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Abstract. Improved understanding of the mechanisms driving heterotrophic CO, emissions after rewetting of a dry soil may
improve projections of future soil carbon fate. While drying and rewetting (DRW) under laboratory conditions has
demonstrated that heterotrophic CO, emissions depend on DRW features and soil and environmental conditions, these
laboratory insights have not been validated in field conditions. To this aim, we collated mean respiration rates over 48 hours
after rewetting from two data sources: 37 laboratory studies reporting data for more than three DRW cycles (laboratory
respiration, LR), and six field datasets recording hourly heterotrophic respiration and soil moisture (field respiration, FR). LR
and FR were explained by six predictors using random forest algorithms and partial dependence plots. Results indicated that
the most important driver of LR and FR were SOC and temperature, respectively. Both LR and FR increased with increasing
SOC and temperature. LR increased with soil dryness before rewetting, but this trend was less clear in FR. LR decreased with
soil moisture increments at rewetting, while FR increased with soil moisture increments. LR was higher in soils from humid
climates than from arid climates, but this effect was not observed in FR. We concluded that laboratory insights could be partly

validated with current datasets. Caution should be taken when extending laboratory insights to predicting fluxes in ecosystem.

1 Introduction

Drought intensity and frequency are increasing, exposing ecosystems to more frequent and intense soil drying and rewetting
(DRW) events (IPCC, 2022). These DRW events can influence the size and turnover of soil carbon pools. During soil drying,

less soil carbon is released because microbial metabolic activity deereasesmierebi e ineand-as

substrate availability decreases, and physiological stress at low matric potential ensues (Brangari et al., 2021; Manzoni et al.,
2012; Schimel, 2018). Upon rewetting, large amounts of CO» are released as microbial activity resumes (Barnard et al., 2020;

Birch, 1958; Meisner et al., 2013), significantly contributing to the annual carbon release-emissions (Manzoni et al., 2020).
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Understanding the drivers of CO, emissions after rewetting is therefore important to quantify soil carbon balances and predict
their variationss under changing climate.

With the rigour offered by laboratory envirenmentsconditions, controlled drying-rewetting (DRW) experiments have helped
to isolate several drivers of respiration rates after rewetting. For example, rewetting induces higher rates of respiration

following exposure to more intense (lower soil moisture) (Fischer 2009; Lado-Monserrat et al., 2014; Li et al., 2023a), extended

(longer) (Miller et al., 2005; Tiemann and Billings, 2011; Meisner et al., 2017), and more pronounced (larger differences in

water content between dry and moist samples) drought treatments (Fischer, 2009; Lado-Monserrat et al., 2014, Miller et al.
2005; Tiemann and Billings, 2011). (Fise : = i = : i = :

—In contrast, repeated DRW cycles dr result in

progressively smaller pulses of respiration (Miller and Berry, 2005). Moreover, the respiration rates measured in laboratory
incubations increase with soil organic carbon content (SOC) (Harrison-Kirk et al., 2013) and incubation temperature (15 to
~45 °C) (Andrews et al., 2023), and varyied with climate background (Sawada et al., 2017) and soil sampling depth (Brangari
et al., 2022). However, this knowledge is based on laboratory studies, and extending insights derived from these laboratory
DRW experiments to predict heterotrophic respiration rates after rewetting in field conditions (i.c., the field conditionsinthis
stadyreferto-thereet-in trenched-field plots without roots:s
challenging (Canarini et al., 2017; Rousk and-€- Brangari-#A, 2022).

5) is

It remains nearly untested whether laboratory studies of respiration responses to DRW can capture patterns occurring in the

field. Soils for laboratory incubations are usually air dried and sieved, which may medify-alter seme-essential-field-conditions
in situ. such as soil structure——-in particular soil aggregates and soil porosity—-which in turn affects substrate availability to
microbes and abundance-ofmicrobial abundance sreups-(Kainiemi et al., 2016; Kaiser et al., 2015; Kan et al., 2022; Meyer et
al., 2019). Mereover,These soil preparations before laboratory studies—incubations might have altered the microbial
communities (Blaud et al., 2017) due-to-seilpreparationsand; thus; the links between community composition and local climate.

As a result, resullting-in-masking-the-climate legacy effects on respiration might not emerge. Laboratory studies could also

overestimate the effects of SOC on respiration due to the fact that soil sieving can release SOC protected in aggregates, thereby
increasing the proportion of bio-available SOC everstable-SOC-incompared to soils in the field-seils. Also, laboratory studies

eouldcan-not mimic field conditions, where vegetation ean—provides labile-carbon to soils through rhizodeposition and

influences microbial activity, thus possibly overestimating the role of SOC effects on respiration-. Laboratory studies may

reduce the temperature effects of respiration. This is because temperature sensitivity of the respiration of SOC in macro-
aggregates is larger than in micro-aggregates, and micro-aggregates in sieived soils are more abundant compared to field soils
(Kan et al., 2022). As laboratory studies usually keep incubation temperature constant and centred around 20 to 25°C, the
effects of drying and rewetting intensity in the field may not be fully captured. Fhis-is-beeauseln fact, in-the-field soil moisture
usually co-varies with soil temperature, and soil temperature affects the respiration response to moisture (Moyano et al., 2013).
Moreover, soil sieving for laboratory studies reduces the heterogenous distribution of microbial hotspots and carbon resource
that characterizes undisturbed soils in the field, which could alter the respiration response to drying-and-rewettingDRW
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ils. Given the above concerns, there is a need

to validate if insights achieved-infrom laboratory experiments can be extended to field conditions (Rousk and €-Brangari-A,
2022).

To fill this knowledge gap, we first collated data on mean respiration rates during the two days after rewetting from both
laboratory DRW experiments and field studies. We investigated kow-the dependence of the-respiration rates after rewetting
eould-be-explained-byon SOC content, incubation temperature (in situ soil temperature for field respiration), soil dryness,
rewetting intensity, aridity index (ratio of precipitation to potential evapotranspiration), and soil sampling depth for laboratory
respiration or soil moisture sensor depth for field respiration. Next, we compared the respiration rate responses to changes in
these six drivers in laboratory and field conditions using partial dependence plots. These sets-analyses were used to address

the-our overarching question: are the drivers of respiration rates at rewetting the same in laboratory and field conditions?

