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ABSTRACT
Climate change is increasing drought frequency, threatening the stability of soil carbon sinks. While droughts are known to 
accelerate soil organic matter decomposition and enhance CO2 emissions, the long-term effects of recurrent droughts on soil 
remain unclear. We addressed this pressing issue by modelling long-term drought events in a temperate heathland on organo-
mineral soil using the ECOSSE biogeochemical model and developing new metrics to assess changes in soil organic carbon (SOC) 
sequestration and stabilisation. Across all scenarios, drought events decreased the size of microbial (BIO) and humified (HUM) 
SOC pools by up to 15% and 8% respectively. Short-interval droughts weakened the BIO-to-HUM transfer, leading to incomplete 
recovery after rewetting, whereas prolonged droughts increased decomposition of stable pools at depth but allowed only partial 
re-equilibration during recovery. These changes were mirrored by contrasting responses in the carbon use efficiencies of labile 
(CUEI) and stable (CUES) pools. During frequent droughts, CUEI remained relatively stable, while the contribution of CUES 
increased indicating a higher contribution of stable SOC pools under soil moisture stress. The carbon sequestration efficiency 
(CSE = CUEI/CUES) declined by up to 15% under prolonged droughts compared with more frequent drought-rewetting cycles, 
signalling a progressive reduction in soil carbon sequestration. The stabilisation efficiency (SE = ΔHUM/ΔBIO) declined to about 
40%, implying that recurrent droughts reduced the efficiency with which microbial carbon was stabilized into the HUM pool. 
Collectively, these metrics revealed a reversal in the CSE-water relationship: CSE increased with soil water during drought but 
declined after rewetting, indicating a persistent post-drought decoupling between decomposition and stabilisation processes. 
Recurrent droughts thus reshape SOC dynamics reducing CSE and altering the balance between decomposition and stabilisa-
tion with depth. Drought frequency rather than duration, emerges as the dominant control on long-term soil carbon stability in 
organo-mineral systems.

1   |   Introduction

The severity and frequency of anthropogenic drought events 
(Aghakouchak et  al.  2021) have been increasingly linked to 
widespread and disruptive effects on ecosystem carbon (C) and 
nitrogen (N) cycling (Knapp et al. 2024; Müller and Bahn 2022). 
Droughts can accelerate the oxidation of soil organic carbon 
(SOC), increasing soil CO2 emissions to the atmosphere (Dong 

et al. 2021; Liu et al. 2022; Reinsch et al. 2017). The response 
of soil organic matter (SOM) to soil moisture changes is deter-
mined by mechanisms regulating its turnover at different spatial 
and temporal scales (Schrumpf et al. 2013). Recently, Vahedifard 
et al.  (2024) characterized the feedback loop between climatic 
drought, soil desiccation, and the consequential increase in 
soil CO2 emissions. Following an initial minor increase in soil 
CO2 respiration, structural changes in the soil caused by severe 
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drought events can increase the permeability of the soil, expos-
ing deeper and older SOC pools to microbial decomposition (Wu 
et al. 2022). Over time, these changes significantly affect the di-
versity and functioning of microbial and macrofauna responsi-
ble for nutrient cycling and soil structure (Stovícek et al. 2017), 
resulting in cascading effects on ecosystem productivity, soil C 
sequestration, and greenhouse gas (GHG) emissions.

In this representation, resource-limited arid and semi-arid eco-
systems are deemed to be more sensitive to droughts than more 
mesic ecosystems (Maurer et al. 2020). These trends are often 
explained by the ‘resource limitation hypothesis’ (Huxman 
et al. 2004; Knapp et al. 2024), which argues that productivity 
in wetter ecosystems is constrained mainly by nutrients or light 
rather than by water availability. Given that water is the primary 
resource limiting net primary productivity (NPP), and rates 
of NPP determine the amount of organic C delivered to soils 
through litterfall, root turnover and exudation (Tao et al. 2023), 
it is plausible to assume that changes in SOC sequestration de-
pend on how quickly plant inputs decline as dry ecosystems be-
come drier (Knapp et al. 2024; Zhou et al. 2022). However, in 
the literature the effect of drought on the soil C balance is more 
uncertain. Very wet ecosystems with C-rich soils and anoxic soil 
conditions can also lose C during drought (Cleveland et al. 2010; 
Costa et al. 2023; Deng et al. 2021; Evans et al. 2021; Sowerby 
et al. 2008; Zhong et al. 2020). Changes in deep-profile moisture 
can further alter SOC stability by shifting the balance between 
mineral-associated organic matter (MAOM) and fresh organic 
inputs (e.g., root exudates), with a potential tipping point occur-
ring where precipitation equals or exceeds evapotranspiration 
(Heckman et al. 2023). Such subsurface moisture–mineral inter-
actions may therefore modulate the direction and magnitude of 
soil C responses to drought across contrasting ecosystems.

Understanding whether drought-induced changes lead to soil 
C losses or gains requires assessing how the stability of SOC 
sequestration responds to several extrinsic factors, such as 
drought timing, severity, and intermittency that jointly influ-
ence above- and below-ground biotic and abiotic properties con-
trolling the sensitivity of SOM to changes in soil moisture (Sierra 
et al. 2015; Masuda et al. 2024; Robinson et al. 2019; Wunderling 
et al. 2022). While drought experiments and meta-analyses have 
provided useful estimates of the impacts of drought on a wide 
range of ecological responses (Knapp et  al.  2024), they often 
capture short-term effects and do not quantify the cumulative 
or frequency-dependent impacts of recurrent droughts on soil C 
dynamics. Process-based models can help bridge this gap by in-
tegrating short-term experimental evidence with long-term bio-
geochemical feedbacks. In this study, we combine observational 
data from a seasonally water-logged in situ climate change ex-
periment (Domínguez et al. 2017; Emmett et al. 2004; Reinsch 
et al. 2017; Seaton et al. 2022; Sowerby et al. 2008, 2010) with 
simulations from the ECOSSE biogeochemical model (Smith 
et  al.  2010a, 2010b) to explore how drought frequency affects 
the capacity of organo-mineral soils to retain C. ECOSSE was 
used as a diagnostic framework linking field observations to soil 
processes that mediate the turnover and stabilisation of distinct 
SOM pools with different decomposition rates. By varying the 
recurrence interval of a six-year observed climate cycle, we gen-
erated scenarios that isolate the influence of drought frequency 
while maintaining comparable hydrological conditions.

