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Dear Editor and Dr Jim Boonman,

We sincerely thank you for carefully reviewing our initial responses and for providing
additional suggestions that further strengthen the scientific rigor and quality of the

manuscript.

One of the main points raised by the editor concerns the validity of using the Arrhenius
equation to model respiration fluxes in the Sahelian context. As rightly pointed out by the
editor, Arrhenius-type equations assume an exponential dependence on temperature and
generally lose validity beyond a certain thermal threshold. This limitation is particularly
critical in our study area, where temperatures frequently exceed 40°C. We fully
acknowledge this concern; however, we would like to clarify that the model used in our
study is not based on the classical Arrhenius formulation, but on a modified version
proposed by Lloyd and Taylor (1994) (see Response #1). Nevertheless, based on a
detailed analysis of the available data, we re-evaluated the model to assess its validity at
high temperatures, discussing its limitations under extreme conditions and exploring
alternative approaches. Minor revisions recommended by the editor have also been fully

addressed, and the responses to the reviewer have consequently been updated.

Please find below the authors’ responses to your report, including all additional revisions
requested by the editor, as well as an updated version of the previous responses to the
reviewer RC2. For ease of reading:

= Editor comments are shown in red italics;

= Additional revisions are presented in green bold text;

= The comments of reviewer are presented in black italics;

* Updated responses, with final line numbers, appear in plain black text, and changes

made to the manuscript are indicated in blue bold.
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On behalf of all the co-authors,
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Additional revisions requested by the editor

Authors’ responses to the editor

Editor’s report:

Comment #1

The use of nighttime respiration data to calculate daytime respiration seems valid if
thermal ranges observed during the night resemble the daytime temperature range.
Furthermore, the rolling parameter recalibration methodology seems to be a good
compromise. However, the discussion in the rebuttal seems to ignore the doubts raised
by the reviewer about the use of Lloyd and Taylor's Arrhenius model. This model assumes
an exponential response between soil temperature and respiration, whereas the authors
later observe a decrease in respiration at high temperatures. It is widely known that the
Arrhenius type of equations does not work for biological systems above a certain
temperature. Generally, in greenhouse gas emission studies soil temperatures stay below
the threshold above which modifications are needed to describe changes in enzyme
kinetics. In some biological studies modified Arrhenius models are used or quadratic or
double exponential models. As temperatures in the Sahel are often in this high
temperature range it is worth exploring the use of an adjusted Arrhenius type model for

CO: extrapolation.
Response #1

We thank the editor for this insightful comment. We agree that the classical Arrhenius
equation, when applied to soil respiration, can lead to overestimations of fluxes when
temperatures exceed the optimal physiological range of biological systems. However, it is
crucial to emphasize that the Lloyd and Taylor (1994) model used in this study represent
a modified form of the classical Arrhenius law. Unlike the classical Arrhenius formulation,
Lloyd and Taylor (1994) introduced the (Tsoil - TO) term in the denominator of the
exponential expression (see Eq. 4, line 237 in revised version), which induces a
progressive decline in the temperature sensitivity of soil respiration as temperature rise
above a given threshold. This structural feature results in a flattening of the respiration-
temperature relationship at high temperatures, thereby preventing the overestimations

commonly observed with models based strictly on the classical Arrhenius law.



To explicitly address the concern raised by the editor and to assess the validity of the
Lloyd and Taylor (1994) model beyond the identified temperature thresholds (32 °C for
FS and 29.5 °C for Sh; see Supplement Materials S2, Fig. S2.7 in updated version), we

conducted the following analyses:

1. Residual analysis

We analysed the residuals from the Lloyd and Taylor (1994) model to determine whether
a systematic overestimation of nighttime respiration occurs when temperatures exceed
the thresholds.

The results indicate that the mean of the residuals of the model, plotted as a function of
soil temperature, remains generally centered around zero across the entire thermal
gradient, including beyond the temperature thresholds (see Fig. S2.4 below). No systematic

pattern indicative of flux overestimation at high temperature was observed.
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Fig. $2.4: Residuals of the Lloyd and Taylor (1994) model in (a) full sun and (b) away from trees.
The blue curve represents the mean trend of the residuals as a function of soil temperature (Tsoil), and the
light orange shading corresponds to the 95% confidence interval.

