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Abstract

Monitoring the changes of ecosystem functioning is pivotal for understanding the global
carbon cycle. Despite its size and contribution to the global carbon cycle, Africais largely
understudied in regard to ongoing changes of its ecosystem functioning and their re-
sponses to climate change. One of the reasons is the lack of long-term in situ data. Here,
we use eddy covariance to quantify the net ecosystem exchange (NEE) and its compo-
for years 2010-
2022 for a Sahelian semiarid savanna to study trends in the fluxes. Significant negative
trends were found for NEE (12.7+2.8g Cm?year ™), GPP (39.6+7.9g Cm?year}), and
R. (32.2+8.9g Cm?year ). We found that NEE decreased by 60% over the study pe-

eco

nents—gross primary production (GPP) and ecosystem respiration (R,

riod, and this decrease was mainly caused by stronger negative trends in rainy season
GPP than in R__,. Additionally, we observed strong increasing trends in vapor pressure
deficit, but no trends in rainfall or soil water content. Thus, a proposed explanation for
the decrease in carbon sink strength is increasing atmospheric dryness. The warming
climate in the Sahel, coupled with increasing evaporative demand, may thus lead to

decreased GPP levels across this biome, and lowering its CO, sequestration.
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carbon loss, climate change, eddy covariance, rainfall, Sahel, semiarid savanna, vapor pressure
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1 | INTRODUCTION

Terrestrial ecosystems sequester approximately 31% of the anthro-
pogenic carbon emissions, being an essential ecosystem service mit-
igating climate change (Friedlingstein et al., 2023). This carbon sink
was found to increase in strength globally (Ruehr et al., 2023), and
it has been shown that semiarid regions play an increasingly import-
ant role representing the main biome driving global long-term trends
and inter-annual variability of carbon sequestration (Ahlstrom
et al., 2015; Poulter et al., 2014). However, the long-term variability
of land-atmosphere carbon exchange processes of these semiarid
savannas is still not well understood (Rybchak et al., 2024).

The African Sahel is one of the world's largest semiarid savanna
areas, being a transition zone situated amidst the Sahara Desert to
the north and the humid Sudanian savanna to the south. It is char-
acterized by a sparse cover of trees and shrubs with an understory
dominated by grasses and forbs (Tagesson, Fensholt, & Guiro, 2015;
Verbruggen et al., 2021). This region has been affected by severe
droughts impacting ecosystem services important for local liveli-
hoods, such as crop production, grazing, and water availability (Abdi
et al., 2014; Adaawen et al., 2019; Booker et al., 2013; Gebremedhn
etal.,2023; Sannietal., 2012; Seid et al., 2016). Rainfall is the primary
driver of vegetation growth in the Sahel, which makes the ecosystem
responses vulnerable to the effects of climate change, such as in-
creased drought frequency (Hickler et al., 2005; Mortimore, 2010)
and increased evaporative demand (Vicente-Serrano et al., 2020).
In the past decades, an increased frequency of extreme rainfall
events, alongside a decreased a number of rainy days, has been ob-
served (Taylor et al., 2017). Additionally, there has been a cropland
expansion, alongside degradation of natural ecosystems (Souverijns
et al., 2020). Therefore, ongoing land use and climate changes might
be affecting ecosystem functioning and carbon cycling.

It has also been found that the region is experiencing an increase
in net land carbon sink strength (Friedlingstein et al., 2023), sat-
ellite observed leaf area (Ruehr et al., 2023) and greenness (Jiang
et al.,, 2022; Zeng et al., 2023). However, these are based on sat-
ellite observations or model simulations, and a major restriction
of our understanding of changes of ecosystem functioning in the
Sahel, and other tropical semiarid areas, is the lack of long-term
in situ data records (Zscheischler et al., 2017). Long-term land-atmo-
sphere exchange measurements promote the understanding of the
dynamic responses of the carbon exchange processes to changing
environmental conditions and are pivotal for the parameterization
and evaluation of remote sensing products and dynamic vegetation
models (Gu et al., 2018). Hence, there is an increasing demand for
field observations of environmental variables and carbon exchange
processes, especially from the tropical regions (Gamon et al., 2010;
Kattge et al., 2020; Pastorello et al., 2020).

The net ecosystem exchange (NEE) of CO, is the balance between
the CO, assimilated by the vegetation (gross primary production;
GPP) and carbon released via respiratory processes (heterotrophic
and autotrophic respiration; combined referred to as ecosystem

respiration; R__ ). There have been a few studies investigating the

eco’

CO, exchange processes using the eddy covariance (EC) technique in
the Sahel (Ardd et al., 2008; Boulain et al., 2009; Hanan et al., 1996;
Mauder et al., 2021; Merbold et al.,, 2009; Tagesson, Fensholt,
et al., 2016), but none of these are based on decadal or longer scale
time series, required for studies of trends and of the controlling fac-
tors of long-term variability.

