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Abstract. Strong seasonal variability in African carbon source/sink relationship is considered the
continent’s most significant contribution to the global carbon cycle. Alternating dry and wet periods
dictate ecosystem carbon exchange and productivity of tropical African savannah. We examined the
seasonal and daily trends in ecosystem CO, exchange in the herbaceous layer of a humid Kenyan
savannah devoid of grazing. Microclimate, soil moisture, soil and tissue nitrogen, aboveground biomass
and carbon dioxide fluxes were measured. The ecosystem carbon dioxide fluxes followed the seasonal
rainfall pattern and were strongly correlated to soil water content. Peak mean carbon dioxide fluxes were
3.21+0.99, 8.21+1.02 and 4.67+1.06 pmolm™s™’ during drought and -13.86+1.48, 15.03+0.98, and
27.73+1.47 pmolm™s” during wet periods for net ecosystem carbon dioxide exchange, ecosystem
respiration and gross primary production respectively. At daily scale, net ecosystem carbon dioxide
exchange increased with increasing photosynthetic photon flux density under wet but decreased with
increasing vapour pressure deficit under dry conditions. Ecosystem respiration increased with increasing
soil temperature during wet but decreased with increasing soil temperature during drought. Our results
point to the overriding role of soil moisture in the ecosystem carbon dioxide exchange processes of this
savannah.

Keywords: African savannah, CO2 chambers, ecosystem respiration, net ecosystem exchange, soil
moisture

Introduction

Increasing atmospheric concentration of CO, is the largest contributor to global
climate warming and associated extreme weather events (IPCC, 2007). This makes the
global carbon cycle highly important to the “stabilization of greenhouse gas
concentrations in the atmosphere at a level that would prevent dangerous anthropogenic
interference with the climate system” the sole objective of the United Nations
Framework on Climate Change (UNFCC). In the global carbon (C) cycle, atmospheric
CO; is mainly taken up by the terrestrial biosphere via plant photosynthesis or gross
primary production (GPP). This photosynthetic phenomenon underscores the important
role played by plants in regulating atmospheric C concentrations. In Africa, the
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savannah ecosystem that covers about two-thirds of the continent’s land surface
(Adams, 1996) must be a major player in the regional and global C balances (Grace et
al., 2006).

Ecosystem carbon exchange in African savannah though previously poorly studied is
currently receiving substantial attention (Williams et al., 2007; Ardo et al, 2008;
Bombelli et al., 2009; Ciais et al., 2009; Otieno et al., 2010; 2011). However, despite
the renewed interest in the carbon budget of African savannah in the second half of the
last decade, the continent’s savannah is extensive and both spatially and temporally
variable (Ciais et al., 2009; Williams et al., 2007). Such great variability in the
continent’s largest ecosystem is greatly impacting its carbon balance since exchanges of
CO; between land surface and atmosphere in savannah are highly modulated by
ecosystem characteristics such as structure, species and physiological functions
(Beringer et al., 2011). The variability of the African carbon balance has been noted and
is estimated to account for about 50% of inter-annual variability in global atmospheric
CO, (Williams et al., 2007). The high variability coupled to complex interactions
between biotic and abiotic factors that control plant productivity may be responsible for
the continent’s large contribution to the uncertainty in its C budget and needs to be
understood. Clear understanding of the temporal variability in African savannah is
needed for better parameterization of the models estimating the continent’s carbon
exchanges and consequently unraveling the uncertainties in its C balance.

Savannahs are characterised by two different plant functional types, namely the grass
herbaceous layer and the tree/shrub over-storey in regions with alternating wet and dry
seasons (Grace et al., 2006; Scholes & Archer, 1997). The dry and wet seasons are
associated with strong seasonal changes in soil moisture and temperature regimes
(Kanniah et al, 2010; Scholes & Archer, 1997) that influence nutrient availability,
vegetation growth, fire occurrence and decomposition (Scholes, 1990; Scholes &
Walker 1993; Rodriguez-Iturbe et al. 1999; Ciais et al., 2011). The different plant
functional forms in savannah may however, not respond in a similar way to this climatic
seasonality further creating a source of ecosystem variability. In particular the shallow
rooted herbaceous vegetation has their productivity synchronised to the wet season
when soil water content is high but senesce during drought (Scholes & Walker, 1993;
Xu & Baldocchi, 2004). This makes the herbaceous layer a more variable component of
the savannah ecosystem and thus a better candidate for variability study.