2. Incorporating a thermal inhibition factor

We tested the modified Lloyd and Taylor (1994) model that incorporates a thermal
inhibition factor, inspired by the CENTURY model (Parton et al., 1987), and later adapted
for agroecosystems by Delogu (2013) in her doctoral thesis. The objective was to

determine whether adding an inhibition term above specific temperature thresholds



improves significantly model performance. This analysis was applied only to respiration
fluxes measured outside the canopy (FS), in order to evaluate the soil thermal response
under homogeneous microclimatic conditions directly representative of the measured
soil temperature. This approach was chosen to isolate the effect of tree cover, given that
it represents only about 10% of the total surface. In other words, if no thermal inhibition
is observed for soil respiration in FS (which is significantly warmer), it can be confidently

assumed that the same would apply under the shaded conditions (Sh).

45 — Tsoil

f = (= )25 * exp [1 25 % (1— (45 TSOll)ZS)] when Tsoil > 32°C

The results show that the thermal inhibition factor slightly reduces model performance
(R* = 0.8; RMSE = 0.5 pmol CO, m~2 s™') compared to the Lloyd and Taylor formulation
without a thermal inhibition factor (R? = 0.9; RMSE = 0.4 umol CO, m~2 s7%) (see the figure
below). This slight decline reflects an over-correction of temperature sensitivity, which is

inherently accounted for in the structure of the Lloyd and Taylor (1994) model.
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Fig: Comparison between the Lloyd and Taylor (1994) model and a modified version including an additional
temperature inhibition factor (not shown in supplementary materials). Y axis represents modeled
nocturnal respiration and X axis measured respiration.

PARTON, W.].,, SCHIMEL, D. S., COLE, C. V. & OJIMA, D. S.: Analysis of factors controlling soil organic matter
levels in Great Plains grasslands, Soil Sci. Soc. Am. I., 51, 1173-1179,
https://doi.org/10.2136/sssa2j1987.03615995005100050015%, 1987.

Elodie Delogu. Modélisation de la respiration du sol dans les agroécosystémes. Sciences de la Terre.
Université Paul Sabatier- Toulouse III, 2013. Frangais. NNT: tel-00953712, https://theses.hal.science/tel-
00953712v1/file/DELOGU_ThA_se.pdf



In conclusion, these analyses collectively support the validity of the Lloyd and Taylor
(1994) model used in this study. The results indicate that the model does not
overestimate soil respiration at high temperatures and provides a realistic representation
of the thermal dynamics of soil respiration without requiring an extra thermal inhibition
factor. The model effectively captures the attenuation phase of soil respiration at elevated
temperatures, which primarily reflects environmental constraints characteristic of semi-
arid ecosystems. These constraints are more pronounced during the dry season than
during the rainy season and mainly correspond to reductions in soil moisture, which
decrease microbial activity, as well as, to a lesser extent, thermal stress affecting microbial

enzymatic processes.

In the updated version of the supplementary materials, we have added Fig. S2.4,
presenting the model residuals, which we consider sufficient to address the editor’s
concern. Consequently, the analysis regarding the incorporation of a thermal inhibition
factor into the model has not been included in the Supplementary Materials.

Furthermore, we deemed it necessary to add a new section in “Discussion 4.1” in the
revised manuscript, titled ‘Soil respiration modelling and limitations regarding

temperature”.
4.1. Soil respiration modelling and limitations regarding temperature

In this study the Lloyd and Taylor (1994) model, based on a modified Arrhenius-type formulation,
was used to model nocturnal soil respiration fluxes for estimating daytime respiration. Unlike the
classical Arrhenius equation, this model includes the (Tsoil — T0) term in the denominator of the
exponential expression (Eg. 4), which inherently limits the effects of high temperatures by
progressively reducing the temperature sensitivity of soil respiration as temperatures rise above
a given threshold. This structural feature produces a flattening of the respiration-temperature
relationship at elevated temperatures, thereby preventing the overestimations (Lloyd and Taylor,
1994).

The Lloyd and Taylor model has successfully been widely applied, primarily in boreal and
temperate ecosystems (Lasslop et al., 2010; Reichstein et al., 2003), and relies on the assumption
of comparable thermal conditions between daytime and nighttime periods (Juszczak et al.,, 2012).
In our study, instantaneous soil temperatures ranged from 20.7 to 45.8 °C during the day and from
22.1 to 45.0 °C at night, indicating largely overlapping thermal ranges between the two periods.
Model parameters were recalibrated using five-day fixed windows, which provided sufficient

temporal resolution while capturing seasonal dynamics of soil respiration.