2 Methods
2.1 Data from laboratory incubations

To obtain data from laboratory DRW experiments, we selected studies from previous meta-analyses and data syntheses
(Canarini et al., 2017; Jin et al., 2023; Li et al., 2023be; Sang et al., 2022; Zhang et al., 2020), and added recently published
studies (later than May 2019) using the same search term as in Zhang et al (2020). To calculate respiration rates over two days
(see below), we only included studies that reported daily or hourly resolution time series of respiration rates, or total respiration
over the two days after rewetting from both DRW and moist control laboratory incubations, and that included at least three
DRW cycles. These criteria led us to select 37 studies (Appendix B), which span diverse climatic zones and soil conditions
(Figs. AO1).

To standardize soil moisture changes during DRW events across the laboratory studies, they were all scaled to the percentage

of water holding capacity (WHC)-—the most common soil moisture metric in this group of studies. Soil moisture values

reported as field capacity or soil water potential at -0.33 bar were regarded as 100% WHC. Soil moisture values reported in %
water-filled pore space (WFPS) were multiplied by 1.4 to convert into a value expressed as %WHC (Franzluebbers, 2020).
Soil moisture values reported as soil water potentials were converted to WHC using water retention curves parameterized
according to soil texture (Clapp and Hornberger, 1978; Dingman, 2015).

The respiration rate values were obtained from tables or digitized figures (The software Engauge Digitizer 12,
¢https:/digitizer.sourceforge.net/) from the 37 studies. Next, the mean respiration rate was calculated from the integrated
respiration rates over 48 hours after each rewetting event of each soil or treatment considered in a given study (denoted as
laboratory respiration, LR). The chosen mean respiration rate offers a comparable response metric between lab and field
datasets. This choice also avoids the issues of using response ratios (the ratio of absolute CO, emissions after rewetting to

absolute CO; emissions at constant control) en-for interpreting driver’s-effects-on-respiration rate patterns-{Zhang-et-al-2020),
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48 hours time frame was chosen to ensure a sufficient number of datasets. Very few studies reported high resolution respiration

rates after rewetting across-during three drying-andrewettingDRW cycles, and in most of the studies respiration was averaged

over one or two daysmeasured-daily-respiration-or-onlyreported-meanrespirationrate-over-two-days. Six predictors were

recorded, including soil dryness (the soil moisture at the end of drying (expressed as % WHC):; the lower the values, the larger

drier the soilyness), rewetting intensity (RI: soil moisture increments at rewetting, % WHC), incubation temperature (TMP,

°C), soil organic carbon content (SOC, g kg), soil sampling depth (cm), and the aridity index (AI: ratio of mean annual

precipitation to potential evapotranspiration). The soil sampling depth refers to the deepest depth of a soil core, which could
be used as a proxy forte-indicate organic matter composition, with more microbially processed material at depth. The Al was
obtained from Zomer, Xu & Trabucco (2022) for the period 1970 to 2000, based on the coordinates of soil sampling. Larger

values of Al indicate wetter climate. The obtained dataset iss-are available in Supplement 1.

2.2 Data from field sites

To obtain respiration rates after DRW in field conditions (FR), we retrieved data from the COSORE database (Bond-Lamberty

et al., 2020), which reports continuous high-resolution CO, emission_(umol C m h™"), volumetric soil moisture (%

volumetriem, of water m” of soil, expressed as %), and soil temperature (°C) data from chambers located in trenched plots.

Trenching separates the roots from the nearby vegetation.-(te ensuringe that only heterotrophic respiration is included in the

measured rates. By halting the flow of carbon from the plants to the rhizosphere, trenching also reduces microbial respiration

fuelled by root exudates, but it also increases the contribution of decaying roots to the respiration rate. The choice to only

consider trenched plots limits the scope of our analysis to soils without live plants, but allows comparingsesn field and te

—=We included observations where soil moisture and temperature were measured in
the soil surface layer (<10 cm) because soil moisture fluctuations in deep layers are less correlated with respiration rates at the
surface due to the delayed transport of CO; to the surface (Chu et al., 2023). After applying these criteria, six studies were left,
which were located in North America (see Figs. A01). SOC content, depth of soil moisture and temperature sensors, and Al

values were obtained from the COSORE datasets or other relevant papess-articles on the same sites (Supplement 1).

neg-etal;2022:-Zhang et al., 2020). The /[ Formatted: Not Highlight
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2.3 Comparability of laboratory and field data ‘—[ Formatted: Heading 2

Both soil moisture and respiration rates are measured in different ways and expressed in different units in laboratory and field

studies. Soil moisture was reported as % of WHC in most laboratory studies and as % of volumetric soil moisture in the field

studies. In loamy and fine-textured soils, the soil moisture values expressed as Nete-that % WHC values-are approximately

four times as-larger than those expressed as % volumetric soil moisture-vatues, because water holding capacity is at about half

4
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of the soil saturation, which in turn corresponds to a volumetric soil moisture around 50% (Clapp and Hornberger, 1978, Laio
etal.,:2001) (e.g., 50% WHC corresponds to a volumetric soil moisture of 12.5% if soil moisture at saturation is 50% and the

WHC is at 50% of soil saturation). However. the conversion factor from % WHC and % volumetric soil moisture is not

constant, and lacking specific data on water holding capacity (or of texture from which WHC can be estimated) we did not

attempt to harmonize the units.