Our analyses focus on three complementary aspects of the soil 
C response to drought: (i) the C sequestration efficiency (CSE), 
defined as the relative balance between respiration from labile 
and stable SOC pools; (ii) depth-resolved changes in microbial 
biomass (BIO) and humified organic matter (HUM); and (iii) 
the stabilisation efficiency (SE), defined as the proportion of BIO 
converted into HUM rather than released as CO2. Combined, 
these metrics allow us to test whether recurrent droughts pro-
duce reversible hydrological effects or instead generate per-
sistent imbalances among SOC pools that weaken C stabilisation 
after rewetting. In addition, through this approach, we provide 
a mechanistic assessment of how drought frequency governs 
the redistribution of C within the soil system and identify 
model-based early warning signals of declining CSE in organo-
mineral soils.

2   |   Methods

2.1   |   Site Description and Experimental 
Treatments

The experimental site used in this study is a Calluna vulgaris 
(L.) Hull dominated hydric upland Atlantic heathland, located 
at Clocaenog forest in NE Wales, United Kingdom. Details re-
lating to the site were described in detail in several studies 
(Emmett et al. 2004; Seaton et al. 2022). Here, we summarize 
the main characteristics of the site, experimental treatments, 
and information used in the simulations of the ECOSSE model 
(see Text S1 in Supporting Information).

The soil type is a podzolic organo-mineral soil classified as a 
Ferric stagnopodzol in the Hafren Series in the Soil Survey of 
England and Wales (Hallett et al. 2017). The soil profile has four 
horizons in total (Table 1). At the top, the organic layer of on av-
erage 7 cm of litter and fragmented plant residues (LF) is distinct 
from a horizon of illuvial organic matter accumulation (Oh), fol-
lowed by a Mulky-Modified Mineral horizon of approximately 
10 cm which overlays a mineral Gley soil layer that reaches sap-
rolite shale at the bottom of the soil profile at a maximum of 
32 cm depth.

The experiment, established in 1998, comprises replicated (n = 3) 
4 × 5 m plots under control and drought treatments. Drought 
is imposed during the growing season (March–September) by 
automated retractable curtains excluding 20%–26% of rain-
fall, while temperature manipulations (not analysed here) run 
in parallel. Continuous meteorological observations include 
precipitation (P) and air temperature (TA). Monthly potential 
evapotranspiration (PET) was derived using the Thornthwaite 
method (Thornthwaite 1948) via the SPEI R package (Vicente-
Serrano et  al.  2010). Hydrological characterisation of the site, 
including monthly water balance (WB) analysis and seasonal 
classification of soil water storage, surplus, utilisation, and 
deficit, was performed using the Hydromad R package (Bai 
et al. 2009; Table S1, Figure S2).

Vegetation at the site is an old-aged heathland community 
with no structural or age differences between control and 
drought plots. Above- and below-ground biomass and litterfall 
(g biomass m−2 yr.−1) were collected every 6 months in each plot 
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(Reinsch et al. 2017, 2015d; Sowerby et al. 2008). As described 
in Reinsch et  al.  (2017), total soil CO2 effluxes (Rs, kg CO2-C 
ha−1) were measured on a fortnightly to monthly basis at the soil 
surface throughout the year using three permanent soil collars 
(10 cm diameter) placed in each plot. No aboveground vegetation 
was allowed to grow inside the collars. Annual soil respiration 
was calculated from fortnightly soil respiration measurements 
averaged at a monthly timescale. It is important to note that 
the simulations of soil CO2 flux from ECOSSE correspond to 
heterotrophic respiration (Rh, kg CO2-C ha−1). To this end, the 
comparison of measured total Rs and modelled Rh required the 
partition of Rs into the autotrophic (Ra) and Rh fractions. Based 
on literature information on the temporal variability of Ra in 
similar heathland ecosystems (Kopittke, Tietema, et  al.  2013; 
Kopittke, van Loon, et  al.  2013), we assume that Rh accounts 
for 46% of Rs in summer (June–August), 52.5% in spring and au-
tumn (March–May, September–November), and 59% in winter 
(December–February). To assess the robustness of this assump-
tion, a sensitivity analysis was performed in which Rh fractions 
for the drought treatment were varied by ±5% and ±10% while 
control fractions remained fixed. This test quantified the uncer-
tainty associated with Rs partitioning and its effect on model 
data comparison.

2.2   |   Modelling Drought Events

For the model simulations we selected 6 years of field obser-
vations from January 2009 to December 2014. During this ex-
perimental period, climate, soil CO2 fluxes, soil moisture were 
continuously measured in both the drought and control plots 
(Reinsch et al. 2015a, 2015b, 2015c). The impact of drought is 
simulated in four modelling scenarios with different intermit-
tence of the drought events. In the control simulations, the 6-
year experimental period is repeated for 32 cycles, generating 
a simulation period of 192 years. Individual scenarios are then 
created, whereby in the 192 years of simulation the conditions 
observed in the control plots are interrupted and replaced with 
the conditions measured in the drought treatment. Here the 
drought conditions are imposed for 12, 24, 48, and 96 years. 
Recovery is allowed for the same length of time as the drought, 
meaning that if a drought is imposed for 12 years, a recovery pe-
riod of12 years is simulated before a new drought period starts. 
Overall, this modelling approach generates four modelling sce-
narios (Table  2) characterized by increasing intermittence of 
droughts and post-drought phases where SOC pools are allowed 

to recover from drought effects. A full recovery of SOC pools 
means reaching SOC pools observed under control conditions.

Depending on the specific state of the variables reported, 
drought-induced changes in the SOC pools at each temporal 
point in the simulations were calculated as the difference be-
tween predicted values under the experimental drought condi-
tions and the control (or baseline) conditions. The SOC analysis 
focused primarily on the soil C cycle and on the dynamic sim-
ulations of plant inputs (kg C ha−1), total SOC stock, and the 
size of its corresponding SOC pools (kg C ha−1), and CO2 (kg 
CO2-C ha−1).

Changes in SOC pools were analysed using the framework de-
scribed in Müller and Bahn (2022), which separates the temporal 
impact of droughts into drought and post-drought recovery and 
stabilisation (PDRS) phases. Here, the drought and PRDS phases 
have the same length that vary based on the simulation scenario 
reported in Table 2. At the end of the drought phase, we report 
the maximum impact of the drought on the state of specific vari-
ables (Figure 1a). The PRDS phase starts after the drought phase 
and ends after the drought-induced changes level-off and stabi-
lize to the original or a new equilibrium state. We assume that in 
the long-term simulations, ECOSSE would always return to the 
state estimated for control conditions (i.e., prior to the drought 
event). To this end, the equilibrium achieved in PDRS depends 
on the intermittency of the drought events, which corresponds 
to the sum of the length of drought and PDRS.