This study represents one of the first applications of the Lloyd and Taylor model in a Sahelian
semi-arid context. While Arrhenius based models are known to potentially overestimate fluxes
under extreme temperatures due to physiological limitations (Somero, 2020), over the range of
temperatures observed in this study, the modeled soil respiration was not overestimated (Fig.
S2.4). Thus, the model used in this study appears to provide a realistic representation of soil
respiration under local conditions. However, this conclusion is site-specific and should not be
interpreted as a general validation of temperature-based models across all semi-arid
environments. Such models should be systematically validated with respect to temperature to

ensure their reliability.

Line 556 to 579 (Revised version)

Comment #2

The concern #2 by Jim Boonman are addressed adequately but will be even stronger when

R2 0.8 threshold is incorporated in the material and a selection of raw recordings of
temporal CO2 measurements in the chambers will be shared in the appendix.

Response #2

The R? > 0.8 threshold was incorporated (line 202 in the revised version), and a selection

of raw CO:2 recordings from the chambers was added in the updated Supplementary

Materials S1 (Fig. S1.2).
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Fig. $1.2: CO2 concentration time



Comment #3

The concern #3 is solved by the adjustments (annual vertical COZ balance) and it is clear
that there are currently not enough data to provide a full carbon budget. When comparing
the data to literature in the discussion it is important to explicitly mention which studies
are fully comparable (those that focus on the vertical CO2 balance) and which studies

include carbon import and export in their C balance.

Response #3

The necessary clarifications have been provided in Section 4.7, specifying only studies

reported vertical CO, fluxes and those accounted for horizontal fluxes associated with

organic matter inputs or exports (lines 775 to 798).



Updated authors’ responses to the reviewer RC2

Reviewer’s report:

The research of Ba et al. focuses on CO: flux dynamics of an increasingly popular agro-
forestry land use in Africa, featuring Faidherbia albida trees, groundnut plants and
livestock grazing. All chapters are neatly written which gives the reader a full and clear
picture of the research that has been done and the results that were collected. Overall, the
research seems to be conducted well and features interesting findings. Most of all, the
authors have quantified GPP and Rh of various ecosystem elements and showed how
these elements fit within the bigger picture of the complete ecosystem. This increases our
general understanding of these systems, which is needed to enable improvements of land-
use in the longer term. Moreover, the results that are presented can be of high value for
ecosystem and/or climate models as the (Sahel) region seems to be, as the authors state,
particularly underrepresented in global carbon flux research. Nevertheless, I do have

three major concerns or questions that I would like to mention below.

Comment #1

First, I am concerned about the methodology to partition and extrapolate COZ fluxes
discussed in section 2.3.3. The authors discuss the assumptions on which the Arrhenius-
type function from Lloyd & Taylor (1994) relies that was used for extrapolating
ecosystem respiration. The first assumption features an exponential response between
soil temperature and respiration. However, the authors also describe that high (soil)
temperatures suppress daily respiration (discussion section 4.1). This is attributed to a
decreased microbial activity which suppressed soil respiration and has been described
more often in literature. The authors not only found that respiration is suppressed at
higher temperatures, but they also even mention a (weak) negative correlation between
respiration and soil temperatures (section 3.4). Figure 2.6 shows, besides a suppression
of Rch due to high temperatures, that there does not seem to be a clear exponential
temperature relation. This raises questions about the validity of the assumption on which
the partitioning, extrapolation and gap-filling of COZ fluxes were based. The authors show
that the nocturnal respiration can be modelled quite well in Fig. 3, but how does this

translate to daytime when the temperatures are higher? Given the observed negative



correlation, the authors should justify their approach. If the model is inappropriate under

high temperatures, a different approach might be needed.

Response #1

Responding and updating in additional revisions requested by the editor

Comment #2

Second, I have a question about non-linearity which could affect chamber flux results.
When working with the chambers the authors noted fogging and decided to shorten the
flux-analysis from 15 to 5 minutes during the groundnut growing season. Other causes
may still lead to a non-linear measurement of COZ concentrations after chamber closure.
For example, a high plant uptake of COZ could diminish COZ concentrations substantially,
eventually slowing down plant uptake. When a flux is calculated using a fitting period that
is too long the slope of the COZ uptake will be lower than the initial slope,
misrepresenting the actual initial COZ uptake and affecting the total COZ2 balance. How did
the authors make sure this non-linearity was minimized during the flux calculations? Did
some 5-minute flux measurements turn out to be non-linear? If so, how were these cases
handled? Were any non-linear fluxes excluded by filtering fluxes that had a R2 < 0.8?
Would that be the right choice?