Respiration rates were normalized by dry soil mass in the laboratory studies and by ground area in the field studies. Respiration

per unit soil mass can be converted to respiration per unit ground area by multiplying by the soil bulk density and the soil depth

contributing to the measured respiration rate. Bulk density was not reported in some of the field studies, and the depth
contributing to respiration is not known. WeT-therefore, we, ADD-MATERIALNOW-IN-THE DISCUSSIONperformed a

/[ Formatted: Not Highlight

sensitivity analysis by extracting the contributing depth and bulk density from distributions centered around the estimated

values at the six sites. This approach allows us to test the robustness of the driver importance ranking (Section 2.5 Data
analysis)-of the-impeortance-of these-drivers. We didconducted this analysis by randomly sampling the values of contributing
depth from a uniform distribution ranging from 5 to 15 cm and those of bulk density from a uniform distribution ranging from
0.5 to 1.5 times the bulk density for each site. Bulk density was estimated from soil texture at sites where it was not directly
measured. -andrunningThe random forest models were then run for all conversion factors obtained from the random sampling,
as explained in Section 2.5 Data analysiste-ebtain-an-impertance ranking for thatrun. We-did this 1000 times-and-averaged-the
importance ranking tor cach driver and also the standard deviation o i nkin

2.43 Defining rewetting events in field studies

33 4 Identifieation-of the-end-of drvi 0d

To obtain the FR values and the characteristics of rewetting events in the field, we Based-en-these twe-eriteria—the hourly soil

moisture time series were progressively scanned to define drying and rewetting periods (Fig. 1): We first defined the end of

drying periods preceding rewetting and then the rewetting event itself. a-During these drying periods, soil moisture declines

or varies little, so that —whereas-it-inereases-afterward-Based-entheset iteria-the-hourlyseil istureti
P ively d=\We ealeulated A8 and AG* wwhere A8 isthe difference A0~ between the minimum soil moisture in

the previous 24 hours (6,,;,,) and soil moisture of the current time point (8) is positive or zero. In contrast, a negative value of

A6~ = 0,,;, — O_indicates a moisture increment. At the very end of a drying period, the difference (Bg-(1)and AG™ is-the

difference-between the maximum soil moisture in the subsequent 24 hours (6,%,,) and_the current 6 is positive because soil

moisture starts increasing.

AQ= = 9= o] ARY
=Y w7 A\
AQ+ = g+ il 2)
Ab 8- 2
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meoisture-inerement;As soil moisture time series exhibit short-term fluctuations not associated with rainfall events, a tolerance

must be allowed when defining a drying period. In fact, small soil moisture increments might still be part of the drying period

if due to daily fluctuations , as long as the fluctuations are lower than an increment tolerance

i€ ewetting-event. Time points when both A6~ was larger than —A6,4jerance and AG was larger than a rewetting

threshold (A8,.ye;) Were defined as points at the end of a drying period (Fig. 1). The end of drying period before rewetting

was then defined as a continuous sequence of those points fulfilling these criteria. To ensure sufficient pre-context for those /[ Formatted: Not Highlight

drying periods, we only included drying periods that followed at least five data points and covered at least 18 hours of

continuous dataav

The thresholds to include time points as the end of drying periods were calculated as percentages of the 5™ to 95™ percentile

range of soil moisture at a given respiration chamber, to avoid the influence of extreme values. The increment tolerance

threshold ( AB;o1erance) Was set to 2% of the soil moisture range—if there is no soil moisture increase larger than A6, ,0rqnce

in previous 24 hours, the point is retained as part of the drying period.- -The rewetting threshold (A8,,,.¢) was defined as 10%

of the soil moisture range—if soil moisture increases by more than Af,,,.; we assume that a rewetting event is occurring and

the point is a part of a drying period. Fhe- ttol threshold- A rarnea)was—setto2%-of thesoib-moist

HPIN H H + H 1 41 AQ 3 3 24 1 41 VIS tainad 4 of ¢l
P g 1 P

deying—peried—For datasets with strong daily fluctuations (named as “d20190517 MAURITZ” and
“d20190617_SCOTT_WKG” in the COSORE datasets as well as in supplement 12), we set A ¢ =25% of the soil moisture

range and AB;yjerance =12.5% of the soil moisture range. This choice allows to reach fer-a balance in these two datasets

between the number of rewetting events retained in the analysis and their quality (i.e., how clearly they can be identifiedefthe

rewetting-events) fromthese-two-datasets. Based on these definitions, both A8,.y,er and AB,pjerance differ between sitesaeress
lecations, reflecting their different soil moisture regimes-at-the-differentfield sites.

The last points of each drying period were regarded as the start of 48-hour long candidate rewetting events. Candidate rewetting
events were considered as rewetting events if datasets covered a period longer than 36 hours after the end of drying and
included at least five respiration measurements. In some cases, multiple rewetting events occurred within 48 hours after one
end of drying period. We-ineludedIf such

e-rewetting events occurred

within 24 hours at-since the end of the drying period. we regarded them as a single rewetting event (Fig. 1, second peak). This
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is-beeauseln these cases. soil moisture remains at-high levels-due to the subsequent rain events. Otherwiself the second

rewetting occurred after 24 hours, sueh-the whole rewetting event s—werewas excluded. These criteria restricted the selected

rewetting events to those with a clear soil moisture increase within 24 hours, followed by drying. In this way, we ensured that

all rewetting events were;-thus-being-not

comparable-te-etherrewetting-events.

The soil moisture values at the end of each drying periods were defined as soil dryness (fraction, %) (Fig. 1), and the largest
soil moisture increments within the next 48 hours were defined as rewetting intensities (fraction, %) (Fig. 1). The mean

temperature and the mean respiration rates during the 48-hour rewetting events were obtained from the measured time series

of temperature and respiration.
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Figure 1: (a) Examples of the end of drying periods (in grey) and rewetting events (in light blue) for time series of soil moisture data
in the field datasets. (b;¢) twe-An eexamples of the points to be selected within the end of the drying period.
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2.54 Data analysis

Random forest is an ensemble of decision trees. By averaging over the prediction made by each decision tree, random forest
models are able to provide robust predictions, for both classification and regression problems. Random forest regressions often
perform remarkably well for ecological prediction as they can account for non-linear and complex relationships (Huntingford
et al., 2019), so we adopted this approach to evaluate insights into the drivers of respiration during DRW events.