Tagesson, Fensholt, Cropley, et al. (2015) and Tagesson, Ardo,
et al. (2016) used the EC technique to study drivers of the diurnal and
seasonal dynamics of the land-atmosphere CO, exchange processes
at the Dahra field site, a grazed semiarid savanna ecosystem located in
Senegal. They found that the dynamics at these fine temporal resolu-
tions were most strongly governed by photosynthetically active radi-
ation (PAR), soil moisture, and vapor pressure deficit (VPD). However,
these ecosystem-scale CO, flux measurements have now been con-
ducted for an additional 9years (13years in total). This time series of
CO, fluxes in combination with long-term data of hydro-meteorological
conditions allows us to assess the dynamics of the CO, fluxes on inter-
annual scale and to study how these are influenced by the ecosystem
properties and changes in environmental conditions. Therefore, this

study was designed to answer the following research questions:

(i) What are the trends of measured NEE, GPP, R
2010-2022 in a Sahelian semiarid savanna?

co» TOr the years

(i) Which external and internal drivers (air and soil temperature,
PAR, VPD, rainfall, soil water content (SWC), greenness (the nor-
malized difference vegetation index [NDVI], rainy season length,
water use efficiency [WUE], and inherent WUE [IWUE]) are
likely to affect the observed NEE, GPP, R trends?

2 | MATERIALS AND METHODS
2.1 | Site description

The measurements were conducted at the Dahra field site in the
Sahelian zone of Senegal (15°24'10” N, 15°25'56” W, elevation 40m)
(Figure 1). The site is a grazed semiarid savanna grassland. Annual
mean rainfall is 416 mm (for the period 1951-2003) of which more
than 95% of the rain falls during the rainy season (July-October),
with August being the wettest month (Agence Nationale de |'Aviation
Civile et de la Météorologie, Senegal). The site also experiences a
decreasing trend in rainfall since the 1950s (Supporting Information
subsection S1). Annual air temperature (for the period 1951-2003)
is 29°C; May has the highest mean monthly temperature (32°C) and
January the lowest (25°C). South-westerly winds dominate during the
rainy season, whereas north-easterly winds dominate during the dry
season. The site is a low tree and shrub savanna with ~3% tree cover
(Rasmussen et al., 2011). Most abundant tree species are Balanites
aegyptiaca, Vachellia tortilis, Senegalia senegal, while the ground veg-
etation primarily consists of annual C4 grasses (e.g., Cenchrus biflorus,
Eragrostis tremula, Aristida adscensionis, Dactyloctenium aegyptium)
(Tagesson, Fensholt, & Guiro, 2015) and forbs (e.g., Diodella samentosa
and Zornia glochidiata) (Gebremedhn et al., 2023). The soil is sandy
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FIGURE 1 The study location. 18°W

(a) Location of the Dahra field site in

Senegal; (b) the eddy covariance tower

during the dry season; and (c) the 16°N
meteorological tower during the rainy

season. Map lines delineate study areas

and do not necessarily depict accepted

national boundaries.

14°N

18°W

(b)

luvic arenosol with negligible amounts of organic material and low
clay content (Clay=0.35%, silt=4.61%, and sand=95.04%) (Tagesson,
Fensholt, & Guiro, 2001). The instrumental setup consists of two tow-
ers: one with an EC system for CO,, H,0, and energy flux measure-
ment, and one with meteorological sensors (Figure 1). The detailed

sensor setup is described in Tagesson, Fensholt, and Guiro (2015).

2.2 | ECand environmental data

NEE (umol CO, m™?s™) and latent heat (LE) (Wm™) were measured
between August 8, 2010 and December 31, 2022 using an EC system
installed at 9-m height. Negative NEE represents a net uptake of CO,
from the atmosphere, thus a sink in a given time period. We used a
Gill R3 Ultrasonic Anemometer (Gill instruments Ltd, Lymington, UK)
and an open-path CO,/H,0 infrared gas analyzer (LI-7500, LI-COR
Inc. Lincoln, NE, USA) between 2010 and 2017, and a closed-path
EC155 CO,/H,0 infrared gas analyzer in combination with a CSAT3A
sonic anemometer (combined referred to as the CPEC 200 system,
Campbell Scientific, Logan, UT, USA) 2019-2022. The analyzers had
a 20 and 15cm horizontal and a 24 and -5cm vertical separation
from the anemometer, for the open-path and closed-path analyzers,
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respectively. The open-path analyzer was also inclined 29° from verti-

cal. Data were captured at a rate of 20 and 10Hz for the open-path
and closed-path measurements, respectively. The open-path gas ana-
lyzer was calibrated every 4 weeks and the closed path once per year.

