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Precipitation as driver of carbon fluxes in 11 African ecosystems
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Abstract. This study reports carbon and water fluxes be- Values for maximum net carbon assimilation rates
tween the land surface and atmosphere in eleven differenfphotosynthesis) ranged from-12.5umolCO;m—2s1
ecosystems types in Sub-Saharan Africa, as measured ugr a dry, open Millet cropland (Cs-plants) up to

ing eddy covariance (EC) technology in the first two years—48,molCO,m~2s™1 for a tropical moist grassland.

of the CarboAfrica network operation. The ecosystems forMaximum carbon assimilation rates were highly corre-
which data were available ranged in mean annual rainfallated with mean annual rainfall-3=0.74). Maximum
from 320 mm (Sudan) to 1150 mm (Republic of Congo) and photosynthetic uptake rateBmax) were positively related
include a spectrum of vegetation types (or land cover) (operto satellite-derived fapar.  Ecosystem respiration was
savannas, woodlands, croplands and grasslands). Given tliependent on temperature at all sites, and was additionally
shortness of the record, the EC data were analysed across tidependent on soil water content at sites receiving less
network rather than longitudinally at sites, in order to under-than 1000 mm of rain per year. All included ecosystems
stand the driving factors for ecosystem respiration and cardominated by g-plants, showed a strong decrease in 30-min
bon assimilation, and to reveal the different water use strateassimilation rates with increasing water vapour pressure
gies in these highly seasonal environments. deficit above 2.0 kPa.

* Fluxes from the atmosphere to the ecosystem are nega-
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1 Introduction number of eddy covariance-based analyses of seasonal vari-
ation of ecosystem-atmosphere carbon exchange have been
Information about Africa’s role in the global carbon cycle is published over the last few years, describing single ecosys-
sparse. It remains unknown whether Africa, as a whole, reptem types such as Mopane woodlandl@@hospermum
resents a net sink or source of atmospheric carbon, and howopane)broad-leaved deciduo@mbreturrdominated sa-
carbon exchange varies temporally and spatially at the contivannas, fine-leaveficaciadominated savannas, as well as
nental scale (Williams et al., 2007). Africa supports a largeplantations of clonal Eucalypt in tropical Africa (Goutorbe
variety of terrestrial ecosystem types, reflecting differenceset al., 1997; Hanan et al., 1998; Epron et al., 2004, 2006;
in climate, geology, and species composition, as well as land/eenendaal et al., 2004; Arneth et al., 2006; Bruemmer et
use and land use change taking place all over the continent.al., 2008; Kutsch et al., 2009). Some studies that seek to
Three important approaches have been applied recentlgrovide a broader integration over latitude or along rainfall
to understand the variations of G@xchange processes of gradients have been based on short-term campaign measure-
African ecosystems in space and time as well as their driversments (Dolman et al., 1997; Dolman et al., 2003; Scanlon
The first focused on the biocomplexity of savannas (Sankaramand Albertson, 2004; Scholes et al., 2004; Shugart et al.,
et al., 2005, 2008; Bucini and Hanan, 2007) and followed a2004; Schuttemeyer et al., 2006).
long tradition of ground-based ecophysiological research try- |n this study, we compare ecosystem fluxes across a range
ing to understand the role of water, nutrients, herbivory andof vegetation types and climate zones. We focus specifically

fire in savanna dynamics, and in particular on tree-grass inon the flux response to variations in precipitation during the
teractions (Walter, 1939, 1971; Scholes and Walker, 1993iyet season. We seek to test whether precipitation and soil

Scholes and Archer, 1997; Jeltsch et al., 2000; Scholes et almoisture are not only a principle determinant of the distribu-
2004; Bond and Keeley, 2005; Bond et al., 2005). This ap-tion of vegetation types in Africa, but also the overriding en-
proach supports to interpret functional properties of savannagironmental controls on the spatial variation in Net Ecosys-
by understanding their structure. tem Exchange of carbon (NEE). Furthermore, we investigate

The second approach has used remote sensing to reveghether NEE-soil moisture relationships known from obser-
large-scale vegetation patterns and their properties (Weber &fations in drought-stressed temperate (Mediterranean) or bo-
al., 2009). The “eye in the sky” provides indices that canreal ecosystem that contain only Gpecies are also found
be used to extrapolate in time and space process-oriente tropical ecosystems with their variable mix of @nd G
knowledge derived by the studies using the first approachphotosynthetic systems, and rainfall rather than temperature-
For example, Archibald and Scholes (2007) demonstrate¢ontrolled seasonality.
that it is possible to use knowledge of the different life his-
tory strategies of trees and grasses to “unmix” their phenolo4.1 Material and methods
giesin low resolution satellite imagery, which is an important
step forward towards modelling of carbon and water fluxes atl.1.1 Study sites
aregional scale.

