly affected by GPP for many
f the sites (Table 3), indicating a strong impact of ecosystem pro-
uctivity on Reco (e.g. Flanagan and Johnson, 2005; Janssens et al.,

001).

Surprisingly, no correlation between length of growing season
nd annual budgets of GPP was found (Table 5). The lack of relation-
hip could possibly be explained by the dominance of short-lived

able 4
nnual budgets of the land atmosphere exchange processes for the different sites and the
eco is ecosystem respiration. The sites are Demokeya (SD-Dem), Agoufou (ML-AgG), Kel
NE-WaM). The annual budgets are given ± total errors. Errors within brackets are1) err
lling  using light response functions (Egap light), 3) ± errors associated with the gap-filling
)  ± errors associated with filling gaps longer than 3 days using regression tree analysis (E

Site Year NEE (g C m−2 y−1) 

SD-Dem 2007 −121 ± 43 (18 ± 2 ± 4 ± 19) 

SD-Dem  2008 −131 ± 44 (20 ± 15±4 ± 5) 

SD-Dem 2009 −87 ± 25 (13 ± 4 ± 4 ± 4) 

ML-AgG  2007 −89 ± 31 (14 ± 1 ± 4 ± 12) 

ML-Kem  2007 −309 ± 106(73 ± 8 ± 15 ± 10) 

SN-Dah  2010 −373 ± 80 (28 ± 6 ± 15 ± 31) 

SN-Dah 2011 −230 ± 51 (29 ± 4 ± 7 ± 11) 

SN-Dah  2012 −221 ± 40 (15 ± 9 ± 12 ± 4) 

SN-Dah  2013 −225 ± 66 (15 ± 9 ± 24 ± 18) 

NE-WaF 2005 −137 ± 37 (5 ± 13 ± 8 ± 11) 

NE-WaF 2006 −107 ± 26 (9 ± 9 ± 8 ± 0) 

NE-WaM 2005 −63 ± 34 (8 ± 3 ± 13 ± 10) 

NE-WaM 2006 −10 ± 29 (7 ± 3 ± 17 ± 2) 

Average −162 ± 48 (20 ± 7 ± 10 ± 11) 
eteorology 226–227 (2016) 108–118

annual herbaceous species of the Sahel that are specialized to grow
quickly at the beginning of the rainy season (Elberse and Breman,
1989, 1990; Mbow et al., 2013), and thereby not very much affected
by the length of the rainy season. The bulk of herbaceous produc-
tion also occurred during the first few weeks in the AMMA-CATCH
observatory in Mali (Mougin et al., 2009), indicating the impor-
tance of hydro-climatic conditions during the so-called fast growth
period which extends from the end of establishment period till
flowering (Penning de Vries and Djiteye, 1982).

Generally, it is considered that rainfall governs the inter-annual
variation in vegetation productivity for the Sahel (e.g. Fensholt
et al., 2013; Hickler et al., 2005). The lack of relationship between
spatial and inter-annual dynamics in GPP and rainfall (Table 5,
Fig. 5) could possibly be explained by human impact degrading the
rain use efficiency (GPP/rainfall) since the Wankama sites had the
lowest ratio of GPP to rainfall (Fig. 5). The Wankama plots are typi-
cal of the conditions prevailing over the whole Fakara region of SW
Niger, an area with a strong reduction in vegetation productivity
which has mainly been attributed to a strong human impact due to
land use intensification, a strong grazing pressure, wood harvest-
ing, soil loss, and decreased fertility (Cappelaere et al., 2009; Dardel
et al., 2014). As is observed in the Wankama fields, increasing crop-
ping and grazing intensity and shortening of fallow duration on
poor soils with very little fertilizing and anti-erosion measures,
can explain this depressed productivity, and hence the low rain
use efficiency. This ratio also directly suffers from the propen-
sity of the Fakara soils to develop surface crusting that hampers
rain infiltration, a property that has been enhanced by the type of
land management and is prevailing in the Wankama fields (Velluet
et al., 2014). The decoupling between rainfall and GPP could also be
explained by site specific conditions of run-on, run-off, percolation
or as direct wet evaporation (e.g. Timouk et al., 2009; Velluet et al.,
2014). Yet another explanation could be related to the available
species pool in the Sahel being adapted to dry conditions (Elberse
and Breman, 1990), and once the water is sufficient for growth,
productivity is no longer limited by rainfall (Hiernaux et al., 2009).