The data processing included de-spiking (Vickers & Mahrt, 1997),
2D coordinate rotation (Wilczak et al., 2001), time lag removal be-
tween anemometer and gas analyzer by covariance maximization
(Fan et al., 1990), linear detrending (Moncrieff et al., 2005), and
for the open-path analyzer compensation for density fluctuations
(Webb et al., 1980) in EddyPro (LI-COR Inc. Lincoln, NE, USA). The
fluxes were adjusted for the effects of low- and high-pass filtering
(Moncrieff et al., 1997, 2005). Additionally, statistical tests for skew-
ness and kurtosis were used for filtering (Vickers & Mahrt, 1997).
Data were quality filtered based on tests for steady-state con-
ditions and developed turbulent conditions (Foken et al., 2004).
For the open-path analyzer, data collected during rainfall events
were rejected. The filtered data coverage of the measured period
was 50.4%. However, there were additional large gaps between
November 5, 2010 and July 17, 2011, January 11, 2013 to July 7,
2013, and throughout 2014 and 2018 caused by broken sensors,
maintenance, and the sensor shift. In the end, 32.7% of the full NEE
time series in 2010-2022 was captured, consisting of 51.1% data
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captured in rainy season and 24.4% in the dry season (26.7%, 18.7%,
46.3% for LE, respectively).

Hydrometeorological variables were measured continuously except
for during the periods from October26, 2010 to February 25,2011, and
March 2, 2014 to March 22, 2014, due to technical issues. Measured
variables were air (T;) and soil temperature (T_;) (°C) measured at 2
and -0.10m, respectively, relative humidity (RH) (%) measured at 2m,
SWC (%) measured at 0.05m, PAR (umol m~2s71) measured at 10.5m,
and rainfall (mm) measured at 2m with four rain gauges. The detailed
sensor setup is described in Tagesson, Fensholt, Cropley, et al. (2015).
Incoming and reflected red and near-infrared radiation was also mea-
sured at 10.5m and used to calculate the NDVI (Tucker, 1979). All sen-
sors were connected to CR1000 data loggers in combination with a
multiplexer (Campbell Scientific Inc., Logan, UT, USA), and data were
sampled every 30s and stored as 15min averages (sum for rainfall).
VPD (hPa) was calculated from T and RH (Wutzler et al., 2018).

air

2.3 | Gap filling and partitioning of the measured
CO, and water fluxes

The NEE time series was filtered for low friction velocity (u.), gap-
filled and partitioned using ReddyProc (Wutzler et al., 2018). For
the u. filtering, we used the method of Papale et al. (2006). We used
the marginal distribution sampling (MDS) algorithm described in
Reichstein et al. (2005) for the gap filling, whereas the partitioning
into GPP and R, was done using the day-time algorithm (Lasslop
et al., 2010). Low-quality data in the gap-filled NEE, GPP, R, and
LE time series were then excluded using the quality flag threshold of
>1 (Wutzler et al., 2018). This first gap-filled dataset still consisted
of both short and long data gaps and the subsequent gap-filling pro-
cessing steps were therefore applied: (1) up to 7 days long gaps in en-
vironmental variables were filled using an 8-day moving window for
the same time of the day. (2) Longer gaps in the environmental vari-
ables were filled using a mean value for a given time and day of the
year, calculated from the full time series 2010-2022. (3) Remaining
gaps in the NEE, GPP, R
average outputs from random forest (RF) simulations. The RF model

e and LE time series were filled using the
was implemented in Python Scikit-Learn module and included 1000
trees (Breiman, 2001; Pedregosa et al., 2011). Other parameters of
RF were set as default, that is, no maximal depth of the tree, two sam-
ples required to split a node and one sample required at each node
(Breiman, 2001). We used PAR, VPD, and T, as explanatory vari-
ables, and non-gapfilled GPP, R, , NEE, and LE as training data. We
obtained good fits for gap-filled NEE, GPP, R

by RF and by ReddyProc (Supporting Information subsection S2).

and LE as predicted

eco’

2.4 | Annual budgets and their uncertainties

Annual budgets of GPP, NEE, and R, , were calculated as sums of

half-hourly values for each year. This was followed by an analysis
of uncertainty in the annual budgets. This analysis does not take all

uncertainties into account, but does provide an estimate of the main
errors within the flux budgets. Random errors in sampling of flux
measurements may occur due to the stochasticity of turbulence; thus,
we calculated variance of the covariance between CO, concentra-
tions and vertical wind speed to quantify random uncertainty. This
was done in EddyPro (LI-COR Inc. Lincoln, USA), using the method of
Finkelstein and Sims (2001). We estimated the uncertainty related to
the selection of the u. thresholds as different u. thresholds will yield
different contributions of gap filling to the carbon flux budgets. We
ran 200 bootstrap simulations to generate artificial replicates of the
dataset and for each replicate a u. threshold was estimated. The 5th,
50th, and 95th percentile of these 200 u. threshold levels were used
for estimating annual budgets of NEE, GPP, and R
ard deviations of these three budgets provides the uncertainty re-
lated to the u. filtering threshold (Wutzler et al., 2018). Subsequently,
we inferred the uncertainty of the MDS and RF gap-filling algorithms

co» Where the stand-

using bootstrap simulations with 200 iterations (Wutzler et al., 2018).
Uncertainty was calculated by calculating the standard deviation of
the annual budgets generated with these 200 iterations. The total

sum of the uncertainties from these sources (u;,,) were estimated as:

