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A B S T R A C T

Soil respiration (SR) is a major component of carbon fluxes in forest ecosystems, encompassing contributions 
from both heterotrophic and autotrophic respiration. In this study, we analysed two years of continuous CO₂ flux 
measurements obtained using an automated chamber monitoring system to investigate the seasonal drivers of SR 
in an evergreen holm oak forest under a typical Mediterranean climate. Soil water content (SWC) thresholds, 
marking the transition from moisture- to temperature-limited conditions, were determined using a stepwise 
regression-based approach. The relative importance of each predictor controlling SR was quantified across the 
different phases defined by the SWC threshold. Soil moisture exerted a stronger control on SR than soil tem
perature. Including a SWC threshold to delineate distinct soil moisture phases improved model performance (R2 

increased from 0.79 to 0.85).
A complementary litter manipulation experiment was conducted to isolate the role of litter surface in 

modulating soil respiration and to quantify its contribution to soil CO₂ fluxes. Results showed that, under bare- 
soil condition, the control exerted by soil temperature on SR below the SWC threshold was further weakened.

To further investigate the threshold effect on the temperature sensitivity of SR, we calculated Q10 values, 
which confirmed that under the SWC threshold, the response of SR to temperature is weak. These findings 
provide important insights for modelling soil respiration in Mediterranean ecosystems exposed to abrupt vari
ations in soil moisture associated with seasonality and climate-change extreme events.

1. Introduction

Carbon fluxes represent a central focus of many research experiments 
and monitoring activities due to their critical role in climate regulation 
(Storm et al., 2023). Major international research infrastructures, such 
as ICOS and LTER incorporate both CO2 exchange at the ecosystem level 
and at the soil level in their experimental protocols (Gielen et al., 2017a; 
Franz et al., 2018). However, measurements of soil CO2 fluxes are still 
underrepresented in the main level-1 ecosystem sites. This is a notable 
oversight since soil respiration (SR) is a large component of total 
ecosystem respiration in temperate and boreal forests, depending on 

season (Brændholt et al., 2018). Accounting for soil CO2 fluxes is 
therefore essential for reliable estimates of forest ecosystem responses to 
climate change and for accurately representing forest–atmosphere in
teractions in global modelling studies (Phillips et al., 2017).

SR is a complex biogeochemical process encompassing the combined 
respiration of autotrophic and heterotrophic components (Bond- 
Lamberty et al., 2004). The autotrophic component is primarily influ
enced by gross primary production (GPP), tree physiology, and species 
composition, including root-associated microbes (Tang et al., 2020). In 
contrast, the heterotrophic component is driven by the size of the 
organic matter pool and microbial biomass, including microbial and 
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faunal contributions (Hu et al., 2018). This complexity is reflected in the 
fact that SR depends on multiple environmental drivers.

Soil temperature (ST) is widely recognized as a fundamental driver of 
SR, influencing the activity of respiratory enzymes in roots and soil 
microbial biomass, leading to an exponential increase in SR rates 
(Johnston and Sibly, 2018). Studies show that ST enhances SR across 
various ecosystems (Yan et al., 2022). However, Tang et al. (2020) re
ported that global temperature variations explain only up to 25% of 
respiration, suggesting that ST may not always be the primary factor 
controlling SR. In Mediterranean ecosystems, which frequently experi
ence water scarcity (Lionello et al., 2006; Fusaro et al., 2017), SR is 
strongly influenced by water availability, often exhibiting pulse re
sponses to precipitation during prolonged dry periods (Almagro et al., 
2009; Matteucci et al., 2015; Conte et al., 2019). These ecosystems 
show a positive relationship between SR and ST during wet periods, 
which shifts to a negative relationship during dry seasons (Chang et al., 
2014). Reductions in precipitation generally suppress SR, whereas in
creases have a weaker and irregular positive effect based on precipita
tion frequency and climate conditions (Du et al., 2023). SR responds 
nonlinearly to water availability (Lellei-Kovács et al. 2016, Wang and 
Feng, 2025), with thresholds and feedback mechanisms that compli
cate its mechanistic understanding. Soil moisture modulates the tem
perature sensitivity of SR, with water-limiting conditions often 
disrupting expected relationships (Morote et al., 2022). Inferring soil 
respiration dynamics from spot measurements and extrapolating them 
through modelling remains methodologically challenging, as SR re
sponses to temperature and moisture are non-linear and change across 
moisture regimes (Reichstein et al., 2003; Oyonarte et al., 2012; 
González-Ubierna et al., 2014). This can lead to an oversimplification of 
threshold-driven behavior and to uncertainties in attributing underlying 
mechanisms.

Indeed, case studies within Mediterranean forests have highlighted 
that soil moisture thresholds significantly modulate the SR - ST rela
tionship (Chang et al., 2016; González-Ubierna et al., 2014). These 
findings underscore the complex interplay between temperature, mois
ture, and vegetation in regulating SR and emphasize the need to incor
porate soil moisture dynamics and thresholds into models predicting 
carbon fluxes, particularly in the context of increasing droughts under 
climate change (Otu-Larbi et al., 2020a, 2020b). Further researches in 
these ecosystems are crucial for refining our understanding of SR dy
namics and their sensitivity to environmental drivers under changing 
climatic conditions.

Spatial heterogeneity in roots and litter inputs constrains the 
generalization of soil respiration fluxes across ecosystems (Kuzyakov 
and Gavrichkova, 2010). Site-specific studies are therefore essential to 
detect ecosystem-dependent thresholds and interactions that may be 
missed by broad-scale analyses (Zhang et al., 2023; Ngaba et al., 2024), 
while also improving partitioning and upscaling approaches (Subke 
et al., 2010).