TABLE 1    |    Characteristics of the soil profile at the Clocaenog experimental site. The vegetation is dominated by Calluna vulgaris, and the soil 
consists of a C-rich topsoil layer 7 cm deep and approximately 50% of soil organic carbon (SOC), and an underlying layer of gley subsoil ~25 cm deep 
with SOC content ranging from 11% to 3%. In the table, soil depth (cm), BD = bulk density (g cm−3), SOC stock (t C ha−1), particle-size fractions of clay, 
sand and silt (%). Texture measurements of the organic LF horizon were not possible due to its high soil organic matter content.

Soil type Soil horizon Soil depth SOC BD Clay Silt Sand

Organic LF 5 31.3 0.11 0.00 0.00 0.00

Organic Oh 7 25.7 0.16 0.75 29.05 20.10

Mulky-Modified Mineral E 17 15.1 0.37 4.51 55.22 40.20

Mineral (Gley) BC 32 13.0 0.85 9.73 50.07 40.20

TABLE 2    |    Model scenarios used to simulate the impact of drought 
events on the soil system. Each scenario consisted of a total simulation 
length of 192 years. During the simulation, the control conditions were 
interrupted imposing the experimental drought conditions measured 
at the Clocaenog experimental site. The length of the drought and 
post-drought recovery and stabilisation (PDRS) phases depends on the 
number of droughts imposed in the simulation.

Modelled 
scenario

N. of 
drought 
events

Length of 
drought

Length 
of PDRS

12-year 8 12 years 12 years

24-year 4 24 years 24 years

48-year 2 48 years 48 years

96-year 1 96 years 96 years
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2.3   |   Carbon Use Efficiency and Carbon 
Sequestration Efficiency

The impact of drought on soil C is explored through the re-
sponse of Rh to soil moisture. A detailed description of the 
ECOSSE model and its mechanistic approach is provided in 
Smith et  al.  (2020) and the Section Text  S1 in the Supporting 
Information. A brief summary of the pool-type approach used 
in the model to simulate the cycling of soil C and N, plant or-
ganic C inputs, GHG emissions and soil water fluxes is provided 
here. In the mineralization-immobilization cycle, the OM inputs 
entering the soil are partitioned between decomposable plant 
material (DPM) and resistant plant material (RPM). These pools 
decompose releasing CO2, and forming microbial biomass (BIO) 
and humified organic matter (HUM). The relative size of DPM 
and RPM pools depends on the decomposability of plant C input, 
and their decomposition initiates the stabilisation of soil C into 
the BIO and HUM pools. Over time, additional CO2 is released 
from the progressive decomposition and transformation of BIO 
and HUM.

SOC sequestration in ECOSSE is evaluated by relating Rh to 
the changes in size of the different SOC pools. This allows us 
to distinguish between fast-cycling SOC pools that represent 
fresh OM inputs (DPM + RPM) and more stable SOC pools 
(BIO + HUM). Following He et  al.  (2024), we operationally 
define C-use efficiency (CUE) as the ratio between Rh and 
the total C fluxes transferred among SOC pools that are me-
diated by microbial processes, excluding physically driven 
transfers (e.g., sorption, aggregation, or leaching). Building 
on this framework, we separate two distinct fractions of Rh: 
CUE-input and CUE-storage. We define the index CUE-input 

(CUEI) as the ratio of CO2 respiration derived from labile 
SOC pools (DPM + RPM) to their total C content, and CUE-
storage (CUES) as the corresponding ratio for stable SOC pools 
(BIO + HUM). In other words, CUEI represents the respiration 
efficiency of fresh organic-matter inputs, whereas CUES re-
flects the respiration efficiency of more stabilized SOC pools. 
Taken together, these indices describe the relative behaviour 
of labile and stable C turnover and sequestration. To integrate 
their combined effects, we define the ratio of CUEI to CUES 
as the C sequestration efficiency (CSE) of the soil system. CSE 
corresponds to an integrative metric that tracks how drought 
alters the balance between short-term C turnover and long-
term C stabilisation potential in the ECOSSE model. An in-
crease in CSE indicates that, per unit of available substrate C, 
CO2 respiration associated with labile pools (DPM + RPM) is 
stronger than that associated with stable pools (BIO + HUM). 
While a decrease in CSE indicates the reverse: a proportion-
ally stronger contribution from the stable pools. Figure 1b il-
lustrates the conceptual framework of the potential responses 
of CUEI, CUES and CSE to different drought scenarios and 
soil water conditions.

2.4   |   Drought Effects on Soil Carbon Sequestration

During repeated drought and recovery cycles, variations in soil 
water directly alter decomposition rates within these pools, 
modifying the balance of CO2 derived from labile (DPM + RPM) 
versus stable (BIO + HUM) pools. These substrate-driven shifts 
are subsequently captured in the CUE indices (CUEI and CUES) 
and their ratio (CSE), allowing the ECOSSE model to diag-
nose how SOC pool turnover dynamics influence CUE under 

FIGURE 1    |    (a) Schematic of the trajectory of simulated changes induced by drought events (adapted from Müller and Bahn (2022)). During the 
length of the drought event (left side of the plot) the state of a variable is altered by a specific rate of change that ends when the drought event is ter-
minated. Following the maximum impact of the drought event (dotted arrow 1), the post-drought phase starts and continues for the same length of 
the drought period (Table 2). The post-drought phase ends irrespective of whether the variable has fully recovered, changes (orange trajectory) or 
the impact of the drought has resulted in a shifted equilibrium trajectory (blue or red trajectories), reflecting a loss or a gain in SOC pools (dotted 
arrows 2) when compared to the initial baseline state estimated under control conditions. (b) Conceptual synthesis of the modelled responses of soil-
carbon pools (DPM, RPM, BIO, HUM), carbon-use efficiency for the decomposition of fresh inputs (CUE-I) and stable pools (CUE-S), and carbon-
sequestration efficiency (CSE) to increasing drought frequency (12-, 24-, 48-, 96-year) and soil water conditions (Dry, Moderate, Moist).
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different drought frequencies and post-drought recovery times 
(Table  1). To ensure that comparisons across drought scenar-
ios were not confounded by differences in soil water distribu-
tions, CSE values were compared only at identical absolute soil 
water contents. Modelled soil water availability was grouped 
into 2-mm intervals, and within each interval, the median CSE 
was estimated for each drought scenario. The 96-year scenario 
was used as the baseline because, by the end of the simulations, 
it reached a quasi-equilibrated state and provided consistent 
overlap in soil water distributions with the shorter drought-
intermittence scenarios.