_ |2 2 4,2 2
Utotal = \/urandom UG, + Uyps + Uge

constituted by random uncertainties (U,,ngom)> U- threshold induced
uncertainties (uuA), and uncertainties from the gap filling of the MDS

algorithm (uppg) and the RF simulations (ugg).

2.5 | Data analysis

2.51 | Trendsin the CO, flux budgets and in the
environmental conditions 2010-2022

To study contributions of the dry and rainy season to the annual budg-
ets of NEE, GPP, and R
based on the first occurrence of at least 10mm cumulative rainfall

.o We extracted the data for the rainy season
within 7days after 1st of May, followed by a total of 20mm rainfall
within the next 20days. The end of the rainy season was defined
as the day of 20 consecutive days with cumulated rainfall less than
10mm after 1st of September 1. The remaining data were treated as
dry season observations. We then fitted ordinary least square linear
regressions to estimate trends 2010-2022 in the annual and seasonal
flux budgets, and in the environmental variable means: VPD, T_,, T_
PAR, SWC, NDVI and sums: rainfall, and rainy season length. Despite
13years being too short of a period to study actual climate trends, it

is included for studying their relationship with the CO, flux trends.

2.5.2 | Drivers of the changes in the CO, flux
budgets 2010-2022

To disentangle the relationships between the GPP and R, budgets
and VPD, T_., PAR, SWC, and rainfall, we used a structural equation

7 Tair
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model (SEM). In the analysis, both the fluxes and the environmental
variables were binned as averages (sums for rainfall) for each given
subset (i.e., rainy season, dry season, and full annual dataset). NEE is

a result of the interplay between GPP and R__, and thereby rather

eco’
driven by the causal mechanisms driving GPP and R, .. We thereby
excluded NEE from this analysis. For this analysis, we used absolute
values of GPP instead of negative to improve the readability of the
analysis. SEM is a multivariate statistical method that incorporate fac-
tor analysis, path analysis, and maximum likelihood estimation (Grace
& Bollen, 2005; Wang et al., 2018). It is a method commonly used
for disentangling the drivers of CO, fluxes (Ding et al., 2024; Flores-
Renteria et al., 2023; Ma et al., 2024; Perez-Quezada et al., 2024;
Wang et al., 2023). The SEM helps to understand and identify the di-
rect and indirect effects of driving variables on CO, fluxes and the
significance of those. For this purpose, we used the R package “lavaan”
(Rosseel, 2012). Variables were standardized by subtracting the mean
from each observation and divided by standard deviation. The path
coefficients were standardized partial linear regression coefficients,
representing the relative strength of a given relationship. We first con-
sidered a full model with all possible pathways and then sequentially
eliminated nonsignificant pathways (p>.05) until obtaining the final
model. To evaluate the model, we employed the following indices:
chi-squared (4?), root mean square error of approximation (RMSEA),
Comparative Fit Index (CFl), and Tuck-Lewis Index (TLI). The model is
considered satisfactory if RMSEA is smaller than .05, the chi-square
test is insignificant (p>.05) (Wang et al., 2024), CFl is greater than .95
and TLI is greater than .9 (Fan et al., 2016). We also did a principal
component analysis not included in the main text, as it showed similar
results as the SEM analysis (Supporting Information subsection S3).
Pearson correlation coefficients were also quantified to test how
closely the GPP, R,

the environmental variables VPD, T, T_ .

and NEE budgets were linearly correlated with
PAR, SWC, NDVI, rain-
fall, and rainy season length. Since NDVI and rainy season length
are not physical drivers, we did not consider them appropriate for
the SEM analysis. Thus, this analysis was mainly included to quantify
how closely variables not included in the SEM analysis were related
to the CO, flux budgets.