A key parameter for interpreting and modelling SR is Q10, which 
describes its temperature sensitivity and varies across ecosystems and 
seasons (Yan et al., 2019; He et al., 2024). In Mediterranean environ
ments, higher Q10 is typically observed during cooler and wetter pe
riods, whereas often decline under summer conditions, when soil 
moisture becomes a critical seasonal constraint and weakens the tem
perature–respiration relationship. (Tedeschi et al., 2006; Matteucci 
et al., 2015; González-Ubierna and Lai, 2019).

Understanding Q10 is essential for predicting SR responses to climate 
change, as it influences ecosystem carbon fluxes and feedback to at
mospheric CO2 levels. However, significant gaps remain in under
standing how Q10 is affected by soil moisture, especially in water-limited 
ecosystems like the Mediterranean. To disentangle SR drivers and 
improve our understanding of their components, litter removal experi
ments provide a valuable approach. The litter layer plays a dual role in 
SR dynamics: it serves as a substrate for microbial decomposition, 
driving heterotrophic respiration, and acts as a physical buffer, 

modulating soil temperature and moisture conditions (Zhuang et al., 
2023).

Litter removal enables partitioning of soil respiration into autotro
phic and heterotrophic components (Han et al., 2015). Coupling this 
experimental approach with modelling improves attribution of seasonal 
variability and reduces bias in predicting SR responses to climate 
change.

In this context, we aim to: (1) identify soil water availability 
thresholds that regulate SR dynamics and assess their implications for 
model performance; (2) quantify how litter removal alters the magni
tude and temporal variability of SR; and (3) investigate the role of soil 
water content (SWC) in modulating the apparent temperature sensitivity 
(Q10) of SR. To address these objectives, we adopted an integrated 
approach that captures temporal dynamics and threshold-driven re
sponses beyond spot-based measurements, allowing us to quantify the 
role of key SR drivers and assess seasonal shifts between autotrophic and 
heterotrophic contributions.

2. Materials and methods

2.1. Site characteristics

The study site, “Grotta di Piastra” (41◦70′ 42′′N, 12◦35′72′′E; here
after referred to as CPZ), is located in the Presidential Estate of Cas
telporziano, a protected area of about 6000 ha, near the coast of the 
Tyrrhenian Sea, ~25 km from Rome, hosting high biodiversity and 
representing an important peri-urban forest that covers 85% of the 
entire protected area. In particular, the vegetation at CPZ is represen
tative of a typical old coppice stand dominated by an even-aged ever
green holm oak forest (Quercus ilex L.) converted to high forest. The 
topography is flat, and soil is mainly sandy calcareous phaeozems 
(Arenic) (93% sand, 4% clay and 3% silt in the first 10 cm) having a 
mean depth of 0.45 m and low water-holding capacity. The CPZ site is 
characterized by a meso-Mediterranean climate with a typically hot and 
dry summer period: on a 15-year basis (from 1996 to 2011), an average 
of 4 months of drought stress (< 100 mm in the May–August period) was 
highlighted (Fusaro et al., 2015). The site, equipped with an Eddy 
Covariance (EC) tower to measure fluxes of CO2, water vapor fluxes 
above the forest floor, was included in the Long-Term Ecosystem 
Research network (LTER – Italy), and in the Fluxnet and ICOS interna
tional networks (Fluxnet code IT-Cp2–10.18140/FLX/1,440,233) (Franz 
et al., 2018; Fares et al., 2025; Gielen et al., 2017a). Following the ICOS 
protocol (Papale and Nicolini, 2016), the experimental site was divided 
into five plots arranged around the tower according to the cardinal di
rections: Plot A (north), Plot D (east), Plot C (south), and Plot B (west). 
Each plot spans an area of 2000 square meters with a radius of 25 m. In 
addition to flux measurements, a large set of auxiliary abiotic variables 
and ecosystem structure are measured under the ICOS protocols (Gielen 
et al., 2017b). Descriptive statistics of some of these variables are re
ported in Table 1 to outline the main features of the experimental site. A 
structural survey was carried out between May and June 2021 on the 
overall footprint. In each plot five circular litter traps, with a surface 
area of 0.5 m2, were randomly placed; the litter traps were emptied 
monthly and fresh material was taken to the laboratory and dried at 
80 ◦C for leaf biomass determination to have an estimate of the input of 
organic material to the soil. LAI, m2/m2, was assessed utilizing Digital 
Hemispherical Photography (DHP), which was conducted at nine 
distinct points within each plot, repeated six times annually. This 
included two measurement campaigns each in spring and autumn, and 
one campaign each during summer and winter.