The third approach, recently summarized by Lloyd et Eddy covariance data for at least a full year were available for
al. (2008), is to develop continental-scale mass balancesleven sites, distributed over Sub-Saharan Africa. These sites
constrained by isotope measurements. Williams et al. (2007are either part of or associated with the CarboAfrica network
reviewed what these studies reveal about Africa. This ap{a newly-established part of the global Fluxnet community,
proach is of particular importance for the partitioning be- with strong affiliations to the CarboEurope network). Asso-
tween ocean-atmosphere exchanges and land-atmosphere eiated sites have been parts of other internationally or nation-
changes in global carbon cycle studies, because the relally funded projects that are listed in the Acknowledgements.

tively low natural photosynthetic discriminatiom\] of C4 The Sub-Saharan region is that part of Africa south of
grasses is similar to that accompanying air-to-sea €3 the Sahara desert, including the grasslands, shrublands and
change (Lloyd and Farquhar, 1994). savannas of Western, Eastern and Southern Africa, and the

These approaches suggest that the most important patteforests and woodlands of Central Africa (Hudman and Jack-
driving structure and function of African ecosystems is rain- son, 2002), as well as a range of derived land uses such as
fall (Williams et al., 2007), but a number of additional pro- croplands and tree plantations. The study covers ecosystems
cesses, like fire, herbivory and soil fertility, need also to befrom the very dry Sahel (Sudan, Mali and Niger), to the semi-
considered. arid and sub-humid regions in Southern Africa (Botswana,

We suggest that analysis of variation in ecosystem-Zambia and South Africa; Scholes et al., 2004) and to the hu-
atmosphere exchange of carbon dioxide and water measuradid environments towards the equator (Republic of Congo,
by eddy covariance, can be a fourth approach to undersee Fig. 1 and Table 1 for details). The study areas differ in
standing the structure and function of African ecosystemsecosystem type, seasonality and mean annual rainfall. Ex-
and unravelling the role of Africa in the global carbon cy- cept the tropical rainforests of the Congo Basin, the most ex-
cle. To date, such information has been scarce. A limitedtensive ecosystem types in Sub-Saharan Africa, as Mopane
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Table 1. Basic site information, including location, altitude in m, mean annual air temperature (MAT), mean annual rainfall (MAP), ecosys-
tem type with the dominant species, information about C3/C4 distribution, protective state and soil classification.

Site and publiation (No in Fig. 1) Country

Coordinates Altitudeinm ~ MAT® MAP in mm

Ecosystem Dominant species

C3/C4 cover  Protective state

Soil type

Demokeya (4) Sjstiom et al., 2008~ Sudan

Agoufou (10) Mali

Kelma (11) Mali
Maun (2) Veenendaal et al., 2004 Botswana

Skukuza (1) Kutsch et al., 2008 South Africa

Wankama (8) (Millet) Niger

Boulain et al., 2008

Wankama (9) (Fallow) Niger

Ramier et al., 2008

Bontioli (7) Bruemmer et al., 2008 Burkina Faso
Mongu (3) Scanlon Zambia

and Albertson, 2004
Kissoko (6) Marsden et al., 2008

Tchizalamou (5)

Rep. of Congo

Rep. of Congo

13.2829N, 30.4783E 500 26 320

15.34322N, 1.48067 W 290 29.7 350
15.22370N, 1.56620 W 273 29.6 650 (300 inflow)
19.9275§S, 23.5672E 950 22 464
25.0197S, 31.4969E 359 219 547
13.6474N, 2.6298 E 244 28.5 560

12.6475N, 2.6336 E 235 560

10.18222N, 3.67277W 293 926

15.4377S, 23.2527E 1053 945

4.7914 S, 11.9822E 108 1076

4.2892S, 11.6564E 1150

Sparse acacia savAoaeia spp., Aristida pallida,
Eragrostis tremula and
Cenchrus biflorus