2.5.3 | Trends of WUE and IWUE to distinguish
between responses of herbaceous vegetation and
trees to the atmospheric drying

Ecosystem-scale WUE is a ratio of CO, assimilated via GPP to the
loss of water via evapotranspiration (ET) (Beer et al., 2009). It is a
critical metric to measure the trade-off between carbon uptake and
water loss of terrestrial ecosystems in response to environmental
changes (Niu et al., 2011). During the dry season in Sahelian semiarid
savanna, the most important active component contributing to the
CO, exchange is the trees (Agbohessou et al., 2023). At the end of
the dry season (we used the last 3months before the start of rainy
season), minimal evaporation takes place; therefore, the small ob-
served ET is mainly due to the transpiration of the evergreen trees

50f 18
= Global Change Biology g%\ ]_EYJ—

(Nelson et al., 2018). Thus, observed changes of WUE during this part
of the year provide information about the responses of tree activity to
the changing environmental conditions, such as atmospheric drought
(Grossiord et al., 2017). Assuming the density of water is constant at
1000kg m~3, LE fluxes can be converted to ET by dividing LE by the
heat of vaporization (1=2.501-0.00236 xT ., where A is in MJ kg'1

air
and T, is in °C) (Ding et al., 2010). WUE was then calculated as:

WUE = GPP /ET.

However, the standard WUE does not consider the evaporative
demand of the atmosphere known to affect both GPP and ET (Beer
etal., 2009). Beer et al. (2009) proposed to use an IWUE, where VPD
is included to account for this effect. IWUE can therefore be used in
relation to WUE to account for individual effect of VPD changes on

long-term ecosystem responses. It is calculated as:
IWUE = GPP x VPD /ET.

We then fitted ordinary least square linear regressions to esti-
mate trends 2010-2022 in the annual and seasonal WUE and IWUE

estimates.

3 | RESULTS
3.1 | Environmental conditions

During 2010-2022, mean annual temperature at the Dahra field site
was 28.6°C, with December-February being the coldest, and April-
June being the hottest months (Figure 2). The warmest months also
had the highest incoming PAR (Figure 2). Average annual rainfall
2010-2022 was 379 mm with highest recordings in 2010 (637 mm)
and the lowest in 2018 (260 mm). A significant increasing linear trend
2010-2022 was observed for VPD (Figure 3). No trends were ob-
served in neither rainfall nor in SWC 2010-2022 (Figure 3).

3.2 | Land-atmosphere exchange of CO,

NEE had strong seasonal variations with levels close to zero (-6 to
5pmol CO, m2sY during the dry season, followed by strong emis-
sion bursts during the start of the rainy season (up to 16 umol CO,
m2s™) and strong uptake levels during the middle of the rainy sea-
son (up to -46 umol CO, m2s7Y) (Figure 2).

The savanna ecosystem acted as a carbon sink for all years with
an average annual NEE budget (+u, ) of -180+29g Cm_zyear’i,
but with a large interannual variability (standard deviation of annual
budgets: 58g Cm2year™; range -265+39 to -57+19g Cm™2year™)
(Table 1; Figure 4). Large differences of the cumulative NEE between
years were observed during the dry season (average: -54+9g Cm™2;
range from -115+9 to 29+10g C m™?) (Table 1). There were also
large differences in the rainy season budgets, with an average cu-
mulative NEE of -126+22g C m~2 and a range from -205+31g C
m2to -68+15.
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FIGURE 2 The CO, exchange fluxes and the environmental variables at the Dahra field site 2010-2022. (a) Half-hourly measured net
ecosystem exchange (NEE) (blue) and gap-filled NEE (red); (b) gap-filled half-hourly gross primary production (GPP) (blue) and ecosystem

respiration (R

ECO) (

orange); (c) daily mean soil water content, (d) daily mean air temperature (T_. ), (e) daily mean vapor pressure deficit, (f) daily

air’?

mean daytime photosynthetically active radiation, (g) daily mean normalized difference vegetation index, (h) daily sums of evapotranspiration
(mm), and (i) daily and annual sums of rainfall (points and bars, respectively).
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FIGURE 3 Annual environmental variables and their linear trends 2010-2022. Shaded areas show the 95% confidence intervals. (a) Mean
air temperature (T, ), (b) mean vapor pressure deficit (VPD), (c) mean photosynthetically active radiation (PAR), (d) mean soil water content
(SWC), (e) mean normalized difference vegetation index (NDVI), (f) mean soil temperature (T_,), (g) sum of annual rainfall, and (h) sum of
annual evapotranspiration.
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FIGURE 4 Cumulative values of @)
(a) gap-filled net ecosystem exchange 50
(NEE), (b) gross primary production (GPP),
and (c) ecosystem respiration (R, ) for the 0
years 2010-2022.
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Annual GPPand R, ranged from -650+19 to -1280+37gC m2
and 480+17 to 1010+36g C m™, respectively (Table 1; Figure 4).
The average GPP was -874+27g C m2 year'1 and R, , 660+163¢g
Cm™> year !, with large interannual variation (standard deviation 178
and 163g C m™? year " for GPP and R_,,
GPP followed a similar seasonal pattern each year, with higher abso-

respectively). The R, and

lute values during the rainy season and lower values during the dry

season (Figures 2 and 4).