To facilitate interpretation, soil water was divided into three 
zones corresponding to the process domains defined by the 
ECOSSE soil moisture modifier (see Figure S1). Below field ca-
pacity (< 80 mm) was classified as “Dry” conditions, as soil water 
potential falls within the inhibitory range of the ECOSSE mois-
ture function. Under these conditions, microbial respiration and 
substrate turnover are limited by moisture, and decomposition 
of both labile and stable SOC pools is depressed. Values between 
80 and 100 mm of soil water were classified as “Moderate,” rep-
resenting a transitional zone where water availability supports 
optimal microbial activity and a balanced partitioning between 
mineralization and humification. Above 110 mm, “Moist” con-
ditions approach or exceed field capacity; under this wetter state, 
the ECOSSE moisture modifier declines, representing oxygen 
limitation and the suppression of Rh.

The contribution of labile and stable SOC pools to soil C se-
questration was further assessed by analysing depth-specific 
patterns. In each modelling scenario, pool sizes at the end of 
the PDRS phase were expressed as percentage differences from 
control conditions for each 5-cm soil layer. Persistent negative 
HUM deviations across the 0–30 cm profile indicate a depth-
integrated reduction in C-stabilisation capacity rather than a 
temporary lag.

Finally, to assess if C from BIO is stabilized into HUM or lost as 
CO2 via Rh, we defined the changes of BIO and HUM pools in 
terms of the stabilisation efficiency (SE):

where Δ is the change in the HUM pool per unit change in BIO 
between consecutive years. Positive values indicate effective 
conversion of BIO turnover into a more stable HUM pool. Low 
or near-zero SE values indicate that the turnover of the BIO pool 

is routed predominantly to CO2 respiration. While negative 
SE values outline that BIO rises while HUM falls, indicating a 
pool-state imbalance (BIO-HUM decoupling). SE was computed 
separately for Drought and Post-drought phases over 5-mm soil 
water intervals and across all modelling scenarios. Phases were 
defined by comparing absolute soil water availability in each 
drought scenario with the corresponding control value.

2.5   |   Statistics and Model Validation

Uncertainty in model simulations was calculated by considering 
the minimum and maximum values of soil and climatic input 
parameters assumed to have the greatest influence on the results 
of ECOSSE. As no estimates of standard errors or confidence in-
tervals were available for these parameters, the maximum and 
minimum values were derived using general uncertainty coeffi-
cients (Gottschalk et al. 2010; Hastings et al. 2010). Table 3 sum-
marised the average uncertainties for these parameters.

In the uncertainty analysis, we applied the following predefined 
arrangement of inputs:

where SOCt0 is the initial SOC stock inputted in ECOSSE, and 
SOC max and SOC min are the minimum and maximum values 
for the simulated SOC stocks, respectively.

Model uncertainty was calculated as follows:

where SOC, SOC min, and SOC max correspond to the lower 
and upper limits of the simulated SOC stocks at the end of the 
forward simulations as calculated in Equations (2) and (3).

We used the R package Metrica (Correndo et al. 2022) to evalu-
ate the coincidence and association between measured and sim-
ulated values of Rh and soil water availability. In particular, we 
calculated the regression coefficient (R2) to quantify correlation, 

(1)SE = ΔHUM∕ΔBIO

(2)

SOC max =Model
(

SOCt0 max , Clay max , P max , Temp min , PET min
)

(3)

SOC min =Model
(

SOCt0 min , Clay min , P min , Temp max , PET max
)

(4)U(%) = 100 ×
SOC max − SOC min

2 × SOC

TABLE 3    |    General uncertainties estimated for the main parameters affecting SOC dynamics in ECOSSE (derived from Gottschalk et al. (2010) 
and Hastings et al. (2010)). The ECOSSE model was run two more times for each modelling scenario (see Table 2), using the selection of values in the 
table to obtain a maximum and minimum projected SOC stock (Equation (2) and (3)).

Parameter Variable Uncertainty Min value Max value

Ait temperature (°C) Temp ±2% Monthly Temp * 0.98 Monthly Temp * 1.02

Evapotranspiration (mm) PET ±2% Monthly PET * 0.98 Monthly PET * 1.02

Precipitation (mm) P ±5% Monthly P * 0.95 Monthly P * 1.05

Clay content (%) ±10% Clay * 0.90 Clay * 1.10

SOCt0 (t C ha−1) ±20% SOCt0 * 0.8 SOCt0 * 1.2
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the root mean square error (RMSE, Equation  (5)) to quantify 
total error with the same units as the variables of interest, and 
the mean bias error (MBE, Equation (6)) to quantify systematic 
bias with the same units as the response variables:

where Oi and Pi correspond to observed and predicted values, 
and n to the number of values. Negative and positive MBE values 
indicate overestimation and underestimation, respectively.

Differences in CSE among drought scenarios were assessed 
using non-parametric tests. Within each absolute soil water zone 
(Dry, Moderate, Moist), we first applied a Kruskal–Wallis test to 
evaluate overall differences among the four drought scenarios 
(Table  2). When results were significant, pairwise Wilcoxon 
rank-sum tests were conducted to determine which drought 
scenarios differed significantly from one another. P-values were 
adjusted using the Benjamini–Hochberg false discovery rate 
(FDR) procedure to retain only statistically robust contrasts. 
To further identify how each drought frequency diverged from 
the low-intermittence reference scenario (96-year) under com-
parable hydrological conditions, paired Wilcoxon tests were 
performed on median CSE values aggregated within matched 
10-mm soil water bins, providing a direct comparison of CSE 
trends under equivalent soil water availability among scenarios. 
Only bins present in both compared scenarios were included in 
each test, and significance was determined using FDR-adjusted 
p-values within each soil water zone.

To determine whether the relationship between CSE and soil 
water availability differed between drought and post-drought 
phases, we applied an analysis of covariance (ANCOVA). Linear 
models of CSE ~ Soil Water × Phase, where phase was either 
drought or post-drought, were fitted across all drought scenar-
ios. A significant interaction between soil water and phase de-
noted that the slope of CSE versus soil water availability differed 
between phases.