Random forest regressions (randomForest package in the R-) were used to predict the two response variables—mean
respiration rates over two days after rewetting in the laboratory (LR measured in pg C g soil”' h™') and the field (FR measured
in pmol C m™2 h™')—by six candidate predictor variables: soil dryness (soil moisture at the end of drying, expressed as % WHC
for LR and as volumetric soil moisture (fraction-inte-%) for FR), rewetting intensity (%WHC for LR; volumetric soil moisture
(fraction-into-%) for FR), temperature (incubation temperature for LR; soil temperature in the field for FR), SOC content, and
Al as well as soil sampling depth for LR and soil moisture sensor depth for FR. The ranges and distributions of the values of
these drivers for LR and FR are shown in Fig. 2. FR, LR, and SOC were log transformed to ensure a better normality of the

residuals. F-should-beneted-that-expressing respiration-rates-and-soil-meoisture-in-different-unitsfor the EFR-and - FR-dat

To obtain the best random forest regression model, we built 500 decision trees for each model. To build individual trees,

random forest uses a bootstrapping approach where a subset of data (bootstrap sample) is obtained from the training data by
resampling with replacement. The "mtry" parameter controls the number of predictors used at each split of decision trees and
induces randomness (Scornet, 2017). In our case, the number of predictors in each subset varies from 2 to 6.

We compared the performance of models with “mtry” settings ranging from 2 to 6. For each “mtry” setting, we trained the
models on 80% of the data individually for LR (n = 303) and FR (n = 592). We evaluated the models’ performance by
estimating the variance explained (R?) and root mean squared error (RMSE) obtained between test data (remaining 20%) and
predicted values of test data from the trained random forest models. This training was repeated 50 times, and the mean values
of R?and RMSE from these 50 iterations were used to measure the performance of models for a specific value of “mtry”. The
best performance was obtained when the "mtry" was set to 3, so that this value was selected for the analyses shown in the
Results section.

To assess the importance of the chosen six predictor variables, we used two different goodness of fit metrics: the percentage
increase in Mean Square Error (%IncMSE) and the increase in node purity (IncNodePurity) (Fox et al., 2017). %IncMSE for
each predictor variable measures the increase in the model Mean Square Error (MSE) when the predictor variable is removed
while keeping the values of other variables intact. IncNodePurity measures how much the splitting based on a predictor
improves the homogeneity of the nodes in decision trees. The larger values of %IncMSE and/or IncNodePurity, the more

important is that particular predictor variable (Breiman, 2001). When performing the sensitivity analysis on the respiration

unit conversion factors, %IncMSE and IncNodePurity were calculated for each of the 1000 randomly extracted values of
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contributing depth and bulk density. We then calculated averages and standard deviations of these metrics to evaluate the

uncertainty of the importance ranking for each driver,

Finally, we used partial dependence plots to understand the response of individual explanatory variables on respiration rates
after DRW events for both field and lab conditions. The partial dependence plots depict the effect of one explanatory variable
on the response variable (LR or FR) with the other variables held constant. The partial dependence plots were obtained using
the pdp package in R (Greenwell, 2017).

To test if the results were sensitive to our selection of the rewetting events, we increased A8,.,,,¢; to 15% of the soil moisture
range for the four datasets without strong daily fluctuation. The results were similar to the results obtained by setting
ABeyer =10% of the moisture range (not shown).

All statistical analysis was performed using R Statistical Software (version R-4.1.3) (R Core Team 2022).

3 Results

The median respiration rates within 48 hours after rewetting in the laboratory (LR) and field (FR) were 1.248 pg C g h™! and
591.39:85 umol C m2 h™!, respectively. The 10™ and 90™ percentiles were 0. 326 ug C ¢! h™! and 4.108 pg C g h! for LR
and 185.4 3:09-umol C m 2 h™! and 3174.652:9+ pmol C m 2 h™" for FR (Fig. 2a, b). Among the different drivers we considered,
temperatures in laboratory incubations wasere generally higher than those experienced in the field (Fig. 2e, f), soil moisture at
the end of drying wasere lower in the laboratory than in the field (Fig. 2g, h), and field sites did not differ in AI as much as
sites sampled for laboratory incubations (Fig. 2k, 1). The ranges of SOC and rewetting intensity were instead similareomparable
between laboratory and field datasets (Fig. 2c, d, i, j). Nete-that %o WHCvalues-are-approximatelyfour-times-aslarge-as%

The random forest regressions explained 85% and 79% of the variance of log-transformed LR (RMSE=0.35) and FR

(RMSE=0.36), respectively. The mosttwo most important predictors of LR were SOC and AI (Fig. 3), followed by incubation
temperature, dryness. and rewetting intensity. The most important predictors of FR were soil temperature and aridity index,
with soil dryness, SOC and rewetting intensity follows the importance ranking. Moreover, soil sampling depth for LR and soil

moisture sensor depth for FR had the lowest importance (Fig. 3).
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Figure 2: Data distribution of respiration rates over 48 hours after rewetting in: a) inlaboratory rewetting events (LR, pg C g"' h'')
and b) field rewetting events (FR, pmol C m™2 h™'). LR values larger than 10 and FR values larger than 1050 are not shown. Data
distribution of candidate drivers of respiration rates after rewetting in the laboratory and in the field: c, d) SOC, soil organic carbon
content; e and f) TMP, incubation temperature for laboratory data and soil temperature in the field for field data; g and h) dryness
(soil moisture at the end of the experimental drying); f and 1) RI, rewetting intensity (soil moisture increment at rewetting); g and
m) Al aridity index; h and n) Ldepth, soil sampling depth for laboratory data, Fdepth, soil moisture probe depth for field data.
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Figure 3: The importance ranking of predictors for mean respiration rates during 48 hours after rewetting, from laboratory (LR)
and field (FR) measurements, based on random forest models using %IncMSE (a, b) and IncNodePurity (¢, d). Predictors include
soil organic content (SOC), aridity index (AI), soil dryness, rewetting intensity (RI), incubation temperature for LR and soil
temperature for FR (TMP), and soil sampling depth for LR (Ldepth) and soil moisture sensor depth for FR (Fdepth).