2.2. Experimental design and field measurements

2.2.1. Soil fluxes
SR was continuously measured using a five-chamber automated 

system (LI-8250 Multiplexer, LI-COR Biosciences) from May 15, 2022, to 
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September 2024. The system consisted of five LI-8200-104 Opaque 
Long-Term Chambers, installed in an area representative of the EC 
footprint. The chambers were strategically positioned at varying dis
tances from tree trunks (ranging from 1 to 1.5 m) to capture spatial 
variability in root distribution, following the approach described by 
Pavelka et al. (2018), thus to remain within a comparable range of po
tential root influence rather than to explicitly test root-distance effects. 
The surrounding trees had DBH ranging from 30 to 50 cm, ensuring a 
relatively uniform contribution of autotrophic respiration related to 
roots to the total SR across chambers. The automatic soil respiration 
chambers were installed within the ICOS Continuous Plots located 
around the eddy-covariance tower (CPA, CPB, CPC, and CPD). These plots 
were not considered as experimental treatments, but as monitoring plots 
representative of spatial variability within the tower footprint. To assess 
the effect of the surface litter layer, a local paired comparison was 
established within CPB. One chamber was maintained under natural 
litter-covered conditions (SRref), whereas surface litter was carefully 
removed from the paired chamber to obtain bare-soil respiration (SRb). 
The paired chambers were positioned close to each other, at comparable 
distance from nearby tree trunks and under similar microsite conditions, 
to minimize differences in root influence. This comparison was intended 
to assess the local effect of litter presence/removal, not to provide a fully 
replicated experiment across all plots. This setup allowed a paired 
comparison of soil CO₂ efflux with and without surface litter, providing 
an estimate of the surface-litter-related contribution to soil respiration. 
Because SRb still includes heterotrophic CO₂ production from soil 
organic matter decomposition, and both SRref and SRb include root 
respiration, this comparison should not be interpreted as a complete 
partitioning between autotrophic and heterotrophic respiration 
(Aranda-Barranco et al., 2025).

Hereafter, SR refers to the average soil respiration measured across 
the four chambers where the litter layer was left intact. One month prior 
to the start of measurements (April 2022), five polyvinyl chloride (PVC) 
rings (20.3 cm in diameter, 11 cm in height) were installed at least 3 cm 
into the soil. This installation optimized the interface with the litter 
layer while minimizing root disturbance and cutting. The depth of each 
collar from the soil surface to its top edge was recorded to precisely 
calculate the total chamber volume for flux computations. SR was 
continuously measured using the automated chamber system: each 
measurement cycle lasted 180 s, including a 30-s pre-purge and a 30-s 
post-purge to eliminate residual gases inside the chamber and the sys
tem. Two records for each hour were recorded. Flux data were processed 

with SoilFluxPro® (version 4.0.1, LI-COR Biosciences, Lincoln, NE, 
USA) using a linear fitting for flux calculations.

2.2.2. Environmental variable measurements
Soil temperature (ST, ◦C; Barnant Co., Barrington, IL, USA) and soil 

water content (SWC, %; Theta Probe ML2x, Delta-T Devices, Cambridge, 
UK) were monitored at 10 cm depth below the soil surface using the 
environmental sensor network established within the ICOS Continuous 
Plots. The automatic soil respiration chambers were co-located as 
closely as possible with the corresponding ST and SWC sensor profiles, so 
that these measurements represented the local hydro-thermal conditions 
associated with the measured soil CO₂ efflux. Sensors were not installed 
inside the chamber collars to avoid disturbing the soil volume used for 
CO₂ flux measurements. This configuration ensured consistency with the 
standardized ICOS monitoring framework and allows future integration 
of chamber-based fluxes with the long-term environmental dataset 
available at the site. The acquisition protocol included four measure
ments per hour for each chamber, ensuring high temporal resolution of 
the collected data. In addition to ST and SWC, all the environmental 
variables were acquired from ICOS data portal; in particular, air tem
perature (Ta, ◦C), relative humidity (RH, %), Shortwave incoming ra
diation (SW, W m− 2), wind speed (WS, m s− 1), wind direction (WD, ◦), 
vapor pressure deficit (VPD, mbar), air pressure (PA, kPa), Rainfall (P, 
mm), Soil heat flux (G, W m− 2) were used (Fares et al., 2025).

2.3. Data analysis

To ensure dataset reliability and minimize the influence of mea
surement artefacts, an Interquartile Range (IQR)-based outlier-screening 
procedure was applied to the half-hourly soil CO₂ flux records as a 
quality-control step prior to aggregation to daily means. The filtering 
was implemented separately for each season (winter, spring, summer, 
and autumn), thereby accounting for seasonal differences in soil respi
ration magnitude and variability.

To identify extreme half-hourly flux values potentially associated 
with measurement artefacts, unstable chamber readings, or transient 
disturbances, the first and third quartiles (Q1 and Q3) were computed, 
and values lying below Q1–3 × IQR or above Q3 + 3 × IQR, where IQR 
= Q3 - Q1, were identified as extreme outliers and excluded from the 
subsequent analysis. Although very short-lived and isolated post-rainfall 
peaks may occasionally have been flagged as outliers, the season- 
specific IQR filtering reduced the risk of systematically removing 
recurrent post-rainfall increases in soil CO₂ efflux. In total, 324, 95, and 
44 half-hourly records were removed in 2022, 2023, and 2024, 
respectively. After quality control, daily mean soil respiration (SR) 
values were calculated for each chamber and used as the temporal 
reference for all subsequent modelling analyses, including the estima
tion of apparent temperature sensitivity (Q₁₀).

The sensitivity of SR to ST was computed through regression analysis 
fitting data with an exponential equation proposed by Vant'Hoff: 

SR = aebT 

Where T is soil temperature (◦C), a and b are fitted parameters. The 
apparent Q10 was then calculated from the coefficient b of regression Eq. 
(1), as follows 

Q10 = e10b 

Q₁₀ was calculated using a 60-day moving window shifted at 7-day 
intervals, following Matteucci et al., 2015, to descriptively visualize 
its relationship with SWC. The differences between SRref and SRb across 
seasons were analysed by applying the Shapiro-Wilk normality test 
(Shapiro and Wilk, 1965) to check the normality of the data distribution, 
followed by a non-parametric statistical Wilcoxon test. Statistical ana
lyses were performed using R software (version 4.4.2).