Closely tied and driving these seasonal climatic variations in the African savannah,
are daily variations in weather patterns. African savannah experiences daily variations
in solar radiation and water vapour pressure leading to variations in temperature,
photosynthetic photon flux density (PPFD), and vapour pressure deficit (VPD). Such
daily changes in weather patterns result in daily variation in ecosystem CO, fluxes
(Mabherali et al., 2003; Flanagan & Johnson 2005; Hastings et al., 2005; Risch & Frank,
2010). In particular, PPFD (Dai et al., 2004; Hastings et al., 2005) and VPD (Mabherali
et al.,, 2003) determine ecosystem photosynthesis whereas environmental temperature
(Joffre et al., 2003; Flanagan & Johnson, 2005; Li et al., 2008) largely influences
ecosystem respiration.

Despite the strong link between daily weather and seasonal variations in
microclimatic factors and their great influence on ecosystem CO, fluxes in African
savannah, the seasonality of CO, fluxes in the continent’s savannah is poorly studied
(Ardo et al., 2008). Concurrent analysis of daily, intra annual and inter-annual carbon
exchange trends enhances the understanding of the physical and physiological controls
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of carbon fluxes and functioning of ecosystems. In-depth understanding of the factors
regulating ecosystem C dynamics of African savannah will further help refine and
validate the models currently used to estimate the continent’s C balance and to inform
policies related to the role of Africa in regional and global carbon cycle.

The two known methods for direct measurements of ecosystem CO, exchange are
the eddy covariance (EC) and the chamber techniques (Hall ez al. 1992; Wohlfahrt et al.
2005) both of which have been compared in detail by Wohlfahrt ez al. (2005). The
greatest effort to assess the African carbon budget has been that of the CarboAfrica
project (http://www.carboafrica.net), using the EC method (Ard6 et al. 2008; Merbold
et al. 2008). The chamber method whose results compare favourably with eddy data,
when both are used in parallel (Li ez al. 2008) is useful in heterogeneous landscapes and
when the focus is to separate fluxes from the different ecosystem patches. The chamber
method has widely been used for CO, measurements in the temperate (Li et al. 2008),
Peatlands (Otieno et al. 2009) and in the African savannah (Otieno et al. 2010; 2011)
ecosystems. We used the chamber method to measure the ecosystem CO, exchanges in
the herbaceous layer of a moist African savannah.

In this study, we examined how climatic seasonality affects biomass development
and ecosystem CO, exchange of a moist savannah. How do the ecosystem CO, fluxes
change with season at both daily and seasonal scale? What drives the daily and seasonal
CO; fluxes in a moist savannah? The study singles out the herbaceous layer (the most
seasonal component) of the moist savannah. Given the distinct droughts and wet periods
of African savannahs (Otieno et al., 2010; 2011; Scholes & Archer, 1997; Kutsch et al.,
2008), we divided the year into three periods of different phases of soil moisture (wet,
intermediate and dry) as dictated by rainfall distribution.

Materials and Methods
Study Site

The study was conducted at the Kenya National Youth Services (NYS) station
(00° 36> 28” S & 34" 15’ 24” E) in Lambwe valley, Nyanza province of Kenya during
the year 2009. The NYS station borders Ruma National Park. The altitude of the valley
ranges between 1200 and 1400 m above sea level. The terrain is mainly rolling
grassland with tracts of open woodland and thickets dominated by Acacia
ancistroclada, A. gerarrdii, Rhus natalensis, R. vulgaris, Pilliostigma thonningii and
Belanites aegyptica trees. The dominant grass species was Themeda triandra while the
soils are vertisols according World Reclamation Bureau (WRB). The climate is hot and
humid with a mean air temperature of 22.5°C. Mean annual rainfall for the last 15 years
is 1346 mm with a bimodal distribution pattern between April-June and September-
November. The months of January and February are the driest and hottest.

The NYS station has about 40 ha land in which they rear livestock and grow crops.
The studies were conducted in a 70 m x 100 m area that was previously grazed, but had
a 2 m high fence erected to exclude the grazing livestock for three years prior to the
commencement of the study.

Experimental Design

The study aimed at determining the seasonal variations in ecosystem CO, exchange
and productivity of the herbaceous layer of a moist savannah. The year was divided into
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three periods namely wet (April-June and September-November), intermediate (July-
August) and dry (January-March) with different phases of soil moisture. The transitions
from short rains (September-November) to the dry period at the study site are rather
abrupt making December to either be a wet or dry month depending on when the rains
cease. The periods/months were the treatments. The 70 m x 100 m fenced block was
divided into approximately three equal parts from east to west resulting into strips (30 m
x 70 m) running north-south down-slope. Each of the three strips represented the
replicates and was randomly sampled for measurements taking care to avoid areas under
the tree canopies and close to termitaria which had been found to influence CO,
exchange (Otieno et al., 2011). The collars/frames measuring 39.5 cm by 39.5 cm used
in carbon flux measurements were used as quadrats for biomass harvesting.
Measurements were conducted every month.