Both LR and FR increased with SOC at-where SOC contents were low (Fig. 4a, b). While LR stabilized when SOC was larger
than 90 g kg'!, FR continued increasing afterward (Fig. 4a). LR increased with temperature and then stabilized aroundt 25 °C,
and FR closely followed the same trend and stabilized aroundt 20 °C (Fig. 4b). FR first increased with soil drynessing-intensity
up to 10% and then declined with-dryingintensity-atterwardfor drier conditions, which is inconsistent with the observed
monotonic decline of LR with-deying-intensity-(up to 45% WHC) (Fig. 4¢). FR increased with rewetting intensity while LR

decreased with rewetting intensity (Fig. 4d). LR increased with increasing aridity index (i.e., in wetter climates), but -

Bdifferences between LR and FR trends with aridity index are difficult to assess mostly because of the narrow range of aridity

index values at the field sites (Fig. 4e). and-ER= dwith i titytndex—{e—t H #=FR declined

with soil moisture probe depth (0-10cm), and LR first increased and then declined with soil sampling depth (Fig. 4f).

To summarize, the increasing effects of SOC and TMP on respiration were consistent in laboratory and field conditions, and
the effect of soil dryness were similar only when drying was not severe or very mild. Rewetting intensity had opposite effects
in laboratory and field conditions and we were not able to draw solid conclusions for climate legacy effects (using Al as a

climate index) due to the limited data range in the field datasets. The similarities between respiration rate responses to at least
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some drivers found between laboratory data and field data partly support our hypothesis that the laboratory insights could be

validated under field conditions.
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Figure 4: Partial-dependence plots for the selected predictors of absolute respiration rate over 48 h after laboratory rewetting (LR,
red curve) and field rewetting (FR, blue curve) based on the random forest model. Abbreviations: SOC, soil organic carbon content;
dryness (soil moisture at dry condition); RI, rewetting intensity (soil moisture increment at rewetting); TMP, incubation temperature
for LR and soil temperature for FR; Al, aridity index; Ldepth, soil sampling depth for LR, Fdepth, soil moisture sensor depth for
FR. The y-axes represent the marginal effect of each predictor on LR and FR while holding all other predictors constant.

4 Discussion

4.1 Validation of insights from laboratory drying-rewetting experiments using field data

Applying knowledge gained from laboratory studies conducted in controlled conditions to predict CO, emissions under field

conditions is challenging, because laboratory incubations require some degree of soil sample disturbance and the imposed

environmental conditions do not match those experienced in the field. This disconnect which-motivated us to attempt a

validatione of laboratory insights into the drivers of microbial respiration pulses at rewetting using respiration data pulse-from

trenched plots in the field-eonditions. To this aim, we compared the importance rankings and respiration responses to several

drivers using laboratory and field datasets. Although direct/quantitative comparison of rankings between laboratory and field
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datasets might be affected by the different distributions of response variables (especially for temperature and soil moisture at
the end of drying; Fig. 2), the qualitative comparison of respiration response shapes allowed us to validate-efassess the drivers”
effects on respiration, at least for drivers whose ranges overlap between laboratory and field datasets. In general, our results

are consistent with our hypothesis that laboratory insights could be partly validated using field datasets.

Respiration rate at rewetting increased with increasing SOC in both lab and field datasets (Fig. 4a). The positive relation
between SOC and respiration is-trend-is alse-consistent with previous studies (Canarini et al., 2017; Harrison-Kirk et al., 2013),

and is probably due to the increased substrate availability with increasing SOC content. In addition, the SOC sensitivity of
respiration was higher in the laboratory dataset than in the field (respiration reaches a plateau at SOC~90 g kg™', Fig. 4a),
suggesting that the sensitivity of respiration to SOC in the laboratory might be overestimated. One reason to explain the
overestimation is that soil sieving may have helped to release substrates physically protected by micro-aggregates compared
to intact aggregates in the field (Kpemoua et al., 2022; Zhang et al., 2022b), resulting in proportionally more bioavailable SOC
for a given level of SOC content. Another reason may be that leaching—ef-dissolved organic carbon can be lost via
leachingreleased i s-in the field (Liu et al., 2018; Rupp et al., 2021), but

this does not this-dees-netnecessarily happen in the laboratory, where beeause-the-samples are contained in-a closed jarsafter

(oot d Aot PERTEN
rewetthg-aoeshot {=2an sy

s

helab neriment h i s, 1 in gl a1 1\1' taol IN1Q. D 4
He1ao tS = g

1e-raooratory-expertments;-wnereas Pt

ak=2021. As a result, there can be more bioavailable carbon in the laboratory experiments to fuel the respiration pulse at

rewetting. If this overestimation of SOC effects on respiration obtained from laboratory studies could be further quantitatively

confirmed, then we wshould expect ~lower sensitivity of respiration to

intensified DRW cycles compared to the emissions measured in the laboratory. It should be also noted that the SOC effects on

heterotrophic respiration after rewetting in natural field conditions are strenehy-related to labile carbon input from plants. In

contrast, there-isno labile carbon was addedinput in the laboratory studies we considered. To allow comparing laboratory and

field data,
plants. —fatareA more complete validationassessment of SOC effects on respiration rates should consider in bothderived-from
laboratory incubations and data-usine-field studies datashould-well-take accountthe contribution of labile carbon from plants.

we useding field respiration rates data-from trenched plots in the absence of

To conclude, the positive effects of SOC on respiration after rewetting in the laboratory could be confirmed using field data,

even though laboratory studies may quantitatively overestimate the sensitivity of respiration to changes in SOC.