Table 1 
Descriptive statistics of forest structural parameters.

Mean Max Min CV

Forest structure Parameters
Number of tree (n plot− 1) 113 168 86 0,416
Basal area (m2 ha− 1) 0,081 0,330 0,004 0,100
Diameter at breast height, DBH (cm) 26,87 68,50 8,50 0,66
Tree height (m) 13,83 21,70 7,40 3,49

Leaf Area Idex (m2m¡2)
Spring 4,56 ± 0,57 5375 3608 0,126
Summer 3,54 ± 0,28 3889 3100 0,081
Autunm 4,13 ± 0,45 4747 3346 0,111
Winter 3,84 ± 0,39 4360 3232 0,102

Litterfall mass (g m¡2)
Spring 46,480 196,44 2,02 0,989
Summer 18,840 118,42 0,98 1186
Autunm 16,180 51,60 0,12 0,65
Winter 14,470 52,60 0,00 0,89

Maximum (Max), minimum (Min), mean (Mean) values, and Coefficient of 
Variation (CV) are reported for each parameter. Number of trees is expressed per 
plot; Basal area is expressed per hectare (m2 ha− 1); DBH (cm) indicates diameter 
at breast height; TH (m) is the trees height in the experimental plot (i.e. tower 
footprint). LAI indicates leaf area index and is expressed as m2 leaf area per m2 

ground area; seasonal LAI values are reported as mean ± SD. Litter deposition 
refers to seasonal dry litter mass per unit ground area (g m− 2).

L. Fusaro et al.                                                                                                                                                                                                                                  Catena 273 (2026) 110457 

3 



2.3.1. Soil respiration modelling
The modelling framework was applied at two complementary levels. 

A first model, representative of the entire forest stand, was developed by 
averaging SR values from the four chambers in which no manipulative 
experiment was conducted (i.e. with the litter layer left intact), thereby 
providing a site-representative model parametrization that captures the 
spatial variability sampled across the ICOS Continuous Plots around the 
eddy-covariance tower. The same procedure was applied to the paired 
chambers in CPB to assess whether litter presence or removal locally 
modified soil respiration responses to environmental drivers. This 
parameterization, unlike the stand-level model, is not representative of 
the entire forest but is specific to the individual CPB and is aimed at 
isolating the effect of litter on the observed fluxes. For both modelling 
levels, thresholds and associated regression models were optimized 
iteratively. To account for changes in environmental conditions that 
may limit or stimulate SR, the model was structured around distinct 
response domains taking into account (i) the mean daily volumetric soil 
water content at 10 cm depth (THRSWC), (ii) the minimum daily cu
mulative precipitation capable of inducing a CO2 pulse upon soil 
rewetting and the duration (in days) of the rewetting effect on SR 
(THRP). Thresholds controlling soil respiration (SR) responses to SWC 
and P were optimized through an iterative, data-driven procedure. 
Thresholds parameter optimization was performed via an exhaustive 
grid search over predefined ranges. Specifically, precipitation thresholds 
were tested between the maximum and the minimum observed value 
(step = 0.1 mm), SWC thresholds between the SWCmin and SWCmax 
(step = 0.1%), and pulse durations of 0 or 1 day. For each parameter 
combination, precipitation events exceeding THRP were identified, and 
all days included within the corresponding time window were classified 
as “rain pulse conditions”. Remaining observations were further parti
tioned into high- and low-SWC subsets based on THRSWC. Because each 
threshold combination altered both the size and composition of these 
subsets, regression models were fully re-estimated at every iteration. 
Separate multiple linear regression models were fitted for rain pulse, 
high-SWC, and low-SWC conditions. For each subset, model selection 
was performed using a bi-directional stepwise procedure based on 
Akaike's Information Criterion (AIC, k = 2) implemented in the step 
function (Hastie and Pregibon, 1992; Venables and Ripley, 2002) of the 
stats R package (R Core Team, 2025) . Starting from the full model, 
including the whole initial pool of ten candidate predictors (i.e. SW, PA, 
P, WS, WD, RH, VPD, ST, SWC and G) variables were iteratively added or 
removed until no further reduction in AIC was achieved. At each itera
tion, the Variance Inflation Factor (VIF) was computed to diagnose 
multicollinearity (Miles, 2014), and predictors with VIF > 2.5 were 
sequentially removed until all retained predictors met the criterion 
(Zuur et al., 2010).

Model performance was evaluated using the residual standard error 
(RSE). For each threshold combination, the mean RSE of the max and 
min SWC submodel was computed and stored; the optimal parametri
zation was identified as the one minimizing the RSE. Model develop
ment and threshold optimization were conducted on 80% of the dataset, 
while the final model was validated on the remaining 20%.

The relative weights analysis (RWA) of significant environmental 
variables from each model was quantified by partitioning R2, averaged 
over predictor orderings, following Lindemann et al. (1990), using the 
relaimpo R package (Groemping, 2006). Coefficients of the final stepwise 
regression models for each water-availability condition are reported in 
Supplementary Material (Table SM1).