On the other hand, it has also been shown that a false start of
the rainy season could strongly alter the herbaceous species com-
position with strong effects on biomass accumulation (Mbow et al.,
2013). Soil water availability is thereby an important factor for sea-
sonal dynamics in vegetation productivity, supported by SWC  being
the most important hydro-climatic variable related to seasonal

dynamics in GPP (Table 3). Another factor with a strong correla-
tion to the flux processes was Rh. The most far western station,
Dahra has very high fluxes in relation to other semi-arid savanna
sites. This has been explained by alleviated water stress conditions,

 different years. NEE is net ecosystem exchange, GPP is gross primary productivity,
ma (ML-Kem), Dahra (SN-Dah), Wankama Fallow (NE-WaF), and Wankama Millet
ors for individual turbulent flux measurements (Emeas), 2) ± errors related to gap

 using the average night-time data and the mean diurnal variation (Egap mean) and
gap tree).

GPP (g C m−2 y−1) Reco (g C m−2 y−1)

433 ± 44 (22 ± 3 ± 4 ± 15) 366 ± 26 (13 ± 1 ± 5 ± 7)
520 ± 80 (57 ± 16 ± 3 ± 4) 408 ± 49 (38 ± 5 ± 4 ± 2)
461 ± 73 (55 ± 4 ± 8 ± 6) 383 ± 48 (41 ± 2 ± 4 ± 1)
414 ± 54 (37 ± 1 ± 7 ± 9) 332 ± 31 (23 ± 1 ± 3 ± 4)
1058 ± 160 (132 ± 17 ± 2 ± 9) 744 ± 112(66 ± 4 ± 11 ± 31)
1301 ± 124(65 ± 14 ± 10 ± 35) 937 ± 94 (37 ± 9 ± 14 ± 34)
959 ± 112 (89 ± 5 ± 1 ± 17) 788 ± 92 (60 ± 5 ± 6 ± 21)
1030 ± 116 (79 ± 17 ± 12 ± 8) 829 ± 77 (61 ± 3 ± 9 ± 4)
881 ± 134 (51 ± 67 ± 2 ± 14) 609 ± 63 (35 ± 3 ± 12 ± 13)
495 ± 63 (29 ± 17 ± 7 ± 10) 397 ± 40 (24 ± 2 ± 8 ± 6)
568 ± 78 (61 ± 13 ± 2 ± 2) 474 ± 59 (49 ± 1 ± 8 ± 1)
461 ± 54 (40 ± 4 ± 4 ± 6) 428 ± 45 (31 ± 4 ± 9 ± 1)
414 ± 58 (42 ± 11 ± 2 ± 3) 403 ± 40 (31 ± 5 ± 4 ± 0)
692 ± 89 (58 ± 15 ± 5 ± 11) 546 ± 59 (39 ± 3 ± 7 ± 10)
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Table  5
Correlation matrix between spatial and inter-annual variability in CO2 flux pro-
cesses and the explanatory variables. NEE is net ecosystem exchange; GPP is gross
primary productivity; Reco is ecosystem respiration; P is annual rainfall; Tair and
Tsoil are yearly averaged air temperature at 2 m height and soil temperature at 0.1 m
depth, respectively; SWC  is yearly averaged soil water content (% volumetric water
content) measured at 0.1 m depth; Rh is yearly averaged relative humidity; VPD is
yearly averaged vapour pressure deficit; Rg is yearly averaged incoming global radi-
ation; N and C cont. are soil nitrogen and carbon contents; G.S. is growing season;
LAImax is maximum leaf area index; FPARmax is maximum fraction of photosyntheti-
cally active radiation absorbed by the vegetation; NDVImax is maximum normalized
difference vegetation index (NDVI); NDVIsum is annual sum of NDVI; and NDVIint

is growing season integral of NDVI. Sample size was  13 for all except the marked
explanatory variables.

Explanatory variable NEE(g C m−2 y−1) GPP(g C m−2 y−1) Reco(g C m−2 y−1)

Meteorological data
P (mm) −0.21 0.39 0.49*

Tair (◦C) 0.09 −0.06 −0.07
Tsoil (◦C)a −0.44 0.45 0.46
SWC  (%)b −0.50 0.53 0.52
Rh  (%) −0.61* 0.72** 0.75**

VPD (hPa) −0.08 0.16 0.20
Rg (W m−2) 0.39 −0.58* −0.63*

Biomass and edaphic data
Biomass(g DW m−2)b −0.75** 0.82** 0.80**

C3/C4 ratio −0.17 0.02 −0.05
N  cont. (%)c −0.63 0.57 0.50
C  cont. (%)c −0.82** 0.88** 0.86**

Earth observation data
G.S. start 0.31 −0.31 −0.32
G.S.  end 0.44 −0.46 −0.44
G.S.  length 0.28 −0.34 −0.33
LAI max −0.94** 0.94** 0.90**