Respiration rate at rewetting Seil-respiration-increased in warmer soil in both laboratory and field conditions. The

observed increases were generally consistent with previous studies (Nissan et al., 2023), but the patterns can vary between
studies. The observed plateaus above 20 °C (Fig. 4b) might suggest the presence of a peak of the temperature response (Niu
et al., 2024), with possible declines outside the range of temperature in our data. —This concave downward trend differs from
the exponential increase (Andrews et al., 2023) (15 to 45 °C) and linear increase (Cruz-Paredes et al., 2023) (0 to 50 °C) found

in other studies. These inconsistencies could be explained by the relatively low substrate availability in our datasets as
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compared to other studies, as we considered both laboratory and field respiration during multiple DRW cycles and substrate
availability declines with the number of DRW cycles (Zhang et al., 2020). In addition, temperature sensitivity (Q1o, estimated
here as the ratio of respiration rate at 20 °C over respiration rate at 10 °C) was lower in laboratory data (Q10=1.2) than in field
data (Q10=2.3). This indicates that temperature sensitivity might be underestimated in the laboratory dataset. However, the Q1o
value for the laboratory studies was estimated based on the randemforestresults from the random forest model, which were

derived from temperature data that mostly ranged eenstrained-by-a-temperaturerange Himited between 1520 and 25 °C (Fig.

2f), so this value could be low because of inaccurate predictions by the random forest model. This comparison would benefit
from a more accurate estimation of Qo from laboratory studies, which would be possible if more datasets were covering the
temperature range within 10 °C to 20 °C. This lower sensitivity could be also explained by sieving of soils used in the laboratory
incubations. In fact, sieving breaks down macro-aggregates into micro-aggregates (Qin et al., 2019), which exhibit lower
temperature sensitivity (Kan et al., 2022). Based on this evidence, we further speculate that in the field, temperature affects ©

carbon release from physically protected pools (aggregates and mineral-associated €carbon) and thus has a more important

role than bulk SOC, but this role could be weaker in the laboratory due to soil sieving. This could explain why SOC was the
most important driver of LR while TMP was either most important or ranked second for FR (Fig.3). Taken together, the
positive effects of temperature on respiration after rewetting in the laboratory could be confirmed using field data. However,
correcting the bias of the temperature sensitivity of respiration due to the changed aggregate distribution after sieving may

help to integrate insights from laboratory and field conditions.

Drier soils before rewetting drive higher respiration after rewetting in laboratory experiments but not always in field
conditions. The drier the soil before rewetting, the larger LR. This trend is consistent with previous studies (Cable et al.,
2008; Fischer, 2009; Manzoni et al., 2020; Patel et al., 2021; Xu et al., 2004; Yan et al., 2014), and can be explained by the
greater amount of substrate accumulated in drier soils before rewetting (longer dry periods) (Schimel, 2018; Warren, 2020). It
should be noted that this pattern emerges probably because soils were dried to a larger extent in laboratory conditions than
they would in the field (Fig. 2g, h), resulting in large respiration pulses with a strong dependence on dryness before rewetting.
In contrast, respiration in the field showed the same pattern only at intermediate values of soil moisture before rewetting (10%
to 30% of volumetric soil moisture) (Fig. 4c), while it was lowest after rewetting very dry soils and relatively high after
rewetting already wet soils—this pattern was not expected. In field conditions, dry soils could be rewetted slowly unless a
large rainfall event occurs, which could explain why very dry soils do not always cause a large respiration pulse. Moreover, in

the field, shrinking dry soils can make substratesless accessible for microbial decompeositiondry soil eanbe-compaected, making

substrates less accessible for microbial decomposition (Beare et al., 2009), and reduceing O; dissolution and diffusion (Zhang
etal., 2022a). The high respiration after rewetting of wet soil could instead be potentially related to anaerobic reaction pathways
releasing carbon (Fairbairn et al., 2023). In addition, we speculate that soil physical properties during the dry period could play
an-tmportant-role-in-controlling the respiration rate after rewetting (Navarro-Garcia et al., 2012), but such properties are

modified in the laboratory due to soil sieving before the incubations. Thus, respiration increased with prior soil dryness in
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laboratory conditions, but only in a narrow moisture range in the field condition. To ensure that the effects of dryness on
rewetting respiration from laboratory studies are similarcomparableeomparable to those in the field, we suggest to conduct
DRW experiments using intact soil coressamples (Muhr et al., 2010).

The effects of rewetting intensity on respiration differed between laboratory and field conditions, as field respiration
increased with increasing rewetting intensity (larger soil moisture increments after rewetting; Fig. 4d), whereas laboratory
respiration decreased with rewetting intensity (Fig. 4d). The increasing trend from the field data is consistent with the idea that
a larger soil moisture increment after rewetting can release more substrates that had been previously inaccessible, thus,
supperting a larger respiration pulse (Homyak et al., 2018; Lado-Monserrat et al., 2014; Navarro-Garcia et al., 2012). The
decreasing trend from the laboratory data could be explained by the delayed peak respiration rates due to microbial stress after
large rewetting events (Li et al., 2023a; Meisner et al., 2017). For example, air-dried soils in some laboratory studies were
rewetted to 50% WHC (X. Li, Leizeaga, et al., 2023), which is a very large change from the perspective of soil microbes trying
to regulate turgor pressure. As the delay time for respiration can exceed two days for such large moisture increments (Li et al.,
2023b), it is possible that ewruse-ofaveraging respiration rates averaged-over two days might underestimate the actual

respiration pulse. Moreover, soil pores may become saturated in large rewetting events, resulting in oxygen limitation and thus

lower respiration (Erinle et al., 2021; Keiluweit et al., 2016; Maier et al., 2011; Silver et al., 1999). Because soil moisture __—{ Formatted: English (United States)

typically declines in the field immediately after it peaks. the period of limited oxygen availability coupled with high soil

moisture may be shorter in the field than in the laboratory, so that the soil moisture increment in the field may not be as

important a driver of carbon emissions in the field as it is in the laboratorySineesoil-meoisture-in-the-field-usually-deelines

field. In addition, soil rewetting is not always characterized mere-thanjustby a uniform soil moisture increment—the wetting

front propagates vertically downwards and from the macropores laterally into the bulk soil, resulting in heterogeneous

conditions at least during the initial rewetting phasebut-alse-rewetting-efficieney-and rewetting-speed. As laboratory soils are

more uniform than and-field-soils in natural conditionsare-mere-patehy, laboratory rewetting can lead to mere-homogenous
moisture and-efficientwith-a-faster speed-as-compared to rewetting in the field-rewetting. This difference in water redistribution

might be the-maina reason for the different effects of rewetting intensity on respiration in laboratory vs. field conditions.