3. Results

3.1. The temporal evolution of the main environmental variables and soil 
respiration

Air temperature (Ta) and soil temperature (ST) show a strong annual 
cycle, with minima in winter (≈ 0–5 ◦C) and peaks above 25 ◦C in 

summer (Fig. 1). Ta peaks differently based on the years: in June, July 
and August in 2022, 2023 and 2024 respectively; 2024 stands out for the 
maximum temperature reached in summer (27.2 ± 3.6). ST follows the 
same ordering with higher values in August 2024 (25.8 ± 1.2). Rainfall 
events are concentrated mainly in fall and, to a lesser extent, spring, 
with markedly dry summer periods, especially in 2023, the driest year 
with total summer precipitation of 75.4 mm, compared to 143.45 mm in 
2022 and 287 mm in 2024. During summer, SWC showed a similar 
seasonal pattern among years, with prevailing daily mean values around 
or below 6%, indicating persistently dry soil conditions. Short-term in
creases occurred after rainfall events, in some cases approaching values 
around 10%. In autumn, SWC progressively increased with the return of 
seasonal precipitation, showing a more sustained recovery compared 
with the short-lived summer responses.

3.2. General modelling soil respiration

The optimization procedure was run for SR (mean values for cham
bers with litter). As for SR, the model yielded threshold values of 9.6% 
for SWC (THRSWC), 1.3 mm for minimum cumulative precipitation and 
1 day for the rewetting period (THRP). Based on these thresholds, the 
model achieved R2 values of 0.786, 0.847 and 0.232 for simulating 
respiration under SWC < THRSWC or SWC ≥ THRSWC, and during soil 
rewetting (Precipitation> THRP), respectively (Table S1).

The relative importance of predictors (RWA) for each model is re
ported in Fig. 2. Under SWC < THRSWC, SWC and soil temperature were 
the most important predictors, accounting for 59.46% and 23.57% of 
model variability, respectively. Under SWC ≥ THRSWC, ST and short
wave radiation were the most important predictors, accounting for 
68.54% and 24.94% of the variability in SR, respectively. Although 
statistically significant (p < 0.05), the other predictors contributed less 
than 10% to explaining the variability in both models (Table S1). Under 
rain pulses conditions (THRP), the predictors identified by the stepwise 
procedure were ST and wind speed accounting for 53.1% and 46.9% of 
R2.

Across all chambers with litter, the relationship between observed 
and simulated soil respiration (SR) indicates a good agreement (Fig. 3, 
upper panel). The linear regression shows a slope of 1.02 and an inter
cept close to zero (0.03), with a coefficient of determination of R2 =

0.72, demonstrating that the model captures a substantial fraction of the 
observed variability. Over the period from May 2022 to September 
2024, simulated values are displayed according to the model domain 
from which they were derived (Fig. 3, lower panel). Overall, discrep
ancies between observed and simulated SR apperaed associated with 
specific thermo-hydrological combinations rather than being uniformly 
distributed across the time series. Model overestimation occurred 
mainly under two contrasting conditions: at low ST classes, approxi
mately 6–10 ◦C, when SWC was relatively high, up to about 14% (≥
THRSWC) with estimates exceeding observations up to +2.52 μmol CO₂ 
m− 2 s− 1, and at high ST classes, approximately 26–28 ◦C, when SWC was 
low, around 6–8% (< THRSWC) with overestimation up to +3.53 μmol 
CO₂ m− 2 s− 1. Conversely, model underestimation was more evident 
under warm conditions combined with low-to-moderate SWC, particu
larly at ST classes around 18–26 ◦C and SWC above the threshold (be
tween 10 and 14%). The strongest negative deviations occurred within 
this range; for example at ST = 20 ◦C or 24 ◦C and SWC = 12% under
estimation reached − 6.00 μmol CO₂ m− 2 s− 1 and − 7.14 μmol CO₂ m− 2 

s− 1 respectively. Rainfall-pulse conditions showed more variable errors, 
consistent with the lower performance of the pulse model that under
estimate SR.

3.3. Assessment of litter contribution to SR

The same modelling scheme was applied to SRref and SRb (coupled 
chambers in CPB to distinguish litter-covered from bare soil), allowing a 
direct comparison of fluxes and isolating the component related to litter 
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presence. Model results are shown in Figs. 4–6 and in supplementary 
Materials for both chambers (Table S2). In this case, the optimization 
procedure yielded different thresholds: for SRref, 10.6% for THRSWC, 2.4 
mm for minimum cumulative precipitation and 1 day for THRP; for SRb, 
7.5% THRSWC, 2.7 mm, and 1 day for THRP. When SWC fell below 
THRSWC, for both SRref and SRb, SWC and ST accounted for the largest 
contributions to R2 with different weights: 42.52% and 38.03%, 
respectively, in SRref, leading to a good accuracy of the model (R2 =

0.718); 53.35% and 19.17%, respectively in SRb, with model accuracy of 
0.719 (Fig. 4a, d).

Under SWC ≥ THRSWC, the predictors of SRref identified by the 

stepwise procedure were ST, PA, SW and G, with a relative contribution 
to R2 of 51.8, 18.7, 16.7, and 10.1%, respectively, leading to a model 
accuracy of 0.827. In SRb, RWA revealed an even stronger role of ST, and 
SW, with relative contributions to R2 of 66.54%, and 16.73%, respec
tively leading to R2 = 0.72 (Fig. 4 b,e).

Under rain pulses, the most important variables are WS, RH and G 
with relative contributions to R2 of 39.4, 34.9 and, 18.2%, respectively; 
the model showed low accuracy especially in SRref (R2 = 0.33). SRb 
showed higher accuracy (R2 = 0.63), with ST, VPD, WS, G and RH 
identified as important predictors, with relative contributions to R2 of 
55.9, 18.31, 11.31 and 10.1% respectively (Fig. 4 c, f).
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Although statistically significant (p < 0.05), the remaining predictors 
contributed <10% to explaining the variability in both models 
(Table S1).