3.3 | Trends of CO, fluxes 2010-2022

Significant trends (+standard error of the fitted trend) over 2010-2022
were found in annual NEE (12.7+2.8g C m™%y™%), GPP (39.6 +7.9g C
m~2y™1) and R.., budgets (-32+8.9g C m2year™) (Figure 5). The NEE
trend and the smaller absolute value in the R, trend compared to the
GPP trend indicate a weakening carbon sink that has decreased by 60%

50 100 150 200 250 300 350

Day of year

during the measuring period (Figure 5). Significant trends were also ob-
served for the rainy and dry season flux budgets, except for the dry
season NEE (Figure 5). The absolute levels of the dry season GPP and
R.., budget trends were similar across time (~14g C m2 year™?), caus-
ing the lack of observed trend for dry season NEE budgets. However,
for the rainy season, absolute values of GPP were decreasing more than

R.., causing the observed decrease in the annual CO, sink.

3.4 | Dirivers of the inter-annual variability in the
CO, flux budgets

The SEM analysis revealed that VPD was the environmental vari-
able most closely related and negatively affecting all GPP and R,
budgets (Figure 6). Rainfall was also important and positively affect-
ing the annual and rainy season budgets. Air temperature positively
affected GPP for the rainy and dry season, and R, for the annual
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FIGURE 5 Linear trends of annual
(n=13) net ecosystem exchange (NEE),
gross primary production (GPP) and

° . ecosystem respiration (R, ) at the Dahra
field site during 2010-2022 in (a) all year,
(b) rainy season, (c) dry season. Shaded

areas show 95% confidence intervals.
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and dry season budgets. Furthermore, PAR also positively affected
annual GPP budgets (Figure 6). No significant effects of SWC on the
CO, flux budgets were observed. Results of the principal component
analysis are provided in the Supporting Information subsection S3.
The annual NEE was not significantly (p<.05) correlated with
any variable (Table 2). Annual GPP and R, budgets were correlated
with rainfall and VPD (Table 2). For the rainy season, GPP and R,
T

air

0

rainfall, VPD, and SWC. During the
dry season, NEE, GPP, and R, , were not correlated with any of the
variables (Table 2).

were correlated with T_,,

3.5 | Response of WUE and IWUE to changing
environmental conditions

Significant trends (+standard error of the fitted trend) were
found for annual WUE (-0.051+0.014g C kg™ H,O) and IWUE

2020 2022

(-0.98+0.42g ChPakg™ H,0) budgets and in the rainy season WUE
(-0.055+0.011g C kg™ H,0) and IWUE budgets (-0.4+0.18g ChPa
kg’1 H,0). No significant trends were found for the peak of dry sea-

son (Figure 7).

4 | DISCUSSION
4.1 | Theland-atmosphere CO, exchange

The semiarid savanna ecosystem in Dahra, Senegal acted as a car-
bon sink for all years, but showed a considerable interannual vari-
ability (Table 1; Figure 4). Our range of carbon flux budgets were
similar to those of other similar semiarid savanna sites in Africa
(Ard6 et al., 2008; Mougin et al., 2009; Rahimi et al., 2021; Ramier
et al., 2009) and on other continents (Mendes et al., 2020; Meza
et al., 2018; Scott et al., 2010). The majority of CO, exchange took
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Chi square = 0.022, p = 0.883;
CFl = 1.0; TLI = 1.262; RMSEA = 0.000

(b) Rainy season

"

Chi square = 0.013, p = 0.909;
CFl = 1.0; TLI = 1.246; RMSEA = 0.000

(c) Dry season

Chi square = 0.001, p = 0.973;
CFI = 1.000; TLI = 1.361; RMSEA = 0.000

FIGURE 6 Graphical representation of the structural equation model showing the inter-related pathways between environmental

variables (photosynthetically active radiation (PAR), vapor pressure deficit (VPD), soil water content (SWC), air temperature (T,
(Rain)), and gross primary production (GPP) and ecosystem respiration (R

ECO)

Lir» and rainfall
in (a) full year, (b) rainy season, (c) dry season budgets. Values on

arrows are standardized path coefficients, representing standardized total effects between variables, line width corresponds to coefficient
size. Red and blue lines indicate significantly negative and positive effects (p <.05), respectively.