3   |   Results

3.1   |   Drought Effect During 
the Experimental Period

During the experimental period considered in this study, the 
years 2010, 2011, and early 2012 included one of the ten most 
significant drought events of the past 100 years in Wales, UK. 
This was followed by one of the wettest autumn seasons of the 
last 50 years in late 2012 (https://​www.​metof​fice.​gov.​uk/​weath​
er/​learn​-​about/​​past-​uk-​weath​er-​events). Field observations 
showed that 2010 was the driest year, with a cumulative pre-
cipitation (P) of only 1041 mm, whereas 2012 was the wettest, 
with 1399 mm. This marked drought–rewetting cycle reduced 
the annual cumulative P by approximately 7.4% compared with 
the mean P during the experimental period (1278 mm) and with 
the long-term climate average (1381 mm) used to initialise the 

ECOSSE model. Across the six-year experimental period, the 
drought treatment reduced P by 23.2% in 2011 and by 43.6% 
in 2012, corresponding to an overall reduction of 32.6% ± 7.1%. 
The water balance (WB) at the site indicated that, on average, 
the experimental drought produced a water deficit (potential 
evapotranspiration, PET > precipitation, P) between February 
and August that was approximately four times greater than in 
the control (Figure  S2; Table  S1). Annual TA at the site was 
7.1°C ± 4.3°C (mean ± standard deviation), with 2010 and 2014 
being the coolest and warmest years of the experimental period 
(6.2°C ± 5.1°C, and 7.9°C ± 4.0°C), respectively. Compared with 
the control treatment, drought slightly reduced the mean TA by 
2.0% ± 0.4% between 2009 and 2014.

The overall soil moisture content at field capacity estimated 
by ECOSSE was 75.3 mm, distributed across the soil profile as 
25.0, 7.5, 7.5, 7.5, 15.6, and 12.2 mm at depths of 5, 10, 15, 20, 
25, and 30 cm, respectively. During the six experimental years, 
soil available water in the control treatment ranged from 91.0 
to 127.8 mm (mean 104.4 ± 14.1 mm), with a model uncertainty 
of 18.5%. In the drought treatment, soil water ranged from 
60.5 to 81.8 mm (mean 62.0 ± 10.6 mm) with an uncertainty of 
11.4%. Figure 2 shows the average annual soil water availability 
across the soil profile and the effect of the seasonal water defi-
cit between the drought and control treatments. On average, the 
drought treatment reduced soil available water by 22% in 2009 
and up to 60% in 2014 compared with the control.

The biomass production of the heathland vegetation community 
was not significantly affected by drought (Sowerby et al. 2008). 
Between control and drought plots, the above- and below-
ground living biomass, as well as the litter lying on the soil sur-
face, increased by 7% in the drought treatment (Table S2). Field 
observations showed that, on average, the drought treatment 
increased total soil respiration (Rs) by approximately 33% ± 51% 
relative to the control. After partitioning Rs into autotrophic 
(Ra) and heterotrophic (Rh) components, monthly Rh mea-
sured in the control plots ranged from 83.5 to 470.6 kg CO2–C 
ha−1 (281.0 ± 114.9), and from 125.2 to 810.2 kg CO2–C ha−1 
(375.1 ± 174.0) in the drought plots.

Figure S3 summarises the performance of the ECOSSE model 
in simulating Rh. In the control (baseline) scenario with Rh/
Rs set to 0.46 in summer, 0.525 in spring/autumn, and 0.59 
in winter, modelled Rh ranged from 12.3 to 1044.6 kg CO2-C 
ha−1 month−1, with an uncertainty range of approximately 33%. 
Under drought conditions, Rh ranged from 49.6 to 933.0 kg 
CO2-C ha−1, with an uncertainty of 24%. On average, ECOSSE 
overestimated monthly Rh by 56.5 kg CO2–C ha−1 in the con-
trol treatment and underestimated Rh by 20.8 kg CO2–C ha−1 in 
the drought treatment. Over the six experimental years, soil C 
simulations showed that total SOC decreased by 1458.2 ± 354.2 
5 kg C ha−1 in the drought treatment, reducing the size of RPM, 
DPM, BIO and HUM by 88%, 5%, 3% and 5%. The changes ap-
plied in the sensitivity analysis, Rh/Rs fractions corresponded 
to proportional change of approximately ±11%, ±9%, and ±8% 
for summer, spring/autumn, and winter respectively (and 
roughly double these values for ±10%). In particular, a ±5% 
change in Rh/Rs caused Rh to vary by approximately ±40 kg 
CO2-C ha−1 month−1; while a ±10% change resulted in variation 
of ±80 kg CO2-C ha−1 month−1. Overall, these changes did not 

(5)RMSE(%) =

√

1

n
Σ
(

Oi−Pi
)2

(6)MBE =
1

n
Σ
(

Oi − Pi
)
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alter the direction or relative magnitude of drought–control dif-
ferences. Goodness-of-fit metrics remained unchanged: R2 var-
ied by less than 0.02 across all scenarios, RMSE differed by less 
than 0.05 kg CO2–C ha−1 month−1, and MBE remained within 
±0.02 kg CO2–C ha−1 month−1 (Table S3).

3.2   |   Long Term Drought Effects on Soil Carbon

Following the analytical approach shown in Figure 1, the sim-
ulation results were summarised to report drought impacts on 
SOC as follows: (a) the maximum change or impact caused by 
drought, (b) the annual rate of change occurring during each 
drought period (i.e., 12-, 24-, 48-, or 96-year length, Table  2), 
and (c) the final value achieved at the end of the post-drought 
recovery and stabilisation (PDRS) phase. Drought destabilised 
the SOC pools, with annual changes in soil C ranging from 
−62.8 ± 1249 to +20.6 ± 1239.6 kg C ha−1 yr−1 compared with the 
control (Table 4). Maximum SOC losses ranged from −5490 kg 
C ha−1 in the 24-year scenario to −6231.1 kg C ha−1 in the 96-
year scenario, with an uncertainty of 21.5%. These SOC losses 
corresponded to overall changes in CO2 emissions from Rh, 
ranging from −13,425 kg CO2-C ha−1 in the 96-year scenario 
to +12,254 kg CO2-C ha−1 in the 12-year scenario. Therefore, 
an increase in drought frequency led to higher Rh, consistent 
with the larger annual SOC losses observed in the DPM, RPM, 
and BIO pools in the 12-year drought scenario. In contrast, 
annual reductions in the HUM pool were greater in the pro-
longed droughts (i.e., 96-year scenario). When considering the 

maximum drought impact across SOC pools, the 96-year sce-
nario caused the highest C losses in RPM, while the 12-year sce-
nario caused the largest loss in HUM. This distinction between 
the two major SOC pools highlights that the effects of soil water 
anomalies on SOM decomposition varied with depth within the 
soil profile (Table S4).