In all years, both SRref and SRb increased during spring, peaked in 
summer, and declined toward fall and winter in both observed and 

simulated time series. Linear regression for SRref yielded a slope of 0.94 
and an intercept of 0.61, with a good coefficient of determination (R2 =

0.62) (Fig. 5, upper panel), indicating that the model reproduced a 
substantial fraction of the observed variability but with greater disper
sion at higher flux values. Over the study period, simulated SRref 
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Fig. 3. Upper panel: relationship between observed and simulated daily mean SR, with linear regression fit shown as a blue line, 95% confidence interval as a shaded 
area, and corresponding regression equation and R2. Lower panel: time series of observed and simulated daily mean SR from May 2022 to September 2024. Observed 
SR is shown in black, while simulated SR values are colour-coded according to the model domain from which they were derived: cyan indicates SR estimates for SWC 
< THRSWC; red indicates SR estimates for SWC ≥ THRSWC; and yellow indicates SR esteemed under rainfall-pulse conditions. Soil temperature (ST) is shown on the 
secondary y-axis as a blue line. Vertical dashed red lines indicate the transition between years. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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generally reproduced the main seasonal dynamics, with increasing 
fluxes during spring and summer and lower values during winter and 
late dry-season periods (Fig. 5, lower panel). Model overestimation 
occurred mainly under relatively low-to-intermediate ST classes, 
approximately 8–14 ◦C, when SWC was above the SRref threshold, with 
overestimations up to +9.68 μmol CO₂ m− 2 s− 1 at ST = 10 ◦C and SWC =
12%, and + 7.91 μmol CO₂ m− 2 s− 1 at ST = 8 ◦C and SWC = 18%. 
Conversely, model underestimation was more evident under warm 
conditions, particularly when ST exceeded approximately 22 ◦C and 
SWC was below or close to the SRref threshold. The strongest negative 
deviations occurred at ST = 24 ◦C and SWC = 10%, with underestima
tion reaching − 9.49 μmol CO₂ m− 2 s− 1, and at ST = 26 ◦C and SWC =
10%, with underestimation reaching − 8.04 μmol CO₂ m− 2 s− 1.

In rainfall-pulse conditions, model deviations varied in both direc
tion and magnitude according to the seasonal hydro-thermal context. 
Overestimation was more evident during cooler winter or early spring 
pulses, whereas underestimation occurred mainly during warmer 
rewetting phases following summer drought. This pattern is consistent 
with the lower performance of the rainfall-pulse model. SRb showed a 
slope of 0.95, intercept of 0.59 and R2 = 0.66. For most ST–SWC com
binations, a relatively good model performance across a broad range of 
hydro-thermal conditions was observed. Model overestimation occurred 
mainly when SWC exceeded the threshold. The largest positive de
viations were observed at ST = 22 ◦C and SWC = 18%, with over
estimation up to +7.41 μmol CO₂ m− 2 s− 1. Conversely, model 
underestimation was less frequent but became evident during warm 
periods, especially when high ST coincided with low-to-moderate SWC. 
The strongest negative deviations occurred at ST = 24 ◦C and SWC =
10%, reaching − 7.45 μmol CO₂ m− 2 s− 1. These underestimations were 

particularly visible during the 2024 growing season, when observed SRb 
peaks were not fully reproduced by the model. Overall, SRb showed 
fewer large deviations and a stronger agreement under intermediate 
hydro-thermal conditions than SRref. This more stable behavior was also 
reflected in the rainfall-pulse domain in which SRb deviations were 
generally smaller than those observed for SRref,. This indicates that 
rainfall-pulse responses remained difficult to reproduce, but were less 
variable under bare-soil conditions than under litter-covered conditions.

3.4. Soil fluxes differentiation: Litter exclusion effect

The seasonal dynamics of soil respiration measured in CPB, showed a 
consistent pattern between the two treatments, with both SRref and SRb 
peaking in spring and summer and reaching their minimum in winter 
(Fig. 7). Respiration under litter was generally higher across all seasons.

Mean SRref values ranged from a minimum of 5.43 ± 1.29 μmol m− 2 

s− 1 in winter to a higher mean value of 7.79 ± 2.68 μmol m− 2 s− 1 in fall. 
Data were more tightly clustered around the mean in winter and more 
dispersed in summer. SRb ranged from a minimum of 1.84 ± 0.72 μmol 
m− 2 s− 1 in winter to a higher mean value of 4.89 ± 2.02 μmol m− 2 s− 1 in 
summer; variability was lower in spring and more pronounced in sum
mer and fall.