place during the rainy season. The peak of the rainy season showed
(Figures 2 and 4). High GPP at
that time can be attributed to abundance of herbaceous C4 plants

proportionally higher GPP than R,
at the site and their rapid growth during the rainy season (Sibret
et al., 2021; Tagesson, Ardo, et al., 2016). During the dry season, the
fluxes observed are largely associated with the activity of the trees,
as no herbaceous vegetation is present (Figure 1) and microbial activ-
ity is inhibited due to the topsoil being dry (Agbohessou et al., 2023).
The C3 trees found in this Sahelian semiarid savanna, such as
Balanites aegyptica (Hall & Walker, 1991; Rojas-Sandoval, 2016) and
Vachellia tortilis, are adapted to prolonged dry periods due to excep-
tionally deep root systems (>25m) (Belsky, 1994; Do et al., 2008;
Roupsard et al., 1999; Stone & Kalisz, 1991) and are thus able to
maintain their physiological functions, including photosynthesis and
respiration. A study by Roupsard et al. (1999) demonstrated that the

Sahelian trees, similar to the ones on our site, are able to efficiently
utilize groundwater during the dry season. In a synthesis study of
six Eddy towers across the Sahel (Tagesson, Fensholt, et al., 2016),
a dry season uptake was shown at all of those sites (mean GPP:
-0.52+0.15g Cm2 day™?).

Due to the technical issues, there were nine data gaps longer
than 50days during the measuring period, including the full years
of 2014 and 2018. We used an RF algorithm for gap-filling as it
has been found to outperform other machine learning-based algo-
rithms to fill long gaps in EC data (Irvin et al., 2021; Kim et al., 2020;
Mahabbati et al., 2021; Yao et al., 2021; Zhu et al., 2022). Considering
these findings and a good performance of RF gap filling (Supporting
Information subsection S2), we consider the annual budgets to be
reliable despite the long data gaps. Nevertheless, the majority of the
CO, exchange is occurring during the rainy season of which 51% of
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Variable Season NEE GPP
VPD Annual 41 .63*
Rainy .53 76**
Dry 41 .38
i Annual .24 3
Rainy .29 .58*
Dry A1 .02
T Annual .06 .21
Rainy 46 72**
Dry .06 -.23
PAR Annual -.06 -.02
Rainy -.13 -11
Dry -.07 -.02
SWC Annual .07 -.38
Rainy -4 -.62*
Dry -.3 -17
Rainfall Annual =3 -.81***
Rainy -.66* —.75**
Rainy season length Annual .39 14
NDVI sum Annual .29 -.18
Rainy -.45 =)
Peak NDVI Annual .28 16

*p<.050. **p<.01. ***p<.001.

the time series was captured. This is a similar rate to other EC flux
studies (Jensen et al., 2017; Lépez-Blanco et al., 2017; Tagesson,
Fensholt, et al., 2016), and similar to as what can be seen in Fluxnet
(Baldocchi et al., 2001).

Another possible source of uncertainty is the swap of analyzer
from the open-path LI-7500 to the closed-path CPEC200 sys-
tem. However, several studies have shown a close linear relation-
ship for CO, fluxes measured between these two analyzers (Kang
et al., 2019; Novick et al., 2013; Polonik et al., 2019). Additionally,
no clear breakpoint can be seen in the budget trends prior and post
the analyzer change (before and after 2018 in Figure 5), and we thus
conclude that this sensor replacement did not change the outcome

of the measured trends.

4.2 | Interannual trends of CO, fluxes and its
drivers

The observed decreasing carbon sink of this semiarid savanna eco-
system is in contrast with numerous studies that shows increasing
sink strength in semiarid regions globally (Friedlingstein et al., 2023;
Hutley et al., 2022; Ross et al.,, 2021; Ruehr et al., 2023; Sitch
et al., 2015). These studies suggest that the increasing carbon sink
is caused by CO, fertilization. Instead, we observed an increase in
atmospheric dryness (VPD) but no trend in neither SWC nor rainfall
(Figure 3), and that VPD is likely the most important variable driving
the trends of GPP and R___, and thus NEE (Figure 6). Thus, despite no

eco’

TABLE 2 Correlation coefficients

eco between interannual and inter-
-.69** seasonal variability in average values of
_7g* environmental variables (sums for rainfall)
and the averages of the net ecosystem
-39 exchange (NEE), gross primary production
=35 (GPP), and ecosystem respiration (R,,)
-.66* (n=13). The environmental variables are
_05 vapor pressure deficit (VPD) (hPa), air
temperature (T, ) (°C), soil temperature
~28 (T,oi) (°C), photosynthetically active
-.83*** radiation (PAR) (umolm™2s™2), soil water

28 content measured at 5cm depth (SWC)
(%), rainfall (mm), rainy season length,
normalized difference vegetation index

16 (NDVI) (-). For NDVI, the correlations are

A1 taken both for the sums of the annual and

54 rainy season budgets and for the annual
peak values.