However, we believeargue that averaging respiration over 48 hours has helped to eliminatereduce this issue. To summarize,

laboratory insights about rewetting intensity were not validated by field datasets and more laboratory experiments are needed
to test the effect of a range of soil moisture increments at rewetting and to mimic the soil moisture declines after rewetting that

often occurs in field conditions.

Aridity index was positively correlated with respiration in the laboratory, but it-the relation was not clear in the field

(Fig. 4e). We considered low aridity index as a proxy for climatic conditions characterized by frequent dry periods that might
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trigger adaptation of microbial communities to drought. Climate legacy effects might then emerge in our data analysis if

respiration after rewetting varied with aridity index. However, wWith field datasets clustered in a narrow range of climate

zones, this-study-isnet-abletowe cannot confidently validate laboratory insights about climate legacy effects on respiration.
In contrast, thanks to the wide spatial variation of soils in laboratory studies, climate legacy effects on respiration emerged in
the laboratory dataset. These legacy effects were consistent with the expected lower microbial adaptation to drought in wetter
climates (large values of aridity index) causing larger respiration pulses at rewetting (Tang et al., 2023; Winterfeldt et al.,
2024). Moreover, climate legacy effects in the laboratory would not be easily observed if soil samples were obtained from
areas with limited climatic variations (Leizeaga et al., 2021). In addition, we speculate that the closer soil structure, substrate
availability and microbial characteristics to the field conditions, the easier it would be to detect climate legacy effects (Kaiser
et al., 2015). Thisat might explain why some experiments have shown climate legacy effects (Broderick et al., 2022; Hawkes
et al., 2017, 2020), while others have not (Leizeaga et al., 2021). Moreover, it is possible that climate legacy effects might
emerge in laboratory incubations because soil moisture is maintained at high values after rewetting, while in the field moisture
values decline rapidly in dry areas with high evaporation rates, limiting the chances to detect legacy effects. Validation of
climate legacy effects on respiration will need more laboratory experiments on intact soils and more globally distributed field

datasets.

We initially expected that respiration pulses induced by rewetting iy

soil-with-field-measurements-could beregulated-bydepend on soil sampling depth. This is because respiration sensitivity to
changes in soil moisture varies with depth (Berg et al., 2017; Pallandt et al., 2022), due to vertical difference of soil properties
(Hicks Pries et al., 2023; Kirschbaum et al., 2021; Slessarev et al., 2020), soil moisture memory, and microbial acclimation to
DRW (Brangari et al., 2022; Engelhardt et al., 2018; Hicks, 2023). However, soil sampling depth was not a strong predictor
of the respiration pulses (Fig. 3). This may be due to the soil sieving in the laboratory mixing the entire sampled profile and
thus reducing soil differences across depths. In addition, we expected an important role of soil moisture sensor depth on field

respiration, as deep sensors report more buffered soil moisture variations than surface sensors, causing longer time lags of soil

moisture changes and respiration changes—yet, we found negligible effects of sensor depth on the respiration pulses (Fig. 3).

4.2 Uncertainties

CeneeptuallyWe would expect that; the results obtained usingby averaging respiration over 248 hours may differ from those

obtained using a shorter averaging time interval48-heurs. This is because intense drying and rewetting events in the laboratory

can cause a delay in the respiration pulse (Li et al., 2023a; Meisner et al., 2017), and sometimes the delay time can even exceed

two days (Li et al., 2023b).

d-impaets-on-theresults-To test if the results were sensitive to our choice of the respiration averaging time

frameinterval(48hours), we reduced the time frameinterval in the field data sets, where -thanks te-the factthat- measurements
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wereatre at sufficiently high frequency. The ranking of the drivers of the mean respiration rates over 24 hours was the same as

that for the mean respiration rates over 48 hours, suggesting that our choice of the time frame might have limited impacts on
the resultsThe testresulis obtained using 24 hours 48 hours (Figs. A02).
This test is not feasibleless-applicable infor the laboratory datasets because—The-mainreason-for thisisthat only about half of
the selected laboratory studies ineluded-in-this-paper-allow us-te-ebtaincalculating respiration rates during the first 24 hours
after rewetting-within24-heurs. Using only thisa subset of studies to test the consistency of the results is not ideal because the
distribution of the independent-drivers of respiration for thesethis subsets differs from that of the whole data set. Therefore, i1

this-ease-we did not proceed further with the laboratory data. €«

To test whether the results wereas sensitive to the difference in respiration units between the laboratory and field data;—
wanalysis: wWe performed did-a sensitivity testanalysis. The results showed that the-impertance-of-temperature and aridity
index were still ranked as important driversas-still-there (Fig. A03), which is-censistent-with-eurresults-and-confirms the

robustness of our results. Also soil moisture units were different between laboratory and field studies, but In-addition—the

conversion of soil moisture units from percent water holding capacity to volumetric water content depends on the soil seil

textureorganic-matter—and-fieldwater holding capacit

of fieldwater holding_capacity-data, unifyinsharmonizing_the soil moisture units could introduce more uncertainty, so we

which va among sites. Without site-specific estimates

referred not to eenvertperform any conversion. While we confirmed that harmonizing the respiration units does not change

the ranking of the respiration drivers, we cannot exclude that some of the differences between laboratory and field respiration

could change after expressing soil moisture with the same units.