Open woody savanweacia spp., Balanites aegyptiaca,

Combretum glutinosum
Acacia woodland  Acacia seyal

Mopane woodla@losphermum mopane

Broadleafed andCombretum sp. Acacia sp.
fineleafed savanna
Millet crop Pennisetum glaucum
Fallow bush Guiera senegalensis
Zornia glochidiata
Grass- and shrubfamiiopogon ayanus,
Loudetiopsis kerstingii
Miombo woodlandrachystegia bakeriana,
Brachystegia spiciformis
Clonal Eucalyptldrograndis(E. urophylla
plantation x E. grandi
Grassland Loudetia sp., Ctenium newtonii

30/70

25/75

90/10

80/20

30/70

10/90

80/20

70/30

95/5

100/0

0/100

Cambic
Arenosol

Protected but not fenced

Unprotected, cattle grazing ~ Sandy ferruginous
Arenosol
Unprotected, occasional Clay soil depression
cattle grazing
Unprotected, cattle
grazing, fire wood
Kruger National Park

Kalahari sands

Sandy clay loam
Arenosol
Sandy ferruginous
Arenosol
Sandy ferruginous
Arenosol
Sandy loam

Crop field

Fallow bush

Nature reserve
Protected forest reserve Kalahari sands
Plantation Ferralic Arenosol

unprotected Ferralic arenosol

Table 2. Table 2 shows information about the different Eddy covariance setups, as well as the amount of data relevant for analysis (number
of night and day time values) and lower/upper thresholds of friction velocity u*

Site Measuring Gas analyzer  Sonic anemometer Years of measurements  thresholds of friction ~ Number of 30 min data —
heightin m velocity u* (low/up)  Total (night/day)
Demokeya 9 LiCor 7500 GILL R3 (GILL Instruments Ltd.) 2005/2007 0.15/0.5 2681 (1925/756)
Agoufou 4.2 LiCor 7500 Csat-3 (Campbell Scientific) 2007 0.15/0.4 1652 (1353/299)
Kelma 12 LiCor 7500 Csat-3 (Campbell Scientific) 2007/2008 0.05/0.6 1801 (1089/712)
Maun 135 LiCor 6262 GILL R3 (GILL Instruments Ltd.) 2000/2001 0.15/0.65 4584 (2896/1688)
Skukuza 16 LiCor 6262 Gill Windmaster Pro (GILL Instruments Ltd.) 2003 0.15/0.65 426 (115/311)
Wankama Millet 5.1 LiCor 7500 Csat-3 (Campbell Scientific) 2005/2006 0.1/0.55 6552 (4428/2124)
Wankama Fallow  4.95 LiCor 7500 Csat-3 (Campbell Scientific) 2005/2006 0.05/0.5 4706 (3580/1126)
Bontioli 2.65 LiCor 7500 Csat-3 (Campbell Scientific) 2004-2006 0.05/0.45 3464 (2096/1368)
Mongu 19.5 LiCor 7000 GILL R3 (GILL Instruments Ltd.) 2007/2008 0.2/0.7 2139 (745/1394)
Kissoko 23.25 LiCor 7500 Young 81000V (R. M. Young Company) 2005/2006 0.15/0.5 5445 (442/5003)
Tchizalamou 3.8 changing LiCor 7500 Young 81000V (R. M. Young Company) 2006/2007 0.05/0.3 1179 (471/708)

woodlands Colosphermum mopaheMiombo woodlands
(Brachystegia spiciform)s fine-leafedAcaciasavanna (e.g.
Acacia senegal, Acacia nigrecenbroad-leafedCombretum
savannaCombretum apiculatujrand a typical grassland in
Congo (oudetia sp, Ctenium newtor)jias well as a euca-
lyptus plantation Eucalyptus sp.clone) are represented in

this study.

1.1.2 Technical setup al

All sites were equipped with eddy covariance equipment

nd data post-processing

advantage in remote regions. At all sites the EC systems were
complemented with meteorological sensors (air temperature,
humidity, radiation, rainfall, soil water content etc). Tower
height ranged from 3.8 m (grassland in the Congo) up to 30 m
(woodland in Zambia). A total equivalent to 21 years of EC
data were used for this synthesis. The data were all collected
between the years 2000 and 2008. Some years only con-
tained a few weeks of appropriate data. Nevertheless, each
site was represented by data from the dry as well as the wet
season (Veenendaal et al., 2004; Epron et al., 2006).