Measurements
Micrometeorology

A microclimate station was set up in an open area of the study site at a height of 2
m. Rainfall (RG3 HOBO pedant rain gauge, HOBOware, Eichstetten, Germany), air
temperature and humidity (FUNKY-Clima, ESYS, Berlin, Germany), and global
radiation (HOBO pedant, HOBOware, Eichstetten, Germany) were the weather
parameters measured. Measurements were taken every 30 seconds and averaged and
stored every 30 minutes into in-built data loggers. In addition soil temperature at 10 cm
depth was measured within the chambers (see net ecosystem CO, exchange below)
using digital thermometers (Einstichthermometer, Conrad, Hirschau, Germany) during
carbon dioxide flux measurements. Vapour pressure deficit (VPD) was computed from
ambient air temperature and relative humidity. Saturation vapour pressure (VPg) was
first computed from the Arrhenius equation. Actual partial pressure of water vapour
(VP,ir) was then computed from saturation vapour pressure and relative humidity:

VPair = VPsat * RI-%OO (Eq. 1)

Vapour pressure deficit (VPD) was then computed as the difference between VPg, and
VPair-

Soil water content

Soil samples for gravimetric soil water content (SWC) were obtained every month
from 0-10 cm, 10-20 cm and 20-30 cm depths using a soil augur. The soils were
weighed immediately after sampling, oven dried at 105°C to constant weight and then
re-weighed to determine its water content. Gravimetric soil water content was
determined as the relative change in weight between fresh and dry soil samples.

Soil and plant carbon and nitrogen determination

Carbon (C) and nitrogen (N) concentration in the soil, root and shoot were
determined. Soil and shoot samples were obtained from part of soil moisture and shoot
biomass samples respectively. Root samples were obtained monthly using a root augur.
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Samples (shoots, roots, and soil) were then dried and homogenised in a ball mill. The
homogenised samples were re-dried in a desiccator to eliminate all water.
Approximately 5 g of the dried soil and 1 g of plant samples were then analysed to
determine their C and N concentrations (%) using elemental analysis according to
Markert (1996).

Net ecosystem COZ2 exchange (NEE)

Net ecosystem CO, exchange (NEE) was measured using a portable, temperature-
controlled 40 cm x 40 cm x 54 cm transparent (=light) closed chamber system
(Droesler, 2005; Otieno et al. 2010). The light chamber was constructed from a 3 mm
thick Plexiglas XT type 20070, with >95% light transmittance. To ensure closed-air
circulation, plastic collars with base area of 39.5 cm x 39.5 cm and 10 cm height,
externally fitted with a 3 cm wide platform (3 cm from the top) were inserted
approximately 5 cm into the soil at the beginning of the season. Chambers were sealed
to the plastic frames/collars with a flexible rubber gasket and the chamber firmly
secured using elastic straps fastened onto the ground from two sides. Extension bases
were used to adjust chamber height to the canopy height. Tests were done to check that
leakage did not occur, however, this could not be examined regularly in the case of
systematic field measurements and each set of data was scrutinised for abnormalities.

The chamber temperature was maintained within 2°C of the ambient using frozen
cool packs and air inside the chamber was mixed using three fans. Air temperature
within and outside the chamber was continuously monitored and recorded during the
flux measurements to check against wide variations. Sudden rise in pressure within the
chamber was avoided by having a 12 mm diameter vent at the top of the chambers. This
vent was opened during the placement of the chamber on the collars and replaced soon
after the chamber was secured on the collars but before the onset of CO, flux
measurement.

Carbon dioxide concentration inside the chamber was measured using a portable
infrared gas analyser (IRGA, LI-820, LI-COR, USA) connected to the chamber via
flexible 0.32cm diameter inflow and outflow tubes (Droesler, 2005). A battery-driven
pump maintained a constant airflow rate through the IRGA-chamber system. Once a
steady state was attained in the chamber system, CO, concentration (ppm) was recorded
every 15 s for a period of 22 minutes before shifting to the next collar. Photosynthetic
photon flux density (PPFD) above the grass canopy inside the chamber was measured
using a PAR sensor (LI-190, LI-COR, USA) and logged alongside the CO,
concentrations. Soil temperature within the chambers at 10 cm depth was recorded, at
the start and end of the CO, concentration measurements, from digital thermometers
(Einstichthermometer, Conrad, Hirschau, Germany).