Figure  3 shows the impact of soil available water changes at 
the end of the post-drought recovery and stabilisation (PDRS) 
phase on the size of the four SOC pools. During the PDRS phase, 
drought conditions were interrupted to allow the soil system 
to recover. Across all drought scenarios, HUM was the only 
pool that did not recover its SOC losses, whereas DPM was the 
only pool that fully recovered or, in some cases, increased in 
size by up to 12% compared with control conditions. RPM and 
BIO fully recovered their C losses only in the 96-year scenario 
(Figures  S4–S7). In the 12- and 24-year scenarios, BIO and 
HUM ended the PDRS phase with losses ranging from 2% to 
12% relative to the control. In the 48-year scenario, only RPM 
and BIO restored their initial state below 15 cm depth, where soil 
water anomalies were less severe.

The pattern of soil available water changes varied with the length 
and intermittence of the droughts. The frequency distribution 
of simulated values exhibited a bimodal pattern, with peaks at 
approximately 70 and 100 mm of soil water, indicating generally 
drier conditions (Figure S8b). In the 96-, 48-, 24-, and 12-year 
drought scenarios, soil water anomalies persisted for 101, 107, 
117, and 137 years, respectively. Considering these timeframes, 

FIGURE 2    |    Monthly soil water availability (mm) simulated by the ECOSSE model across the soil profile every 5 cm depth intervals in the control 
and drought treatments corresponding to the climatic condition measured at the Clocaenog field site from 2009 to 2014.
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the 96-year scenario showed an overall reduction in soil water 
of −46.6 mm (−76%) compared with the control (Table  S4). 
Conversely, in the more intermittent drought scenarios, soil 
water anomalies were limited to approximately −25% compared 
with the control and tended to increase with soil depth.

3.3   |   Drought Effects on Soil Carbon Sequestration

The relationship between decomposition of SOC pools and soil 
available water was analysed by examining the temporal trends 
of CUE corresponding to the decomposition of fresh organic-
matter inputs and SOC pools (CUEI and CUES, respectively). 
Across the full length of the simulations, both with and without 
soil water anomalies, we found that CUEI was nearly twice as 
high as CUES (Figure  S8a), indicating that the decomposition 
and redistribution of fresh inputs represented the dominant 
process driving soil C turnover. We then aggregated responses 
into distinct soil water zones to examine the patterns of CSE 
across different drought scenarios (Figure  4a). Under low soil 
water conditions, the 12- and 24-year drought scenarios exhib-
ited slightly lower median CSE than the 48- and 96-year sce-
narios, consistent with reduced microbial-associated (BIO) 
recycling under acute dryness. At moderate water availability, 

CSE increased progressively with shorter drought intermittence 
(12 > 24 > 48 > 96 years), with median differences of up to 0.15 
between the extreme scenarios. At high soil water availability, 
short-interval droughts again produced significantly higher CSE 
than prolonged droughts (letters a–b in Figure  4a; Table  S5). 
Together, these contrasting trends outlines that increasing 
drought frequency sustained higher CSE during rewetting and 
PDRS phases, whereas prolonged droughts weakened overall 
CSE. However, it is important to note that although several pair-
wise contrasts showed significant differences in Figure 4a, none 
remained statistically significant after Benjamini–Hochberg 
correction for multiple comparisons (Table  S5B). Therefore, 
these results should be interpreted as indicative trends rather 
than strict statistical separations.

Moreover, the results revealed a change in the relationship be-
tween CSE and soil water regimes (Figure 4b). Under dry con-
ditions, changes in CSE (ΔCSE) were clustered around zero, 
with minor decreases (−0.04 to −0.06) for the 12- and 24-year 
droughts relative to the 96-year baseline. At moderate soil water, 
ΔCSE increased sharply to +0.18 to +0.20 for the 12-year sce-
nario, +0.10 to +0.15 for the 24-year scenario, and +0.04 to 
+0.08 for the 48-year scenario. Under moist conditions, ΔCSE 
remained positive but declined in amplitude, indicating that 

FIGURE 3    |    Modelled impact of drought across the soil profile on decomposable plant material (DPM), resistant plant material (RPM), soil bio-
mass (BIO), and humic organic matter (HUM). The values in the graphs correspond to the percentage of the change at the end of post-drought re-
covery (PDRS) phase in each modelling scenario, which correspond to the difference between predicted values under the drought and control condi-
tions. A negative change corresponds to a negative impact of different drought scenarios on the final size of the four SOC pools. The size of each SOC 
pool simulated in the control treatment, reported in the table below the graphs, can be used to convert the percentage values shown in the graphs to 
the total amount of SOC change (kg C ha−1 (mean ± SD)) achieved at the end of post-drought recovery and stabilisation phase.
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short and more frequent droughts still promoted higher CSE. 
These results highlighted a reversal in CSE sensitivity: as soil 
water increased above the optimal range, prolonged droughts 
no longer enhanced CSE after rewetting, whereas frequent 
drought–rewetting cycles maintained positive ΔCSE values, in-
dicating higher sequestration efficiency relative to the baseline 
(96-year drought scenario).

Vertical patterns of SOC pools (Figure  3; Table  S4) out-
lined how these differences emerged mechanistically in the 
ECOSSE model. The HUM pool declined under all drought 
scenarios, with the strongest reductions (−6% to −8%) occur-
ring under short drought intervals (12–24 years) between 10 

and 25 cm depth, where long-term C stabilisation dominates. 
Intermediate and low drought intermittence (48 and 96 years) 
produced progressively smaller losses (~−3% to −2%), indi-
cating partial recovery when rewetting phases were longer. 
The BIO pool exhibited a parallel but more variable change. 
Frequent droughts (12-years) reduced the size of BIO uni-
formly across the profile (−10% to −15%), compared with only 
−2% to −5% under longer drought intervals. The concurrent 
declines in BIO and HUM pools confirmed that repeated 
drought-rewetting cycles weakened the BIO-to-HUM con-
version pathway, thereby limiting C stabilisation even when 
water availability returned to control conditions. Conversely, 
longer drought cycles promoted decomposition of older, deeper 