Half hour flux averages were calculated using various soft-

(Aubinet et al., 2000; Baldocchi et al., 2000, 2001a) (Ta-Ware packages (EdiRe, Eddysoft, Ecoflux and E&C).

ble 2). Roughly, each system included a 3-D sonic anemomeEVen though standardized quality criteria (Papale et al.,
ter (Solent R3 or Windmaster Pro, Gill Instruments, Lyming- 2006; Kolle and Rebmann, 2007) were applied by each site
ton, UK; CSAT-3 sonic anemometer, Campbell Scientific, coordinator, data sets were again screened and filtered for
Logan, UT, USA; Young 81000V, R. M. Young Company, miss_ing and_ unc_ertain values. In addition, u*-filtering was
MI, USA) and an infrared gas analyser (LI-6262/7000/7500,2Pplied at nighttime (Goulden et al., 1996; Gu et al., 2005;
LiCor Inc., Lincoln, NE, USA). Eight sites used an open Papale et aI._, 2006). Dat_a were aIsp f|IFered for an upper u*
path and three a closed path system. Disadvantages of tHereshold (Fig. 2) to avoid overestlmagon of the measured
open path system (Webb et al., 1980; Webb, 1982; Leunind'“xes (Gq et a'l., 2005; Merbold et al., in press). All thresh-
and Moncrieff, 1990; Leuning, 2007; Serrano-Ortiz et al., 0lds are given in Table 2.
2008) were balanced by its low power consumption, a great
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Table 3. Coefficients determined for analysis (Egs. 1-3, see also Fig. 3). Peak season averages of ER are given for all sites Fgages for

were fitted by quantile regression to derive an envelope (95%) for each site — see material&methods, data post-processing. Photosyntheti
flux at R,=0 is assumed to be Japar Were 10 day averages, of the peak wet season for eactt Siie Peak leaf area index (LAI) were

obtained by ground based measurements.

Site Peak wet season averagesr?  n (ER) Fpmax Coefficientd n (Fp) Peakf ApAR n (fapar) Peak LAI
of ER (umolm—2s1) by JRC (10 day averages, 1 pixel)

Demokeya 3.01 0.36 1925 18 0.07 756 G:D401 4 1
Agoufou 3.71 0.53 1353 23 0.055 299 0@ 09 44 1.2
Maun 3.40 0.42 2896 23.5 0.06 1688 H@R02 22 1.1
Skukuza 3.51 0.64 1261 19 0.05 1027 QtP302 13 1
Wankama Millet 2.07 0.14 4428 12.5 0.04 2124 Q0202 2 0.65
Wankama Fallow 3.48 0.20 3580 22 0.07 1126 &02D2 2 0.9
Kelma 4.52 0.20 1089 32 0.5 712 0-20.05 13 1.1
Bontioli 4.00 0.36 2096 36 0.13 1368 @:0.02 3 3.2
Mongu 7.10 0.26 745 27.5 0.095 1394 03701 56 1.6
Kissoko 4.26 0.08 442 34 0.19 5003 046012 3 2.85
Tchizalamou 4.36 0.49 471 48 0.16 708 HB05 3 2

1200
L12
1000 - F10 2

9} ~

£ . 800 ] 8 x

e 8 L6 & =

= © (] r:"

E2 600 L4 EE

°E 273

£ 1 2 2E

S — 4004 c =

2 Lo ©

5 2

200 - t2 g
Land Cover . ﬂ L-4 ©
- Evergreen broadleaf forest ¢ 0 T \\ (l) r‘» (l) T A ‘V
l:l Savanna Qo’ Q Q"\ Q D"l, Q Q’b Q°
N O AT A SRS I

|: Grassland Q Q° Q- Q- B’l’ Q,} Q’b D’?J
[ cropiana classes of friction velocity u*
I snrubland (ms7)
[ Bamen
[ wetana Fig. 2. An example from grassland site at Tchizalamou, Congo,
I e showing how u* thresholds were defined. The left Y-axis shows
Flux sites the number of 30 min intervals for each u*star class and the right

Y-axis shows the averaged flux for each clasSD. For u*<0.05,

the average flux is depressed. These data were rejected as they lead
to underestimation. For 0.85u* <0.3 the average flux is stable and
used in the analysis. For 0.3 the averaged fluxes are exagger-
ated, leading to overestimation, and were rejected too.

Fig. 1. The most common land cover types in Africa and the loca-

tions of eddy-covariance towers run by CarboAfrica and others. “1—

11" indicate sites included in this study (for more information see used to represent ER. For all sites, except the two Congolese
Table 1), while other sites are shown as “+” (Data from Global Land sites, data of soil temperature at 5 cm depth and data of rela-
Cover Characterisatidnttp://edcsns17.cr.usgs.gov/glcc/glce.html  tive plant available water were fitted into the model according
to Reichstein et al. (2003, Eq. 1).