Changes in CO, concentration within the chamber headspace was calculated by
linear regression from a linear portion of the plot of CO; against time for the duration of
the measurement. CO, fluxes were calculated according to Risch & Frank (2010).

_ 9CO, , Py Eq.2
CO, flux 5 X IRT (Eq. 2)
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oCO
where 72 = rate of change in CO, concentration with time; V = volume of headspace
within the chamber; P = atmospheric pressure; A= ground area enclosed by chamber;
R= gas constant; T= air temperature (K).
A functional relationship between PPFD and NEE, also known as the ‘light response
curve’ described by a rectangular hyperbola (Gilmanov et al., 2007) (Eq. 3) was
employed to parameterize NEE response to light, using Sigma Plot 8.0.

NEE =——“2_ (Eq. 3)
aQ+p

where Q is PPFD (umol m > s™"), NEE (umol CO, m s '), a is an approximation of the
canopy light utilization efficiency (umol CO,/pmol photon), £ is the maximum CO2
uptake rate of the canopy (umol CO, m > s ') and 70 is an estimate of the average
ecosystem respiration (Reco, pmol CO, m* s ') occurring during the observation
period.

Ecosystem respiration (Rec,)

A similar chamber system to that used for NEE measurement, but translucent (dark)
was used to measure ecosystem respiration (Rec). The dark chamber was made of
opaque PVC and further covered with an opaque insulation and reflective layer of
aluminium. The light and dark chamber measurements were conducted cyclically on
hourly intervals from early in the morning (08:00 hr) to evening (18:00 hr), resulting in
8-10 measurement cycles per day.

Gross primary production

Gross Primary Production (GPP) was estimated from the general equation (Li et al.
2008):

GPP = Ree - NEE (Eq. 4)

where Ree, = ecosystem respiration (umol CO, m? s™) and NEE = net ecosystem CO,
exchange (umol CO, m™s™).

Aboveground Biomass determination

During each CO, fluxes measurements, the collars (39.5 cm x 39.5 cm) were used as
quadrants in sampling grass biomass that was then harvested. The harvested biomass
was separated into standing/live biomass and dead/litter biomass. All aboveground
shoots made up the live, while all shed-off litter made up the dead biomass. The
separated live and dead biomasses were oven dried at 75°C for 48 hr to determine their
dry weights.
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Statistical analysis

Statistical analysis was performed using GenStat Discovery Edition 3 (VSN
International Ltd: http://www.vsi.co.uk). Monthly and periodic means were compared
using ANOVA, with month/period as the fixed effects at significance level of P < 0.05.
We applied multivariate linear mixed-effects model in order to correct for the repeated
measures in the different plots while interaction between factors were obtained from
Generalized Liner Model (GLM). We checked the normality of the model residuals
visually by normal probability plots, and we assured the homogeneity of variances and
goodness of fit of the models by plotting residuals versus fitted values. Post hoc test for
pair-wise comparison of means was conducted with Tukey-LSD test (P<0.05) while
correlation was tested using Pearson correlation test.

Results
Daily weather patterns

Both vapour pressure deficit (VPD) and photosynthetic photon flux density (PPFD)
increased from early morning to daily maximum values before declining (Figs. /a and
b) irrespective of the soil moisture phase. However, while PPFD peaked at midday,
VPD peaked later between 13:00 and 15:00 hrs. Soil temperature also increased from
early morning (Fig. Ic) but did not peak unlike VPD and PPFD.

As expected vapour pressure deficit in the dry period was significantly higher than
that of the wet and intermediate periods. Vapour pressure deficit of the wet and
intermediate periods only differed significantly after midday. There was no definite
seasonal trend on daily PPFD. The dry periods had significantly higher soil temperature
than the wet which in turn was higher than that of the intermediate periods. Largest
fluctuations in soil temperature (6+1°C) during the day occurred during the dry periods.

Seasonal microclimate and soil conditions

The rainfall pattern was bimodal with two peaks March to July and August to
December (Fig. 2a). The total annual rainfall for 2009 was 1000 mm which was lower
than the 15 year average of 1346 £ 54 mm. Mean monthly air and soil temperatures
were highest during the dry period (January-March) and lowest during the wet months
(April-May) and intermediate (July) (Fig. 2b). The mean monthly air and soil
temperatures were 24.5°C and 25.7°C respectively. Annual variations in temperature
were small, while daily fluctuations were large.

Gravimetric soil water content (SWC) within the 0-30 cm soil profile followed the
rainfall pattern, increasing during the wet and declining during the dry months (Fig. 2c).
SWC was lowest in January-February averaging = 20% and highest in April-May at =
40%.