Some potentially important drivers of respiration after rewetting were not included in our analysis, so we could not compare
their effects between laboratory and field conditions. For example, duration of the drying period and number of DRW cycles,
are expected to increase and decrease respiration rates, respectively (Miller et al., 2005; Tiemann and Billings, 2011). In a test
run, adding both to predict respiration in the laboratory did not increase the explained variance. Moreover, duration of soil
drying and number of DRW cycles are not fixed in the field, where soil moisture fluctuations are driven by stochastic rain
events, making the comparison with laboratory conditions difficult. BesidesMoreover, soil properties like soil texture and; soil
pH (Harrison-Kirk et al., 2014; Li et al., 2020; Singh et al., 2023) ;-and-otherseil properties-were not included due to lack of
site-specific data. Therefore, and-itstill remainsuntested—whether or not the effects of soil texture and soil pH on respiration

pulses are similar in the laboratory and in the field remains an open question. We did not include vegetation types in the data

analysis, although theyplants affect microbial processes and thus the respiration pulsesplay-a—eritical-role—in—ecosystems.
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However. laboratory incubations to study DRW

responses and-field-conditions-is-madeare conducted in the absence of vegetation, which forced us to only use field data from
trenched plots where {roots were-remeved-forboth-conditions) not connected to any living plant. HeweverLacking data from

incubations with plants, we can only alse-acknowledge that the absence of vegetation limits the generalizability of our results.

To improve the comparison between laboratory and field conditions, a more accurate prediction of the effects of respiration
drivers is needed. This requires that both laboratory and field studies cover more diverse climatic conditions and report more
comprehensive information about soil properties. This need arises because the ability of random forest models (also other
statistical methods) to explain variation in response variables is limited by low variation in the explanatory variables. Even

among the selected drivers, some exhibit low variation both in field-and-laboratory and field studies (Fig. 2)._With greater

variation, the response curves of these drivers—specifically, when and how they increase, decrease, or stabilize—could be

more thoroughly verified. -To improve our understanding of DRW responses and comparability with field data, [aboratory

studies should be-extended to longer periods after rewetting, include with-more frequent measurements. and sheuld-cover a

wider range of soil moisture at the end of the drying period before-rewetting and of rewetting intensities. Data from these

extended experimentsthis would help enhance the robustness of statistical analysis on the compound role of DRW

characteristics and pedo-climatic conditions on respiration after rewetting.

4.3 Implications

JThe validation of laboratory findings on the drivers of the rewetting pulses with field measurements is necessary because Formatted: Font: 10 pt
laboratory data are often used for the-prediction of future-soil carbon stocks with mathematical modelswhich-weuld-be-a Formatted: Font: 10 pt
5. Incorporating these results into model simulations could help improve the accuracy of glebal N Formatted: Font: 10 pt
soil organic carbon predictions, especially for models that neglect rewetting pulses. In fact, most models of soil carbon cycling Formatted: Font: 10 pt
N . . . X Formatted: Font: 10 pt

assume that respiration is a function of soil moisture (Bauer et al. 2008), but not of moisture changes. Therefore, such models
Formatted: Font: 10 pt

(D D U/

describe how respiration varies when gradual variations of soil moisture occur, such as during drying, while neglecting the

large respiration pulses occurring at rewetting. To model rewetting pulses, models need to include processes causing

accumulation of bioavailable carbon during drying or release of labile substrates at rewetting (e.g.. Brangari et al. 2020), but

these processes are not easy to represent in a mechanistic way. One could argue that an empirical approach based on data such

as those analyzed here could offer an alternative to roughly estimate the amount of carbon emitted at rewetting as a function

of SOC, temperature, or other drivers.
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5 Conclusions

Testing and validation of hypotheses emerging from laboratory simulation of soil drying and rewetting are necessary for

predicting respiration pulses after rewetting in field conditions. In this study, we compared the respiration response to rewetting

using both laboratory datasets and field datasets_in the absence of vegetation. ;

cte-Respiration pulses increased

with SOC and temperature in both these datasets, but the temperature sensitivity could not be reliably estimated due to the
limited range of temperatures explored in laboratory studies. Respiration in the laboratory (but not in the field) also increased
with the aridity index, suggesting climate legacy effects, but possibly also highlighting possible artifacts induced by how soil
moisture is manipulated in the laboratory after the rewetting. Both soil moisture at the end of drying and rewetting intensity

affected respiration differently across datasets. Our comparison is based on nearly 40 laboratory studies, but only 6 field

studies, so that the sample size of the data differs between laboratory and field datasets, and the overlap of the drivers we

selected is not complete. Higher resolution respiration data measured over a longer period, and under more varied climatic and
soil conditions in both laboratory and field settings would be-help to enhance the robustness of the outcome of this study. This
could further help us to validate laboratory insights, and further understand and predict the CO, emissions under dry-rewetting

events.
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Figure A01: The data source distribution; point color shows the land-use/land cover types, point type shows that data from

laboratory drying and rewetting experiments (circle) or from the field (cross).

(@)

log(FR)
| I
«
Fdepth -
0 10 20 30 40
%IncMSE
(b)
~ I
| I
soc { [
oyness | [N
RI -
Fdepth I
0 100 200 300
IncNodePurity

%IncMSE (a) and IncNodePuri

igure A02: The importance ranking of predictors for mean respiration rates during 24 hours after rewettin:
measurements, based on random forest models usin:

from field (FR

b). Predictors include soil organic content

(SOQ), aridity index (Al), soil dryness, rewetting intensity (RI), soil temperature for FR (TMP), and soil moisture sensor depth for

23

Formatted: Font: 9 pt

Formatted: Caption, Indent: First line: 0"

Formatted: Font: 9 pt

)




is the same as we obtained when considering a 48 hour time interval to average respiration rate after

rewettingframe,
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field (FR) measurements, based on random forest models using %IncMSE (a) and IncNodePurity (b). Predictors include soil organic
content (SOQC). arldlty index (Al), soil dryness, rewetting intensity (RI), soil temperature for FR (TMP), and soil moisture sensor

Fd . This ranking is obtained by averaginged frem 1000 importance rankings, where each i anee-rankin
was obtained by extractm contributing soil depth and bulk density from distributions centered around the estimated values at the
six sites. Error bars are the standard deviations of each driver. This result is snmllar to that obtained when considering a-48 hour
time frame using original field respiration rates with the original units (umol C m?
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545  Study list of laboratory data
Butterly, C. R., Bunemann, E. K., McNeill, A. M., Baldock, J. A., and Marschner, P.: Carbon pulses but not phosphorus pulses
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