1-11 Sites in this study (see Table 1)
<+ Other CARBOAFRICA sites

Distance to closest site in this
study (1000, 1500 & 2000 km) 0 2000 km

1.1.3 Flux partitioning and ecosystem-physiological pa- ER = Ryef x f (Tsoil, RPAW) x g (RPAW) (1)
rameters
whereER s the modelled respiratiorRyes is the respiration

Soil water content and temperature are important variabledor a site-specific temperature coefficient during the peak wet
controlling ecosystem respiration (Hanan et al. 1998; An-season (Table 3)f and g are functions for the influence
thoni et al., 2004; Reichstein et al., 2005; Trumbore, 2006).of soil temperatureTisei) and relative plant available water
To analyse the response of ecosystem respiration (ER) t6RPAW). A detailed explanation of these functions can be
these factors, half hourly night time fluxes (filtered) were found in Reichstein et al. (2003), who hypothesized that, in

Biogeosciences, 6, 1027641 2009 www.biogeosciences.net/6/1027/2009/
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addition to a direct influence of soil water status (function moisture inputs. For the eleven sites studied, the dry season
g(RPAW)) the sensitivity of the temperature response variesanged from 5 months in Congo up to 7 months in Sudan.
with relative plant available water (functiofy 7sej, RPAW)). The Congo sites usually experience two wet seasons and two
Soil temperature was given iC and RPAW as the fraction dry seasons per year, caused by the movement of the Inter-
of soil water available to plants as explained by Kutsch ettropical Convergence Zone (ITC).
al. (2008). Long-term annual temperatures for all sites were ranging
Data from the two Congolese sites, receiving more thanfrom 22—29C. In many other respects the sites differ greatly,
1000 mm of annual rainfall, were statistically analysed for for instance in soil, vegetation type and land use (Table 1).
temperature using an exponential growth function (Eq. 2): The main flux results from the sites are compiled in
o (Ta—To) Figs. 3—7. Figure 3 shows the relation between modelled
ER =me (2) and measured values of night-time ecosystem respiration for
whereTy; is the air temperature inC, m and Ty are coeffi- ~ all sites. Light (Fig. 4), water vapour pressure deficit of
cients. the air (VPD, Fig. 5) and temperature (Fig. 6) responses of
Daytime ecosystem respiration was calculated by Ey. ( €anopy photosynthesig't) are shown in the following Fig-
and Q). Canopy photosynthesigi) was calculated by sub- ures. VPD response of canopy conductance for water vapour
tracting calculated respiration from measured values of nefFig- 7) is shown next.

ecosystem exchange (NEE, Eq. 3): Temperature has an influence on ecosystem respiration
(ER) at all sites. However, for the drought-prone sites
Fp=NEE—-ER ()  (receiving less than 1000 mm of annual precipitation), soil

Canopy photosynthesis was then fitted to a hyperbolicaﬁglst:]uerewz\;egéizléyn be?r:?ye tﬁg |2i1t22rti::1]ntcl‘c<)’:\rc]:;%r \,e\,\é?g ?,g,r
response function of measured global (ie direct plus diffuse)marily driven by terﬁperature (Fig. 3j and K), while soil
radiation ¢) using quantilt_a regression (Cade et aI.,. 2005;water content did not show a coﬁvincing co’rrelation for
Kutsch etal., 2.008) to derlye an epvelope for each site. Thethese sites (not shown). The lowest respiration rates dur-
en\(elope function was defined to include 95% of the obser-ing the wet season were observed at the Wankama — Mil-
vations: let (cropland) site in Niger with an overall average value of
R, 2.07umolm~2s~1 (Table 3). In contrast, the highest efflux
Fr= |:Fpmax % tanh(d Fpmaxﬂ <=1 @) rates were observed at Mongu, Zambia, with an overall av-
erage of 7.1@umol m—2s~1, while peaks in respiration of 10
where R, represents global radiation (W), Fpmax the  tg 20,smolm~2s~1 are not unusual at any site, in particular
maximum photosynthetic capacity, asis a coefficientcon-  after rain events (Fig. 3).
trolling the slope of the function. These ecosystem-scale The maximum canopy-scale photosynthetic rafesnty)
light response curves were derived using all available peakyt the various ecosystems ranged frerh2.5umol m—2 s
wet season daytime data. in Niger (Wankama Millet) to-48 xmol m~2s~1 at Tchiza-
Canopy conductance exchange with the atmosphere Wa8mou, Congo (Fig. 4). Fp was found to decrease with
calculated as proposed by Herbst et al. (2002) and Jenselﬂcreasing vapour pressure deficit (VPD) at a§-@ant-
and Hummelshoj (1995). This approach includes the influ-qominated sites (Fig. 5¢, d, f, g, h and i) experiencing val-
ence of leaf area index (LAI), where only peak season valueg,es higher than 2.0 kPa and receiving less than 1000 mm of
were used for analysis. For a more detailed description of thg,i, per year. Especially the Kelma site in Mali showed
method, see Kutsch et al. (2008). a strong decline in photosynthetic fluxes at high values of
VPD (Figs. 4 and 5g), whereas the site in Maun Botswana
showed a strong decline during the wet season in 2002 but
djot in 2001, when precipitation during the peak growing sea-
Son was much higher (290 mm in 2001, 109 mm in 2002;
Fig. 5¢). In addition, some ecosystems showed a strong re-
éationship between canopy photosynthesis and temperature,
under light saturationK, >500 W n12) and moderate VPD
(<2.0kPa, Fig. 6). At all sites, canopy conductanGe)(de-
creased with increasing values of VPBZ.0 kPa, Fig. 7).