.07

.68*

goxx*
7"

-.01
.36

-.09

change in soil water availability, a strong decreasing trend was ob-
served. Atmospheric dryness (VPD) is known to be one of the most
important limiting factors of plant growth and therefore carbon se-
questration (Abdi et al., 2017; Grossiord et al., 2020; Kannenberg
et al., 2024; Liu et al., 2023; Novick et al., 2024; Zhong et al., 2023).
Increasing VPD causes stomatal closure, decreasing the potential
increase of carbon uptake due to CO, fertilization (Li et al., 2023).
Thus, for conditions of continued atmospheric drying, the carbon
sink may still be decreasing despite sufficient water availability and
increasing atmospheric CO, levels (Ru et al., 2022; Song et al., 2024;
Yang et al., 2021). Future projections of the Western part of Sahel
indicate that rainfall will decrease and temperature will increase,
respectively, suggesting an increase in VPD (Biasutti, 2019; Trisos
etal., 2022; Lavaysse et al., 2010). Hence, if these projections are ac-
curate, our results suggest a continued decrease in net CO, uptake.
It is therefore of high importance to measure ongoing environmental
changes across the Sahel, and their implications on ecosystem func-
tioning and services.

The range of WUE from 1.5 to 4g C kg’1 H,O is similar to other
semiarid regions (Tang et al., 2014; Xue et al., 2015). It is known that
WUE decreases with drought in semiarid ecosystems, as GPP de-
creases more than ET during dry years (Yang et al., 2016). Negative
trends were indeed seen for the rainy season (Figure 7). The main
reason is probably the sufficient amount of water for evaporation, as
indicated by the stable trends in SWC and rainfall, and the increasing
trend in VPD having a stronger effect on the GPP than on the tran-
spiration. Another cause of the negative rainy season WUE trends
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FIGURE 7 Linear trends of annual
(n=13) water use efficiency (WUE),
inherent water use efficiency 2010-2022
in (a) all year, (b) rainy season, (c) peak of
dry season. Shaded areas show the 95%
confidence intervals.
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could be a shift in herbaceous species composition (see paragraph
below) (De Boeck et al., 2006; Gebremedhn et al., 2023). However,
we found no trends in the end of the dry season WUE and IWUE,
indicating that trends in both GPP and ET are negatively affected in
a similar manner. During the end of the dry season, ET mainly comes
the transpiration of the trees (trees being the only active vegetation
during this part of the year, and no loss of water from the soil surface
as seen in the stable SWC). The stable WUE of trees can be explained
by effective regulation of the tree canopy conductance (Barron-
Gafford et al., 2012; Nizinski et al., 2019). The trees thereby decrease
stomatal conductance with the increased VPD, negatively affecting
both GPP and ET. The most prevalent tree species at our site have
indeed previously been found to have stable WUE in both dry and
moist years (Gebrekirstos et al., 2011). Another possible reason for
the divergent responses of the rainy and dry seasons WUE is increas-
ing atmospheric CO, concentration, which has a more positive effect
on GPP of C3 trees than of the C4 grasses (Chen et al., 2022).

The lack of correlation between interannual R, ., and GPP versus
NDVI surprisingly indicates that the decrease in CO, fluxes may be

2012 2014 2016 2018 2020 2022

Year

decoupled from the vegetation greenness (Table 2). We found no
significant trends of NDVI on the site (Figure 3). The discrepancy
between NDVI and the CO, flux trends could be explained by the
effect of grazing and herbaceous species composition. Gebremedhn
et al. (2023) have shown that the area within the proximity of the
tower is intensely grazed and that the most prevalent species at-
tributed to high grazing is Zornia glochidiata. This particular species
is a planophile (i.e., leaves arranged in horizontal plane), and Mbow
et al. (2013) found that this species is characterized by high peak
NDVI yet with low biomass accumulation. Thus, intensified grazing
could be leading to a shift in species composition (increased contri-
bution of Zornia glochidiata) positively affecting NDVI, but with low
productivity of biomass (i.e., low GPP).

The findings of Jiang et al. (2022) and Zeng et al. (2023) indicate
that despite an overall greening trend of the Sahel during 2001-
2020, some regions in the western part experienced a browning
trend throughout that period. Thus, considering the heterogeneity
of the Sahel, the observed changes in carbon sink strength might
vary across the region. The decreasing carbon sink strength and its
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relationship with changing environmental conditions showcases that
semiarid ecosystems will be severely affected by climate change.
The projected warmer climate coupled with decreasing rainfall may
lead to an increase in atmospheric dryness, which may lead to de-
creased GPP across this biome, and thus lower carbon sequestration
rates. Long-term observations of climate-carbon cycle interactions
are pivotal for understanding these interactions and assess the rate
of change of ecosystem functions and services. Considering that the
semiarid regions dominate the trend and the interannual variability
of global carbon sink (Ahlstrém et al., 2015) and that the Sahel is one
of the largest semiarid regions in the world, the results of this study
are valuable for assessing impact these changes may have on the

global carbon cycle dynamics.
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