Both total soil nitrogen (N) and carbon (C) were lowest (0.226+0.01% and
2.77£0.19% respectively) during the dry period (February-March) and increased with
the rains to peak at the end of the rains (0.2354+0.01% and 3.39+0.19% respectively) in
June and (0.283%0.01% and 3.96+0.19% respectively) in November (Fig. 3a). Shoot N
was lowest (0.342+0.16%) during the dry period, peaked (1.10+0.15%) at the onset of
the rains in April and then declined with declining SWC to 0.55+0.15% in August
before increasing again to another peak (1.01+£0.15%) in November during the short
rains (Fig. 3b). Root N increased slightly with the onset of rains from 0.573+0.09% in
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March to 0.696+0.07% in April but thereafter declined to 0.445+0.07% in May while
the shoot N remained high at 1.0540.15%.
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Figure 1: Daily trends of vapour pressure deficit (VPD) (a), photosynthetic photon flux density
(PPFD) (b); soil temperature at 10 cm depth (c) net ecosystem COZ2 exchange (NEE) (d);
ecosystem respiration (e) and gross primary production (f) for dry, intermediate and wet, soil
conditions. Values are means (+ SE)
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Figure 2. Monthly rainfall (a), mean soil and air temperature (b) and mean soil water content

As shoot N declined between May and August the root N levels increased by 50%
from 0.445+0.07% to 0.880+0.07%. The roots had higher N levels (0.57340.09% and
0.880+0.07%) compared to the shoots (0.342+0.16% and 0.55+0.15%) during February
— March and August respectively. Shoot carbon to nitrogen (C:N) ratio was low during
wet months when conditions are conducive for growth and high during drought (Fig.

3c).
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Figure 3. Total soil nitrogen (N) and carbon (C) (a), shoot and root N (b) and shoot C to N
ratio (c). Values are means (+ SE)

Aboveground biomass

Both the total aboveground and dead/litter biomasses were highest (1426.1+71.3 and
553.4+31.1 gm™ respectively) during drought at the beginning of the year (February —
March) (Fig. 4a). Total aboveground and dead biomasses dropped to 529.5+64.3 and
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154.0+28.5 gm™ respectively at the onset of the rains in April and then gradually
increased to peak again at the end of the growing season in July-August (887.2+71.3
and 290.6+31.1 gm™).

Carbon dioxide fluxes
Daily carbon fluxes

Daily trends of GPP, NEE and R, differed with the soil water status (Figs. Id, e, f).
When water was readily available (wet), GPP and NEE increased from 27.65 and -12.10
pumolm™s™ respectively in the morning to daily maximum values of 35.49 and -20.65
umolm™s™ respectively around midday before declining gradually to 19.24 and -5.66
umolm™s™ respectively by around 17:00 hrs (Figs. 1d, f). This trend was similar to that
of PPFD but GPP and NEE peaked earlier than VPD by about 2 hrs. During the periods
of dry and intermediate soil water condition, GPP was highest (>10.00 and >20.00
umolm™s™ respectively) in the morning (08:00 hr) and decreased as the day progressed
to 2.28 and 6.46 pmolm™s™ respectively after 16:00hrs. Net ecosystem CO, exchange
of the dry and intermediate periods followed a similar trend decreasing from <-3.00 and
< -10.00 pmolm™s™ respectively in the morning to >5.00 and > 3.00 pumolm™s”
respectively after 16:00 hrs. The dry period NEE values were always positive implying
the ecosystem was a net CO; source, while those of the wet period were always negative
indicating a net CO; sink, during these periods. The daily trends of NEE and GPP for
the intermediate soil conditions were in between those of the dry and wet conditions.

Ecosystem respiration (Rec,) varied little in the course of the day compared to GPP
and NEE (Fig. le). It was almost unchanged in the morning (15.56 pmolm™s™ at 08:00
and 15.86 pmolm™s™ at 13:30 hrs) before decreasing to 13.58 umolm™s™ after 16:00
during wet period. It increased from 10.37 pmolm™s™ at 9:00hrs to 12.78 pmolm™s™ at
13:30 hrs before decreasing to 10.44 umolm™s” after 16:00 hrs in the intermediate
period. During the dry period, Rec, decreased from 11.19 pmolm™s™ at 08:00hrs to 8.02
umolm™s™ by after 16:00 hrs.