1.1.4 Supplemental data

In order to make the measured data available to larger spati
scales some key values were expressed relative to the fra
tion of absorbed photosynthetic radiatigfagar), a satellite-
derived product calculated by the Joint Research Centr
(http://fapar.jrc.ity. We used peak growing season 10 day
averages at 1 pixel resolution for each site.

1.2 Results _ :

1.2.2 Integration of key values and comparison to re-
1.2.1 Basic data comparison mote sensing data
Like most parts of Sub-Saharan Africa, the ecosystems unKey variables such aEpmax and Gcnax (here defined as
der consideration are characterised by a strong seasonality itcenopy conductance &pmax) Were analysed in relation to

www.biogeosciences.net/6/1027/2009/ Biogeosciences, 6, 10272009
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Fig. 3. Graphs(a—k) show modelled ecosystem respiration versus measured ecosystem respiration (night time data). Sites receiving more
than 1000 mm of rain per year (Congo) were correlated with air temperature only. Peak season averages of ER for each site are given in

Table 3.

mean annual rainfall in the next steppmax was depicted
as positive values from now on since we are leaving micro-
meteorological terrain and enter ecological interpretation.
The following patterns were observed:

— Within the range of the study (300—-1200 mm) we found
a strong correlation between mean annual rainfall and
maximum photosynthetic uptakd-ffnax) that could
be best described by an exponential growth function

Biogeosciences, 6, 1027641 2009

(r°=0.74, Fig. 8a). Note, that the Wankama-Millet site
(Niger) was excluded due to the very low stand den-
sity (<10000 plants ha!) and therefore considerably
smaller carbon fluxes as a result of human management
(Fig. 8a). The Kelma site (Mali) was included with
650 mm of rainfall even though the actual precipitation
is only about 350 mm but is characterised by an addi-
tional inflow of water £300 mm) due to the sites ge-
ometry.
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Fig. 4. (a—k)} Canopy photosynthetic fluxeBi§) versus global radiationR() allowing the estimation of the maximum photosynthetic uptake

rate Epmax)-

— Maximum photosynthetic uptake is strongly related to
GGmnax (Fig. 8b). The high standard deviation in this
graph results from the way we analysed the data: for
all values ofFpmax out of each dataset that were higher
than 90% of thd-pmax calculated by quantile regression

when rainfall data was available. We used this proce-
dure, since it is impossible to define the exact situation
for deriving Gcmax according to Schulze et al. (1994).

In the next step key values of the different sites were

(see Fig. 4)F Pmax and_canopy conductance were aver- compared tofapar data from satellite observations. For
aged. All data with rainfall events at measurement andthis comparison, we distinguished between purely or almost
6 h aftel’ ra|nfa” were rejected. Th|S was Only pOSSIb|e pure'y grass_dominated |ands4(_©|ants) on one hand and

www.biogeosciences.net/6/1027/2009/

Biogeosciences, 6, 10272009



1034

Sudan - Demokeya

L. Merbold et al.: Carbon fluxes in African ecosystems

Mali - Agoufou Botswana - Maun

%o
o
%P0 00

South Africa - Skukuza

23
VPD (kPA)

4

Niger - Wankama Millet Niger - Wankama Fallow Bush

'
N

canopy photosynthesis (umol m2s™)