Response #2
We thank the reviewer for this pertinent comment regarding the potential non-linearity

of CO, concentration increase following chamber closure.

In the present study, we observed no substantial deviation from linearity, even when
measurement duration was extended from 5 to 15 minutes. Moreover, the relatively large
chamber headspace height (0.50 m) helps maintain a stable concentration gradient over
time, in contrast to the much smaller chambers sometimes used in other studies. These
design features ensure that measured fluxes remain linear throughout the entire
recording period.

We are willing to provide, as an appendix if desired, the raw recordings of the temporal
evolution of CO, in the chambers over several cycles, showing that the slope does not

change when the chambers remain closed for extended periods (15 minutes).



Regarding data filtering, an R* > 0.8 threshold was applied to exclude measurements that
could be compromised by water ingress into the tubing during the rainy season, by water-
vapour condensation, or by any other artefacts likely to bias the flux estimates (e.g.,

incomplete chamber closure).

Comment #3

Third, the authors present an annual carbon budget of the ecosystem that was measured
but did not include harvest and livestock manure C-terms. Even though the authors clearly
mention and discuss this problem in the methods and discussion sections, | have my
doubts about the usage of the term carbon budget. When the livestock was not fed
externally, and manure is not exported from the system, we could assume that the
presence and grazing would have a marginal impact on the carbon budget. However, in
the discussion it is mentioned that faeces are collected from the field Furthermore,
biomass harvest C-export normally represents a substantial term within a carbon budget
of an agricultural system. I do understand that a carbon budget is a valuable result.
However, ignoring these C-terms and then comparing the carbon budget to literature
seems incorrect and may lead to misleading comparisons. Would it be possible to roughly
estimate the missing components to construct an actual carbon budget? The estimates
could feature substantial errors that can be propagated. Such an approach may provide a

more complete carbon budget and facilitate a fair comparison with other studies.

Response #3

We thank the reviewer for this highly pertinent comment. We acknowledge that neither
carbon exports associated with biomass harvesting nor carbon inputs from animal
excreta were quantified in the present study. We agree that the use of the term “carbon
budget” may be misleading, and we have therefore clarified at line 296-297 (revised
version) that the budget calculated here is only apparent. This means that the budget
calculated here represents only the balance of vertical COz fluxes between the soil, the
vegetation and the atmosphere, excluding lateral C fluxes such as biomass export/import

and free manure return from animals.

Our objective was to provide a first integrated estimate of the major vertical CO, fluxes

(photosynthesis, respiration, and net ecosystem exchange) based on two complementary



approaches (chamber-based vs. eddy-covariance), rather than to deliver a complete
carbon budget. This is now explicitly stated at lines 301-302 (revised version).
Accordingly, throughout the revised version, we have systematically replaced “annual C

budget” with “annual vertical COz balance”.

We have also added the following to Section 4.8 (Limitations of the Study) for further
clarification:

“Furthermore, the present study constitutes only an intermediate step delivering a first
integrated estimate of the main vertical CO, exchanges (photosynthesis, respiration, and
net ecosystem exchange) as a base for a forthcoming paper that will present a more
comprehensive carbon budget of the ecosystem. Establishing such a carbon budget would
require substantial additional data acquisition and poses considerable methodological
challenges. In particular, quantifying carbon inputs/outputs associated with free-ranging
livestock grazing would be difficult to achieve with acceptable accuracy. It must also be
recognised that the system is in a dynamic, non-steady state, characterised by marked
inter-annual variability as well as periods of carbon storage and release, which are

difficult to constrain empirically except through modeling”.
Line 823 to 831 (Revised version).

As a reminder, the study site has been equipped since 2018 with an eddy-covariance flux
tower installed above the tree canopy, providing a continuous multi-year time series of
ecosystem-scale CO, exchange. However, as is also the case for other carbon-budget
studies conducted in the Sahel (Tagesson et al., 2015; Wieckowski et al., 2024), these data
represent the balance of vertical CO2 fluxes only.

In parallel, several complementary agronomic studies, particularly those quantifying
harvested biomass, are currently underway. These ongoing efforts will enable us, in a
forthcoming and more comprehensive work to substantially refine the budget presented

here and to construct a more realistic and complete carbon budget.

Comment #4

The highlights include abbreviations (Sh, FS) that are unknown to readers.