Throughout the measurement period, SRref was consistently and 
significantly higher than SRb, highlighting the additional contribution 
associated with surface litter presence and litter decomposition to total 
soil CO2 efflux. The difference between SRref and SRb was most pro
nounced in spring and fall, while the offset was less evident in summer, 
possibly due to reduced moisture availability limiting microbial activity. 
In winter, both SRref and SRb decreased sharply, reflecting the combined 
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effects of low temperatures and reduced biological activity.
The exponential relationship observed between soil respiration and 

soil temperature was analysed (Fig. 8). For SRref, including all data 
together, the temperature sensitivity (Q10) was 1.1 and the exponential 
relationship explained only a limited fraction of the variance (R2 =

0.02); such values are common in field respiration datasets where 
multiple environmental drivers operate. When the dataset was filtered 
using the iteratively determined threshold (SWC = 10.6%), the rela
tionship between SRref and ST diverged. At SWC > 10.6%, the expo
nential relationship strengthened substantially, and the estimated Q10 
increased to 2.66, reflecting a higher temperature sensitivity under 
moist conditions (Fig. 8, left panel). For SWC < 10.6%, the exponential 
fit was weak and not significant (p = 0.141) (Table 2). In contrast, for 
SRb, the dependence on temperature was consistently stronger. When all 
data were included, the model yielded Q10 = 1.71 (p = 0.001), indi
cating a clear exponential increase of respiration with temperature. 
Restricting the SRb dataset to SWC > 7.5% further enhanced both the 
goodness of fit (R2 = 0.66) and the temperature sensitivity (Q10 = 2.51), 
suggesting that water availability amplifies the thermal response of SRb. 
Conversely, at SWC < 7.5%, the relationship between SRb, and ST 
weakened considerably (R2 = 0.04), and the derived Q10 decreased 
(1.43). A concise comparison of the main SWC and precipitation 
thresholds, model R2 values, and apparent Q10 estimates across the 
general SR, SRref and SRb dataset, is provided in Table S3. Building on 
these threshold-specific results, Fig. 9 shows the relationship between 
moving-window apparent Q10 estimates, calculated following Matteucci 

et al. (2015), and SWC. The pattern suggests a moisture-dependent 
response tending toward saturation, with the model-derived SWC 
threshold separating two distinct response regimes.

4. Discussion

4.1. Modelling approach

The large spatial variability of SR reported for temperate forests, 
within which Mediterranean ecosystems are included, highlights the 
intrinsic heterogeneity of these systems. With coefficients of variation 
averaging around 30% in warm temperate regions, spatial differences in 
SR can substantially influence site-level carbon estimates (Cai et al., 
2023). This highlights the value of well-characterized case studies, 
which can help disentangle the most relevant drivers and provide the 
mechanistic understanding needed to upscale SR estimates more reliably 
across heterogeneous forest landscapes. Building on this rationale, our 
analysis did not simply reiterate the well-established role of temperature 
as a primary driver of soil respiration but explicitly tested whether 
distinct soil water content thresholds can be identified at our site. Using 
a data-driven model selection approach, we found that soil respiration 
responds to temperature only within specific moisture ranges, whereas 
outside these ranges soil water availability becomes the dominant 
limiting factor.

These findings are consistent with previous studies reporting 
threshold-driven shifts in the relative importance of temperature and 

Fig. 5. Upper panel: relationship between observed and simulated daily mean SRref, with linear regression fit shown as a blue line, 95% confidence interval as a 
shaded area, and corresponding regression equation and R2. Lower panel: time series of observed and simulated daily mean SRref from May 2022 to September 2024. 
Observed SRref is shown in black, while simulated SRref values are colour-coded according to the model domain from which they were derived: cyan indicates SRref 
estimates for SWC < THRSWC; red indicates SRref estimates for SWC ≥ THRSWC; and yellow indicates SRref estimeed under rainfall-pulse conditions. Daily mean Soil 
temperature (ST) is shown on the secondary y-axis as a blue line. Vertical dashed red lines indicate the transition between years. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.)
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moisture in regulating soil respiration (Lellei-Kovács et al., 2011; Wang 
and Feng, 2025), but extend this framework by demonstrating that soil 
moisture thresholds themselves are not fixed and can vary with surface 
organic conditions. In particular, the higher threshold observed under 
litter-covered conditions compared to bare soil suggests that litter 
presence modifies the hydrological and biophysical context under which 
soil respiration transitions between moisture and temperature-limited 
regimes. Soil physical conditions regulate water retention and pore 
connectivity, influencing microbial access to moisture and oxygen, 
while organic inputs such as litter modify near-surface microclimates 
that in turn modulate the moisture sensitivity of respiration (Hao et al., 
2025). The occurrence of such variable thresholds supports the view that 
soil respiration responses reflect integrated responses of biotic and 
abiotic factors, emerging from site-specific interactions among soil 
physical properties, substrate availability, and microclimatic conditions, 
rather than reflecting a single, universal moisture constraint (Dacal 
et al., 2022; Bond-Lamberty et al., 2024). These findings highlight the 
ability of the threshold approach to identify locally meaningful hydro
logical boundaries that regulate the transition between moisture-limited 
and temperature-responsive respiration. Although the resulting thresh
olds are inherently site-specific, reflecting local soil and environmental 
constraints, the approach itself is transferable and can be applied across 
seasonally water-limited ecosystems where soil hydraulic properties 
strongly constrain soil CO₂ efflux. This interaction is especially relevant 
in Mediterranean ecosystems, where strong seasonal drought frequently 
imposes moisture limitation: below threshold soil water content, 

microbial activity is primarily constrained by water availability, 
whereas above the threshold, temperature becomes the dominant driver 
of respiration, consistent with previous observations (Lellei-Kovács 
et al., 2011).

From a modelling perspective, these results highlight the limitations 
of assuming a single soil moisture threshold or a constant temperature 
sensitivity across contrasting surface conditions. Our findings indicate 
that litter presence alters not only the magnitude of soil respiration but 
also the functional relationship between respiration, soil moisture, and 
temperature, implying that models neglecting such context dependency 
may lead to biased parameterization. Although incorporating moisture 
thresholds or phase-specific representations of soil respiration increases 
model complexity, such approaches appear necessary to realistically 
capture soil carbon dynamics under projected warming and increasing 
water scarcity, particularly in Mediterranean forest ecosystems 
(Almagro et al., 2025).