-30
40
-50
o d e f
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 6
VPD (kPa)
0 Mali - Kelma Burkina Faso - Bontioli Zambia - Mongu
-10
-20
-30{°
-40
-50
g h i
-60
1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 6
VPD (kPa)

Congo - Kissoko

Congo - Tchizalamou

(%]

.G 0

()]

£ . -0

<%

Za‘ o 20

3 E 3

£ O

& E 40

2 =

o -50 .
c J k
c -60

o

5

0

VPD (kPa)

Fig. 5. (a—k} The response of light-saturated canopy photosynthetic quRgs!ﬁOOWm—z) to water vapour pressure deficit (VPD). A
strong decrease iAp where VPD exceeds 2.0 kPa can be seen for several sitedof@inated ecosystems).

mixed or tree-dominated @plants, further only called “tree
dominated”) ecosystems on the other. The following corre-
lations were found:

whilst the curve for the grass-dominated lands increased
more smoothly. None of the curves seem to level off
above a certain amount of rainfall.

— fapar increased with mean annual rainfall for both
groups of ecosystems (Fig. 9 a): However, the linear
curves found for the two groups differed: the curve
for tree-dominated ecosystems had a steeper increase,

— Fpmax and fapar correlated linearly without leveling
off within the observed range of rainfall (Fig. 9b).
Fpmaxincrease was steeper for grass-dominated ecosys-
tems than for tree-dominated, which may be also related

Biogeosciences, 6, 1027641 2009 www.biogeosciences.net/6/1027/2009/
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to differences in the photosynthetic pathways of trees
(Cg) and grasses (.

— A similar picture as found for the relationship between
mean annual rainfall anghpar (Fig. 9a), was found be-
tween peak leaf area index (LAI) and mean annual rain-
fall (Fig. 9c). Even though the slopes of tree dominated

www.biogeosciences.net/6/1027/2009/

and grassland ecosystems vary slightly to Fig. 9a, both
variables, fapar and peak LAI, intend to give similar
results.

— Finally, to prove thatfapar is a proxy for canopy cover
and can be compared to LAI, “the eye in the sky”,
namely fapar, and leaf area index (LAI) measured at

Biogeosciences, 6, 10272009



1036 L. Merbold et al.: Carbon fluxes in African ecosystems

Sudan - Demokeya Mali - Agoufou Botswana - Maun
2000

1500
1000 oo
®

500

VPD (kPa)

Niger - Wankama Millet

N
o
o
o

f

_
v
o
o

3 4
VPD (kPa)

canopy conductance (mmol m?s™)

Mali - Kelma Burkina Faso - Bontioli Zambia - Mongu

2000

1500

1000

500

VPD (kPa)

o Congo - Tchizalamou
& 5
c = i %,
g% N k
S E A
S = 3ok

[9) °e %
= Z%%
8 € o 3\
c BT
© 8% *°
S °

VPD (kPa)

Fig. 7. (a—k} The relationship between canopy conductance and canopy photosynthesis. Canopy conductance decreases with increasin
values of VPD.

the ground, correlated highly-4=0.79, Fig. 9d). The 1.3 Discussion
Bontioli site (Burkina Faso) was excluded since LAl

measurements were taken using a different technique,l_h d bi | f edd .
than at the other sites. e study combines results of eddy-covariance measure-

ments along a rainfall gradient and through different ecosys-
tems of Sub-Saharan Africa. Savanna ecosystems, which
predominate in Africa, are thought to be a key source of

Biogeosciences, 6, 1027641 2009 www.biogeosciences.net/6/1027/2009/
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Fig. 8. (a) The derived exponential relationship of maximum canopy photosynthesis versus mean annual rainfall for 10 (Niger Millet
cropland was excluded due to low stand density) African ecosysteri®)(b)Maximum canopy conductance () versus maximum
photosynthetic uptakd-pmayx) rate, both showa-SD. The dotted line (with the 1 SD limits dashed) shows the global relationstfipngdx
andGcmax found by Schulze et al. (1994) and the thick solid regression line shows the regression for the eleven Africarritgs. (