FPARmax −0.92** 0.93** 0.90**

NDVImax −0.93** 0.94** 0.89**

NDVIsum −0.87** 0.87** 0.83**

NDVIint −0.94** 0.95** 0.90**

Flux datad

NEE −0.95** −0.89**

GPP 0.98**

Reco

a Sample size equals 12.
b Sample size equals 11.
c Sample size equals 9.
d
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Fig. 5. Scatter plot of among-site and inter-annual budgets of gross primary pro-
ductivity (GPP) against annual rainfall (P; mm y−1). The different sites are Demokeya
Spurious correlation taken into account (see main text Section 2.3.3).
* Significant at 0.05 level.

** Significant at 0.01 level.

 low C3/C4 ratio and a grazing pressure resulting in compensatory
rowth and fertilization effects (Tagesson et al., 2016). Yet another
eason could be the West African Monsoon with reversed winds
uring the warmer part of the year. During the rainy season, south-
estern winds bring a humid layer of surface air from the Atlantic,
ossibly increasing vegetation productivity for the most western
art of Sahel.

Phenology of the vegetation, derived from earth observation
ata, was the main explanatory variable coupled to seasonal, inter-
nnual and spatial dynamics in all CO2 fluxes (Table 5). By applying
he empirical relationship in Fig. 4a on NDVIint estimates across
he Sahel, a rough and indicative regional-scale NEE can be cal-
ulated. Average NEE 2005–2013 would be −149 g C m−2 y−1, and
ith a size of 3 million km2 this equals a mean NEE uptake of
448 Tg C y−1 for the entire region. This is a substantial fraction

∼4.5%) of the global C emissions from fossil fuel and land-use
hange, ∼10 Pg C y−1, and hereby a significant contributor to the
mportant CO2 uptake by terrestrial ecosystems (Ahlström et al.,
015; Le Quéré et al., 2013). A strong greening trend in the Sahel

as been observed from satellite observations during the last three
ecades due to alleviated water stress conditions (e.g. Dardel et al.,
014; Fensholt et al., 2013; Olsson et al., 2005), possibly indicat-

ng that a substantial part of the absorbed C increases the biomass
(SD-Dem), Agoufou (ML-AgG), Kelma (ML-Kem), Dahra (SN-Dah), Wankama Fallow
(NE-WaF), and Wankama Millet (NE-WaM). The black line is the ordinary least-
square linear regression line.

density for the Sahel. However, there was  no greening trend at the
Dahra field site 2002–2012 (Tagesson et al., 2015b), where instead
it was shown that a main part of the absorbed C ends up in the soil
organic C pool (Tagesson et al., 2016). It has also been shown that
the CO2 released by wildfires is higher than the emissions by fossil
fuel burning for Africa, and 52% of the worlds total fire emissions
originates from Africa (Valentini et al., 2014; Williams et al., 2007).
It is hereby of urgent matter to further study, quantify and up-scale
these fluxes to fully understand the land-atmosphere C exchange
processes across the vast areas of Sahel.

There is considerable uncertainty in the projections of future
climate for the Sahel, but an average increase in temperature for the
region is expected. A decrease in rainfall for the western Sahel, and
an increase in rainfall for the eastern part is also projected (Roehrig
et al., 2013). This points to a continuous strong C sink for the eastern
Sahel, whereas the sink of the western Sahel could decrease, and it
may  even turn into a source of the C accumulated during years of
alleviated water stress conditions.

5. Conclusions

In this study including available NEE data for six eddy covariance
flux sites across the Sahel, we have found that all sites were net
sinks of atmospheric CO2, but both NEE and its components (GPP
and Reco) were highly variable both in time and space. Variability in
GPP was higher compared with Reco, and factors regulating GPP are
thereby fundamental for determining the inter-annual variability
in the C balance of the Sahel. It was  shown that once the water is
sufficient for growth, GPP is no longer limited by rainfall. Instead,
vegetation phenology, and seasonal dynamics in SWC  were found
to be important factors for determining GPP variability. At diurnal
scale, PAR was  the main driving factor determining GPP variability.
Vegetation productivity was  the main factor determining diurnal
variability in Reco, whereas seasonal variability was strongly cou-
pled to phenology and GPP. A rough regional-scale NEE estimate
indicated that the Sahel, during the period of analysis, was  a sig-
nificant contributor to the important land C sink. It is of thereby of
major importance to study effects of climate change on vegetation
properties, and seasonal dynamics in SWC, and to include these
factors into models of current and future C exchange process levels
for the Sahel.
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