FIGURE 4    |    (a) Carbon sequestration efficiency (CSE) across drought scenarios within three soil water zones (Dry < 80 mm, Moderate 80–110 mm, 
Moist > 110 mm (Figure S1)). Paired tests compare scenarios across the same absolute 10-mm water intervals. Letters denote groups that are not sig-
nificantly different within each zone (same letter = no difference) at α = 0.05 (Kruskal–Wallis followed by pairwise Wilcoxon tests). (b) Change in 
CSE (ΔCSE) relative to the drought scenarios of 96 years across absolute soil water bins (2 mm intervals). Shaded ribbons show 95% bootstrap confi-
dence intervals; vertical dashed lines indicate soil water zones boundaries (Dry, Moderate, Moist).
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C pools, redistributing C from stable pools to CO2 respiration 
losses. These results were further supported by the analysis 
of covariance, which revealed that the soil water sensitivity 
of CSE differed by phase (between drought and post-drought 
periods; Table  S6). During drought phases, CSE increased 
slightly with soil water, whereas in post-drought phases it 
became negative and decreased with soil water. This phase 
interaction was highly significant (p = < 0.001), confirming a 
phase-dependent reversal in the CSE–moisture relationship. 
The analysis of stabilisation efficiency (SE) complemented 
this finding. Across all drought scenarios, SE remained pos-
itive (~0.6–1.5), and declined systematically with increasing 
drought frequency, showing the lowest values under the 12–
24-year cycles. In particular, SE declined further during post-
drought phases compared with drought periods, outlining a 
consistent loss of SE after rewetting in the post-drought phase 
(Figure 5). This pattern suggests that although the decomposi-
tion processes resumed following moisture recovery, the con-
version of BIO into HUM became progressively less effective 
as drought events occurred more frequently.

4   |   Discussion

4.1   |   Impact of Drought on Carbon Sequestration 
Efficiency

In the last decades, understanding how recurrent droughts 
shape soil C cycling has become a central research focus. Across 
ecosystems, the soil scientific community largely agrees that 
under prolonged and extreme drought conditions changes in 
the interactions between plants, soil organisms, and abiotic fac-
tors (Reinsch et al. 2024) can lead to cascading effects that ulti-
mately affect soil C sequestration (Cardozo et al. 2024; Cordero 

et  al.  2023; Müller and Bahn  2022; Vahedifard et  al.  2024). 
However, the mechanistic understanding of how repeated 
drought–rewetting cycles alter the turnover of different SOC 
pools remains limited. Here, our analysis quantifies these ef-
fects by linking SOC decomposition and soil water dynamics. 
Two key results emerge from our analysis:

First, drought increased soil CO2 emissions and reduced the 
size of all four active SOC pools, confirming that both labile 
(DPM + RPM) and stable (BIO + HUM) fractions were vulner-
able under intensified drying. The C use efficiency of fresh or-
ganic matter (CUEI) was nearly twice that of the more stable 
pools (CUES). This result highlights that, in wet heathland sys-
tems dominated by Calluna vulgaris, fresh organic matter enter-
ing the soil was rapidly decomposed and stabilised in soil. Our 
findings also support the hypothesis that, given the limited ca-
pacity of organo-mineral soils to buffer drying, severe droughts 
in heathland ecosystems destabilise nutrient-rich organic hori-
zons (Sowerby et al. 2008). In our simulations, changes in CSE 
varied systematically with soil water and drought frequency, 
revealing a reversal in CSE sensitivity to moisture. During fre-
quent droughts, CSE remained near pre-drought levels, whereas 
under prolonged droughts CSE was suppressed. At moderate 
soil water conditions, CSE increased progressively with shorter 
drought intervals (12 > 24 > 48 > 96 years) but declined under 
both low and high soil moisture. Our results align with exper-
imental evidence showing that frequent drought perturbations 
maintain rapid substrate recycling, whereas long droughts drive 
systems toward net mineralisation (Müller and Bahn 2022).

Although humification in ECOSSE is not intrinsically depth 
dependent and the simulated profile was only 30 cm deep, both 
HUM and BIO pools declined in drought simulations relative 
to the control with increasing soil depth (Figure  3; Table  S4). 

FIGURE 5    |    Stabilisation efficiency (SE) modelled drought scenarios and drought phases. Bars show mean SE (ΔHUM / ΔBIO) for each drought 
scenario (12-, 24-, 48-, and 96-years) and Control. Error bars show 95% confidence intervals from 6-year block bootstrapping. Positive values indicate 
effective conversion of the BIO pool into the more stable HUM pool, while low or near-zero SE values indicate that BIO turnover is routed predomi-
nantly to CO2 respiration rather than to C stabilisation in HUM.
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The largest reductions in HUM occurred between 10 and 25 cm 
depth, where C stabilisation dominates, while BIO declined al-
most uniformly with depth. Thus, frequent droughts limited mi-
crobial recovery and humus formation, whereas longer droughts 
intensified the decomposition of HUM in deeper layers. Similar 
depth-dependent responses were observed experimentally, 
where microbial relocation to wetter microsites during drying 
accelerates the turnover of older C upon rewetting (Allison 2023; 
Heckman et al. 2023).

The second main result is linked to the sensitivity of CSE to 
soil water differed between drought and post-drought periods. 
The relationship was positive during drought and negative 
after rewetting. This pattern outlines a pool-state imbalance 
that persisted after the termination of drought, a structural re-
organisation of C routing that extended beyond hydrological 
recovery. In ECOSSE, this emerged from a reduced BIO-HUM 
transfer efficiency, here quantified by the stabilisation efficiency 
(SE), which revealed a loss of C-stabilisation potential between 
drought simulation phases. Frequent drought-rewetting cycles 
therefore sustained higher short-term SE but weakened long-
term C stabilisation by altering the relative size and coupling of 
BIO and HUM pools.

Overall, our results demonstrate that drought frequency, rather 
than the intensity of individual events, governed the stability of 
soil C pools. This conclusion agrees with recent studies showing 
that repeated droughts reduced microbial CUE and weakened C 
stabilisation, driving soils from efficient SOM recycling toward 
net mineralisation (Cordero et  al.  2023; Canarini et  al.  2021). 
In our model, this transition represented a persistent reorgan-
isation of SOC pools, reinforcing the mechanistic link between 
drought and carbon imbalance in organo-mineral soil (Canarini 
et al. 2017).