variability in the global terrestrial cycles of water and car- as a proxy for NPP) was almost entirely determined by the
bon (Williams et al., 2007; Weber et al., 2009). More- grass layer: i.e. the higher the tree cover at a site, the more
over, all African ecosystems will likely experience increas- consistent the phenological signal from year to year. The rel-
ing climate-change-driven and human pressure in the futuratively constant leaf area of the tree layer during the growing
(Fuller and Prince, 1996; Williams et al., 2007). Improved season may explain the high correlation betwEpfax and
quantification of the atmospheric carbon exchange acrosmean annual precipitation even if the rainfall did not match
vegetation types thus provides fundamental information thathe long-term average in the year under consideration.
can, for instance, be used to evaluate the performance of cur- The relationship between annual rainfall aBgmax in-
rent terrestrial carbon cycle models. Obviously, eleven studycreased exponentially in our study. We assume that it would
sites cannot provide representative continental coverage, bwventually saturate, forming a s-shaped curve, if sites with
this preliminary synthesis represents a significant advanceigher precipitation were included. Tree cover fraction do
given the paucity of information to date. We note that the not reach a maximum within the rainfall gradient presented
examples presented here include some of the most typicdh this study (320-1200 mm), whereas other studies about
natural and anthropogenic vegetation types in Sub-Saharagiee cover already reach a maximum at 800 mm of rainfall
Africa. However, the tropical rainforests of Central Africare- (Sankaran et al., 2005; Bucini and Hanan, 2007). Studies on
main unrepresented. Measurements within the humid forestannual litterfall show a saturation of foliage production with
of the Congo basin will be an important future challenge.  mean annual precipitation only beyond 4000 mm (Liu et al.,
The strong correlation discovered between maximum pho2004). Annual gross primary production rises with mean an-
tosynthetic uptakeFRpmax) and mean annual precipitation nual precipitation up to at least 3000 mm (Luyssaert et al.,
(Fig. 8a) poses the question whether this result was achieve@007). This shows that tree cover may only be a weak pre-
by chance, due to the amounts of precipitation in the yeadictor of productivity of a site.
under consideration being similar to the long-term averages, Canopy photosynthetic capacity was strongly correlated to
or whethefFpmax indeed reflects an adaptation of the ecosys-maximum canopy conductanc&gnax at Fpmax, Fig. 8b).
tem to the long-term mean of water availability (Shugart et This was predicted by Schulze et al. (1994) in a theoret-
al.,, 2004). The explanation for the latter hypothesis couldical study scaling up knowledge from leaf level measure-
be the fact that tree coverage and consequently the tree coments. The eddy covariance method may be well suited to
tribution to Fpmax is stronger related to mean annual rain- test these predictions, after applying several quality checks
fall (Sankaran et al., 2005) and should be relatively constanto the data, e.g. when separating NEE iRfpand ER. The
inter-annually, whereas the grass layer may respond moreesults match the predictions by Schulze et al. (1994), even
variably to inter-annual changes in precipitation in terms ofthough most of the sites included in this study and the re-
biomass, leaf area and contributionRpmax. Analyses by  gression line lie slightly above the proposed relation, which
Albertson et al. (2006) and Archibald and Scholes (2007)might be the consequence of a high abundanceoblént
showed that inter-annual variation in integrated NDVI (usedin Africa. The relationship between canopy conductance and

www.biogeosciences.net/6/1027/2009/ Biogeosciences, 6, 10272009
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Fpmax iS constant over space (this study) and time (Kutsch This was the rationale for distinguishing between tree-
et al., 2009). This seems to be relevant for scaling processe@redominantly @) and grass-dominated (predominately C
from leaf to ecosystem level and even to higher scales. ecosystems when plottingnaxagainstfapar. Sites mainly
Since scaling is often combined with remote sensing andconsisting of G plants (grassland and croplands) showed a
water and carbon fluxes depend highly on leaf area (Schulzstronger increase ifpmax With fapar than G dominated
et al., 1994; Baldocchi et al., 2001b; Nouvellon et al., 2001),sites (Fig. 9 b). The Sudan site, which is sparsely covered
we used satellite derivediapar in order to further analyse with C3 Acaciatrees (less than 30%) with an understory of
our results. Fensholt et al. (2004) showed the strong connedz, grasses contributing the majority of the measured fluxes,
tion between leaf area index (LAl¥apar and normalized  was treated as aJ@lominated ecosystem.
difference vegetation index (NDVI). Plottinghpar against The relation found between LAl anfhpar underpins the
mean annual rainfall shows a pattern that is similar to thevalue osfapar as a proxy from remote sensing. The linear
pattern shown for tree cover versus mean annual rainfaltelationship is supposed to level off towards higher values of
by Sankaran et al. (2005). Grass-dominated sites showed Al (>4.5; Gobron et al., 2006), which were not reached in
lower slope than the more wooded systems (Fig. 9a) but mayhis study.
reach a similarfapar at higher mean annual rainfall.
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