Seasonal carbon fluxes

Net ecosystem CO, exchange (NEE), ecosystem respiration (Ree,), and gross primary
production (GPP) followed the seasonal pattern of rainfall and SWC (Fig. 4b).
Maximum net ecosystem CO, exchange, Reco max and GPPy.x were lowest at 3.2140.99,
8.21+1.02 and 4.67+1.06 pmolm™s™ respectively during drought (February-March) at
the beginning of the year, increased (became more negative for NEE;,x) with the onset
of the rains to -13.86+1.48, 15.03+0.98, and 27.73+1.47 pmolm™s” respectively in
April, and gradually declined as the SWC decreased to reach the second low levels of -
4.72+1.05, 6.59+1.02 and 9.16+1.62 pmolm™s™ respectively in July. Maximum net
ecosystem CO; exchange, Reco max and GPPp,x again increased thereafter from August as
the rains resumed.

The seasonal fluctuations in Reco max Were relatively limited compared to those of the
NEEnx and GPPp,x. Maximum net ecosystem CO, exchange (NEEpax), Reco max and
GPP,ax Were positively correlated with SWC with R* = 0.79, 0.63 and 0.89 respectively
(Fig. 4c). Maximum Reco (Reco max) Was strongly correlated (R2 =0.68; P<0.001) to, and
a linear function of GPP. (Fig. 4d). The three periods of different phases of soil
moisture distinctly stood out in the GPPpax vs. Reco max correlation.
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Figure 4. Total aboveground and dead biomass (a); Maximum net ecosystem CO2 exchange
(NEEmax), ecosystem respiration (Reco max) and gross primary production (GPPmax) (b); and
linear regressions, of SWC and NEEmax, Reco max, GPPmax (c), and of GPPmax and Reco
max (d). Values are means (+ SE)

Net ecosystem CO, exchange was second-order polynomial non-linear function of
VPD. It increased with increasing VPD when water was not limiting but decreased with
increasing VPD under intermediate and dry soil conditions (Fig. 5a). The NEE Vs VPD
correlations were moderate (R* = 0.50) under readily available soil water but strong
under intermediate and dry conditions (R® = 0.84, 0.92 respectively).
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Figure 5: Correlation between net ecosystem CO2 exchange (NEE), and vapour pressure
deficit (a), and photosynthetic photon flux density (PPFD) (b): and between ecosystem
respiration (Reco) and soil temperature (c) for dry, intermediate and wet, soil water status.
Values are means (+ SE)
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The rectangular hyperbolic light response curve (Eqn.3, Gilmanov ef al., 2007) best
described the correlation between PPFD and NEE under all the three SWC conditions,
with R* = 0.64, 0.87, and 0.73 for dry, intermediate and wet conditions respectively
(Fig. 5b). Fitted parameters from the regression between NEE and PFD showed that
light utilization efficiency (o) and maximum CO; assimilation rate of the canopy (/)
decreased with decreasing soil moisture (7able 1). Light utilization efficiency (o) was -
0.08 £0.04, -0.04 £ 0.02 and -0.01 £ 0.01 while maximum CO, assimilation rate of the
canopy (f) was -30.39, 23.93 and 18.88 for the wet, intermediate and dry periods
respectively.

Ecosystem respiration was linearly correlated to soil temperature with R* = 0.71,
0.54 & 0.80 for dry, intermediate and wet soil conditions respectively (Fig. 5c). It
increased with increasing soil temperature under wet and intermediate soil water
conditions but decreased with increasing soil temperature under dry soil conditions.

Table 1. Best-fit parameters of the empirical hyperbolic light-response model (Eqn
3) derived from NEE data grouped according to the different phases of soil moisture
and their statistics.

Soil a B 0 SE SE SE R’ P
moisture a p 70
condition
wet - - 9.0 0.0 2.6 3.3 0.7 <0.
0.08 30.39 2 4 0 7 3 0001
Intermedia - - 7.7 0.0 3.3 2.2 0.8 <0.
te 0.04 2393 8 2 9 5 7 0001
Dry - - 8.2 0.0 3.1 2.2 0.6 0.0
0.01 18.87 8 1 4 7 4 003
Discussion
Soil and plant nitrogen

Soil moisture levels as measured by SWC followed the rainfall pattern and were
highest in the wet and lowest in the dry periods. The seasonal variation of rainfall and
hence SWC determined soil C and N levels. The increments in total soil N at the onset
of the rains most likely resulted from enhanced mineralization of easily decomposable
organic matter that had been accumulated during the dry season (Wedin, 1996; Kutsch
et al., 2008). This is consistent with the rapid decline in the dead biomass at beginning
of the rains in April. In addition, there was a strong positive correlation (R* = 0.80; P <
0.001) between soil C and N in this ecosystem.