4.2   |   Modelling Drought Effects on Soil Carbon 
Dynamics

There is still a paucity of information on modelling the long-term 
dynamics of soil C when exposed to drought (Allison 2023). To 
date, most modelling studies have focused on describing the 
processes underlying short-term drying–rewetting events (pulse 
events) and their effects on microbial respiration, microbial bio-
mass C, and dissolved organic matter (Waring and Powers 2016; 
Zhou et al. 2021). Long-term drought experiments have instead 
concentrated on the impact of drought on microbial CUE, re-
porting changes in microbial biomass and community composi-
tion (Canarini et al. 2021; Green et al. 2019; Huang et al. 2021). 
By extending a validated 6-year climate sequence over multiple 
decades, our modelling approach aimed to combine the benefits 
of both short- and long-term experiments, linking short-term 
processes to emergent, frequency-dependent dynamics. In par-
ticular, our model outputs successfully reproduced the observed 
magnitudes of soil C loss observed at the experimental site 
(Domínguez et  al.  2015). After 10 years of simulated drought, 
total SOC declined by approximately 1.8% ± 0.6% (~1820 kg C 
ha−1), with 87% of the losses from RPM and 7% from HUM com-
pared to control. These reductions were lower than the 26% de-
crease reported by Gliesch et al. (2024) in low-C heathlands, but 
the pool-specific contributions followed the same order.

The pool-state imbalances discussed in the previous section 
can be viewed through the lens of emerging modelling frame-
works that link microbial processing and mineral stabilisation 
in the formation of mineral-associated organic matter (MAOM) 
(Tao et  al.  (2024) and references therein). These frameworks 
emphasise that soil C stabilisation arises from microbial trans-
formation of substrates and their subsequent association with 
minerals, governed by sorption–desorption kinetics and mineral 
surface properties. In contrast, ECOSSE represents a conven-
tional compartment model in which C stabilisation is described 
as first-order transfers between conceptual SOC pools rather 
than through explicit mineral interactions in measurable frac-
tions. Within this simplified structure, the observed decline in 
SE during post-drought phases can be interpreted as a macro-
scale analogue of the microbial-mineral decoupling proposed by 
MAOM theory. To this end, while ECOSSE cannot reproduce 
the molecular-level mechanisms of MAOM formation, our re-
sults outlined that its mechanistic framework captured a loss of 
stabilisation efficiency under repeated drought, consistent with 
the direction of more recent process-based soil modelling.

4.3   |   Modelling Limitations

In our study, we used a 6-year sequence (2009–2014) of observed 
climate and soil respiration data to project decadal trends. This 
pragmatic modelling approach allowed us to extend our short-
term field observations, but in doing so imposed several model 
constraints. The repeated sequence removed interannual vari-
ability and excluded directional climatic trends, preventing re-
alistic wet–dry sequencing and long-term climatic drift (Chen 
et al. 2012; Wieder et al. 2021). Consequently, in our simulations 
the SOC pools could not fully re-equilibrate beyond the repeated 
cycle, and recovery trajectories may have appeared more gradual 
and less variable than they would under natural climatic fluctu-
ations. Moreover, ECOSSE does not explicit simulate microbial 
processes: enzyme kinetics, dormancy, or acclimation processes 
are not included, which are incorporated in newer microbial-
explicit models (Chandel et al. 2023; Schwarz et al. 2024; Wieder 
et  al.  2015). To this end, the model could not account for sto-
chastic variability or adaptive feedback processes. Despite these 
simplifications, our simulations showed persistent changes in 
the relative sizes of the SOC pools, where changes initiated by 
drought continued to influence decomposition and stabilisation 
after rewetting. These effects arose from the structural formu-
lation of ECOSSE, in which the amount of C held in each pool 
governs subsequent fluxes, rather than from any explicit repre-
sentation of ecological feedback processes or legacy effects.

An additional limitation of our modelling approach was the use 
of fixed seasonal Rh/Rs fractions to partition total soil respira-
tion (Rs) into heterotrophic (Rh) and autotrophic (Ra) compo-
nents. This pragmatic assumption, common when continuous 
field partitioning is infeasible, necessarily simplified the tem-
poral coupling between soil moisture, temperature, and biolog-
ical activity. In that respect, in organo-mineral heathland soils, 
drought events were reported to reduce microbial activity and 
substrate diffusion, reducing Rh relative to its assumed fraction 
(Emmett et al. 2004; Sowerby et al. 2008; Robinson et al. 2016; 
Seaton et al. 2022). Upon rewetting, microbial respiration often 
increased temporarily through “Birch-type” pulses (Canarini 
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et  al.  2017), again diverging from the fixed seasonal pattern. 
These findings imply that using constant seasonal fractions may 
have obscured transient fluctuations in Rh/Rs during drought–
rewetting transitions.

5   |   Conclusions

While drought events are known to accelerate the decomposi-
tion of soil organic matter (SOM) and increase soil CO2 emis-
sions, it remains unclear whether there is a threshold in drought 
frequency and intensity that can trigger persistent changes in the 
capacity of ecosystems to sequester soil C. In this study, we ad-
dressed this question using experimental data from a wet heath-
land system on organo-mineral soil, coupled with the ECOSSE 
biogeochemical model, to evaluate how recurrent droughts in-
fluence long-term C stabilisation efficiency. We found that with 
increasing drought frequency, soil C sequestration efficiency 
(CSE) decreased, triggering a shift in the relationship between 
C sequestration and soil water availability. These results demon-
strated that drought frequency, rather than the intensity of in-
dividual events, played the dominant role in shaping CSE. As 
droughts became more frequent, the relationship between CSE 
and soil water reversed: moderate moisture promoted higher 
efficiency under short drought intervals, whereas prolonged 
drying reduced CSE even after soil moisture returned to opti-
mal levels. Under prolonged soil water changes, decomposition 
of stable SOC pools occurred deeper in the profile and even at 
moisture levels above field capacity. Depth-resolved analyses re-
vealed that these changes were associated with sustained reduc-
tions in microbial biomass (BIO) and humified organic matter 
(HUM) pools throughout the soil column. Recurrent droughts 
therefore not only suppressed microbial recovery but also con-
strained the formation and persistence of stable C in deeper hori-
zons. By partitioning C use efficiency into its labile and stable 
components (CUEI and CUES) and analysing their co-variation 
with soil water, we identified a persistent imbalance in the rout-
ing of C between microbial processing and stabilisation. This 
imbalance, quantified through a reduction in the stabilisation-
efficiency index (SE), reflected a structural decoupling between 
BIO and HUM pools that persisted after rewetting, once drought 
events had ceased.

The approach developed here provides a diagnostic framework 
for quantifying drought impacts on SOC pools using conven-
tional compartmental soil models. Although ECOSSE does 
not include explicit microbial acclimation, enzyme kinetics, 
or mineral-association processes, its simulations reproduced a 
sustained decline in the efficiency of microbial-C stabilisation 
following repeated droughts. Future research should extend this 
framework to models that explicitly incorporate microbial phys-
iology and organo-mineral interactions, thereby improving pre-
dictions of soil C resilience under intensifying climate change.
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