Response #4

The necessary clarifications have been added to ensure that these acronyms are readily

understandable to readers. Line 34 to 35 (Revised version)




Comment #5

Line 99. Please check the usage of present time.

Response #5

The use of the present indicative has been reviewed, and the sentence has been rephrased
as follows: “Specifically, the study aims to (1) conduct year-round, high-frequency in situ CO,
flux measurements from soil and crops using automated static chambers; (2) partition the net CO>
fluxes (FCO2ch) into respiration (Rch) and photosynthesis (GPPch); (3) investigate the
environmental drivers of fluxes and the spatial variability linked to tree presence; and (4)
compare chamber-based flux estimates with ecosystem-scale measurements derived from the EC

method”.

Line 102 to 107 (Revised version)

Comment #6

Line 225. Please remove the repetition.
Response #6
Repetition has been removed.

Line 230 to 232 (Revised version)

Comment #7

Line 44.3. Table 1 results for daily FCOZ are negative, while numbers here appear positive.
Response #7

We thank the reviewer for this comment. Indeed, in the table 1, FCO,ch values (annual
sum and mean values) are reported as negative (Line 467, revised version). However,
when comparing in mean magnitudes between full-sun (FS) and shaded (Sh) conditions
in the main text, FCO,ch was expressed as an absolute value.

To eliminate this potential source of confusion, we have explicitly stated throughout the
manuscript, where relevant, that FCO,ch values are reported “in absolute terms” when

presented as mean values in the main text.

Lines 452 and 455 (Revised version)




Comment #8
Table 2. It is a choice to not denote non-significant correlations. However, a p-value of
0.05 is arbitrary. There might be different visions on this matter, but I would not ‘hide’

non-significant correlations and show each p-value (or p-value category).
Response #8

The p-values have been added to Table 2.

Line 485 (revised version)

Comment #9

Table 4. How was the std error that is shown calculated?
Response #9

We thank the reviewer for pointing this out. An error had indeed been made in the
uncertainty estimation. The reported standard error was initially based on the daily mean
standard deviation, implicitly assuming that the uncertainty remained constant
regardless of the number of measurement days. This approach is only valid when
calculating the uncertainty of an annual mean flux, not when estimating the uncertainty

of an annual cumulative flux.

We have therefore corrected this and added the appropriate clarification at the end of

Section 2.4 (“Statistical analyses”).

“The standard error of the total annual flux was estimated using the error propagation
method. This calculation considered the mean standard deviation of daily fluxes (g C-CO,
d™) and the effective number of measurement days (365). For each FS and Sh condition,
the mean daily standard deviation was multiplied by the square root of 365 to obtain the
annual standard error. The resulting values were then weighted by 90% for FS and 10%
for Sh to derive the overall standard error of the annual flux sum, which was subsequently

converted to Mg C-CO, ha™'”,
Line 331 to 336 (Revised version)

The necessary corrections for standard error values have also been applied throughout

the entire manuscript.




Comment #10

Section 4.5. Sometimes it is hard to follow which periods are being discussed. In general,
it could help to specifically mention the months that are being discussed.

Line 704. The authors mention that chamber and EC GPP measurements agree closely. |
do agree that this is the case in August, but after the beginning of September the two seem
to start deviating remarkably. As mentioned above, please clarify which months are under

discussion.
Response #10

When referring to the agreement between chamber-derived GPP and eddy-covariance
(EC) estimates, we meant concordance at two distinct levels: 1) temporal dynamics
(restricted to the rainy season), which exhibit highly similar patterns between the two
methods until peanut harvest in the chambers, and 2) flux magnitude, with particularly
strong agreement during the month of August, as the reviewer rightly highlighted.
Accordingly, we have added the corresponding clarification in Section 4.6.

“However, no divergence was observed in August, and the intensity of the peak of GPP in
September was similar in both methods, but from the onset of groundnut senescence, when weeds

became the dominant photosynthetic contributors”.

Line 739 to 741 (Revised version)

Comment #11

Section 4.6. Please see the third point above.
Response #11

Checked.

Comment #12

Line 794. Since the actual carbon balance is unknown, it cannot be stated that the
agroforestry  systems that were studied are ‘eftective carbon @ sinks’.
Response #12

We have added the necessary clarifications in this regard. The sentence now reads:

« Sustainable management practices, particularly regarding C inputs/outputs from the
system regarding crop harvest, residues exporting, and cattle free manuring must be
taken into account to confirm the system capacity to act as a carbon sink”.

Line 805 to 808 (Revised version).