The positive correlation of soil C and N is typical of the biological mineralization
pattern of ecosystems in which soil nutrient levels are largely dependent on the soil litter
content (Wedin, 1996; Ries & Shugart, 2008). The synchrony in soil C and N levels to
soil moisture regimes underscores the significant role that soil moisture plays in nutrient
cycling in this savannah. Our observations are in agreement with the conclusion by
Wang et al. (2009) that soil water availability largely determines the patterns and rates
of nutrient cycling in African savannah.

Shoot and root N levels increased from the onset of rains implying a strong
interrelation between nutrient release from soil and uptake by grass plants in this
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ecosystem. Similarly enhanced uptake of N following onset of rains had been noted
among perennial grasses (Joffre, 1990; Wedin, 1996). The shoot and root N levels were
tightly inter-linked in this ecosystem. Shoot N was high and root N low during the
periods of peak active growth and biomass accumulation (May) but shoot N declined as
root N increased by 50% at the end of the growing season pointing to possible
relocation and accumulation of N in the roots (Baruch & Gomez, 1996; Wedin, 1996).
Furthermore the plant roots had higher N levels than the shoots during drought and
shoot C:N ratio was high during drought but low during wet periods with active growth
implying transportation of N out of the shoots possibly to the roots. Enhanced root
accumulated N would enable rapid regrowth of the grasses the next time environmental
conditions become favourable. The synchronised N release and uptake and its probable
relocation from the shoot and accumulation in the roots are strategies that restrict N
losses from the ecosystem (Wedin, 1996). Such strategies are highly beneficial in N-
limited ecosystems like savannah.

Ecosystem productivity and carbon fluxes

Aboveground biomass development pattern followed the seasonal changes in soil
moisture availability, with peak biomass coinciding with the end of the growing season.
Similar biomass development trends had previously been noted in tropical savannah
(Bourliére & Hadley, 1970; Scholes & Walker, 1993).

Net ecosystem CO, exchange, GPP, light use efficiency (a) and maximum canopy
CO, assimilation rate () increased simultaneously with soil moisture peaking in the
wet months. This is typical of most grassland, where gross and net photosynthesis are
strongly correlated to green biomass (leaf area index) (Xu & Baldocchi, 2004; Li ef al.,
2005; Otieno et al., 2009; Beringer ef al., 2011). Given that shoot N also peaked in the
wet season, the combined increase in green biomass (photosynthetic surface area), shoot
N and light utilization efficiency facilitated rapid CO, uptake resulting into the high
GPP and NEE.

At a daily scale, GPP, NEE and PPFD increased in tandem, their maximum values
coincided at midday, and NEE was strongly correlated to PPFD (R? = 0.73, P < 0.001)
during wet periods. Gross primary production and NEE were most likely being driven
by photosynthetic photon flux density when water was not limiting (Dai ef al., 2004;
Hastings et al., 2005) as has previously been reported in savannah (Ardd et al., 2008;
Kutsch et al., 2008; Risch & Frank 2010). During drought, the daily trends of GPP and
NEE were reversed and they both decreased as VPD and PPFD increased. The decline
in GPP and NEE during drought is attributed to either stomatal regulation by VPD
(Eamus ef al., 2001; Mabherali ef al., 2003; Li et al., 2005) or their direct limitation by
soil moisture (Kanniah et al., 2010). Under drought with relatively high VPD,
increasing VPD decreases stomatal conductance and hence GPP and NEE (Maherali et
al., 2003; Li et al., 2005) in order to restrict plant water loss. Stomatal sensitivity to
VPD is also known to increase with dropping leaf water potential in response to low soil
moisture (Jones, 1998; Li ef al., 2005). Kanniah ef al. (2010) however, reported canopy
light use efficiency to be more strongly correlated to SWC at 10 cm depth than the
atmospheric VPD. It therefore implies that both low SWC and high VPD may work in
synergy to lower the gross and net photosynthesis under dry soil conditions.

There was no evidence of direct GPP and NEE responses to ambient temperature.
Instead, mean daily temperatures were lowest during the rainy seasons, when GPP and
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NEE were highest, and highest during drought when GPP and NEE were lowest. It is
however, noteworthy that air temperature did not vary much over the year at our site.

Since soil N concentration did not differ over the year, we conclude that the seasonal
differences in NEE and GPP must have resulted from the seasonality of soil moisture
that caused the differences in green biomass (photosynthetic surface area), shoot N,
light utilization efficiency and maximum canopy CO; assimilation rate. Similar driving
role of soil moisture on gross and net photosynthesis of savannah had previously been
reported (Xu & Baldocchi, 2004; Merbold ef al., 2008; Otieno et al., 2010).

Seasonally we observed no influence of soil temperature on ecosystem respiration
instead, increasing temperatures were associated with drying soils and reduced Re., over
the year. This contradicted other studies (Lloyd & Taylor 1994; Xu et al., 2005;
Flanagan & Johnson, 2005; Li et al., 2008) but was consistent to previous work of
Otieno et al. (2010) that reported minimal soil temperature control over R, at the same
study site. It is attributed to soil moisture controlling Re., directly through its effects on
soil microbial activity (Bowden et al., 1993, Hanson ef al., 2000) and indirectly through
assimilation and transport of assimilates to the respiring surfaces and into the soil
(Kuzyakov & Cheng, 2004). The indirect influence of soil moisture on Ree,, via C
assimilation is supported by our strong positive correlation between Ree, and GPP (R* =
0.68, P <0.001).

Contrary to our seasonal data and work of Otieno et al. (2010) at the same site, the
daily trends revealed controlling effects of soil temperature on Re,. Ecosystem
respiration increased with increasing soil temperature under wet and intermediate soil
water conditions but decreased with increasing soil temperature during drought and was
strongly correlated to soil temperature (R* = 0.71 and R*= 0.80 for dry and wet periods
respectively). The trend under wet soil conditions is in agreement to the observation that
when water is not limiting, Re., 1s largely governed by the soil temperature (Joffre ef al.,
2003; Flanagan & Johnson, 2005; Li ef al., 2008).

The decoupling of R, to soil temperature as noted during drought is not new having
previously been reported (Flanagan & Johnson, 2005; Tang & Baldocchi, 2005) and is
attributed to decline in the sensitivity of respiration to temperature with increasing soil
temperature and decreasing soil moisture (Xu & Baldocchi, 2004; Flanagan & Johnson,
2005). We speculate that the mismatch between Re,, and soil temperature during
drought may have resulted from, (i) restrained autotrophic respiration due to low carbon
source for respiration as photosynthetic rates declined in response to high temperature,
extremely high VPD, and low soil moisture; and (ii) decreased sensitivity of water
stressed microbial decomposers (a major contributor to soil respiration) to high
temperatures (Lloyd & Taylor, 1994; Tang & Baldocchi, (2005).

We attribute the anomaly in the seasonal and daily Re, correlations with soil
temperature to the greater daily (5 to7°C) compared to annual temperature fluctuations
(2 t03°C) at our study site. The daily fluctuations in temperature were evened out over
time (seasonally) leaving the seasonally significantly different soil moisture to
determine the ecosystem respiration. Such overriding role of soil moisture on ecosystem
respiration relative to temperature is not new having been reported by others (Xu &
Baldocchi, 2004; Tang & Baldocchi, 2005; Otieno ef al., 2010).

Highest mean carbon fluxes were 3.21+0.99, 8.21+1.02 and 4.67+1.06 pmolm™s™
during drought and -13.86+1.48, 15.03+0.98, and 27.73+1.47 pmolm™s” during wet
periods for NEE, R, and GPP respectively. The ecosystem was a net C sink over most
of the year except at the beginning when SWC fell below 25% and NEE was positive.
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This i1s contrary to the reports from semi arid savannah of Sudan (Ard6 et al., 2008)
which indicated a sink albeit a weak one even during the dry spell. The difference could
stem from the fact that unlike Ardd et al. (2008) who integrated NEE from both the
trees and herbaceous layer, we only measured the latterr. The herbaceous layer ceases
growth and senesces (Eamus ef al., 2001; Baldocchi et al., 2004) during drought, while
the deep rooted trees would still continue accessing soil moisture and hence
photosynthesising.

Conclusion

Seasonally, the ecosystem C fluxes and biomass production of this moist savannah
were largely determined by rainfall and hence available soil moisture. Soil N, and shoot
N levels, NEE, R, and biomass development followed a seasonal pattern governed by
the seasonality of rainfall. N mobility among its pools of soil, plant roots and shoots
were tightly coupled in a manner that served to restrict its loss from the ecosystem and
to enhance its availability and utilization by plants.

The daily ecosystem C fluxes and their relationship to the daily weather parameters
were also determined by soil moisture levels as dictated by rainfall. However, on a daily
scale, Gross primary production and net ecosystem CO, exchange were regulated by
photosynthetic photon flux density when water was readily available and vapour
pressure deficit during drought. Ecosystem respiration was controlled by soil
temperature. We recommend intense measurements during periods of greatest
temperature variations at the site (July-January) to rule out seasonal influence of
temperature on ecosystem respiration.
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