In this study we empirically identified a SWC threshold of ~10% 
below which soil moisture plays a dominant role, compared to other 
environmental covariates at our study site (SM1, Fig. 2). By splitting the 
dataset according to this threshold, we were able to examine each subset 
separately and better identify the drivers that regulate SR rates. Support 
for a threshold-based hydro-thermal regulation of soil respiration has 
also been provided by Rodríguez et al. (2023) showed a similar 
threshold-based behavior when modelling SR as a function of ST and 
SWC in a holm oak forest characterized by a continental Mediterranean 
climate: they identified a ST threshold around 17–18 ◦C, associated with 
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SWC values between 4% and 7%, that marked the transition from 
temperature-controlled to moisture-controlled respiration across 
different tree-decline stages.

The importance of using moisture thresholds to understand soil 
respiration has also been highlighted by Lellei-Kovács et al. (2011), who 
identified SWC values around 7.0–9.1% as the point at which moisture 
was no longer limiting for plant and microbial activity in their semiarid 

forest-steppe experiment. They noted that this threshold corresponded 
roughly to the field capacity of their site, where excess water can reduce 
measurable CO₂ efflux by promoting its dissolution in soil water. Simi
larly, He et al. (2024) identified a 12.45% SWC threshold, representing 
75–80% of field capacity (FC), interpreting it as the point where capil
lary water shifts from continuous to discontinuous. Consistently, at our 
experimental site the identified threshold (~10%), corresponds to 

Fig. 7. Boxplots show the distribution of daily mean soil respiration rates with (SRref) and without (SRb) litter (μmol m2 s− 1) for each season (Winter, Spring, Summer, 
and Fall). The central line indicates the median; boxes represent the interquartile range (IQR), whiskers extend to 1.5 × IQR, and dots denote outliers. The asterisks 
indicate significant seasonal variations between SRref and SRb.

Fig. 8. Determination of Q10 derived from the exponential relationship between reference soil respiration (SRref, left panel) or respiration of bare soil (SRb, right 
panel) and soil temperature (ST). Data were distinguished based on SWC thresholds (see 2.3.1 paragraph): light grey circles indicate data filtered for SWC above the 
identified threshold (THRSWC); dark grey triangles indicate data filtered for SWC below the identified threshold (thresholds: SRref = 10.6; SRb = 7.5). Equation and fit 
shown in the graphs are related to data filtered for SWC ≥ THRSWC. Overall exponential fits are shown in Table 2.
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approximately 70–75% of FC (14.13%), as calculated using the Saxton 
equations (Saxton et al., 1986) for the sandy soil at the IT-Cp2 Flux site 
(Pinzari et al., 1999; Biondi et al., 2001). The observed proximity be
tween the THRSWC and the FC suggests that expressing thresholds as 
fractions of FC may offer a more generalizable approach, linking soil 
moisture responses to soil textural properties rather than absolute SWC 
values. Our modelling approach, based on a simple temperature 
response modulated by soil water content, was able to reproduce both 
the magnitude and temporal variability of soil respiration over multiple 
years. Despite relying only on easily measurable drivers (soil tempera
ture and SWC) and a limited number of site-specific parameters, the 
model captured a substantial fraction of the variance in both reference 
and bare soil respiration and reproduced the main seasonal patterns. 
This level of agreement is comparable to that reported for more complex 

models that explicitly separate multiple soil carbon pools or include 
detailed descriptions of autotrophic and heterotrophic components (e.g. 
Rey et al., 2002; Zhuang et al., 2023; Curiel Yuste et al., 2003). However, 
the rainfall-pulse domain showed a lower explanatory power than the 
dry and moist hydro-thermal regimes. This result should not be inter
preted only as a limitation of the modelling approach, but also as an 
indication of the intrinsically transient and heterogeneous nature of 
post-rainfall CO₂ efflux in Mediterranean soils (Matteucci et al., 2015). 
Rewetting after dry periods can induce short-lived respiration pulses 
whose magnitude and duration depend not only on daily SWC and ST, 
but also on antecedent drought intensity, rainfall amount and timing, 
wetting depth, substrate availability, and microbial and rhizosphere 
reactivation (Li et al., 2018; Patel et al., 2021). The relatively low model 
performance highlights the need for additional event-based predictors, 
including antecedent dry-period length, rainfall amount and intensity, 
time since rainfall (Manzoni et al., 2020).

4.2. Temperature sensitivity of soil respiration

The analysis of temperature sensitivity provides further evidence for 
a threshold-mediated regulation of soil respiration. Both reference soil 
respiration and bare soil respiration exhibited strong and significant 
temperature dependence only when soil water content exceeded the 
identified thresholds, as indicated by high Q10 values (2.66 for SRref and 
2.51 for SRb) and substantial explained variance (R2 = 0.65 in both 
cases). In contrast, under moisture-limited conditions, Q10 values were 
low or not significant, and the relationship between SR and ST largely 
collapsed, indicating that temperature sensitivity is strongly constrained 
by soil dryness. This interpretation is consistent with the Q10-SWC 
pattern shown in Fig. 9, where apparent Q10 generally increased with 
increasing SWC. Below the model-derived breakpoint (~9.6% SWC), 
apparent Q10 increased steeply with soil moisture, suggesting that even 
small increases in water availability substantially enhance the respon
siveness of soil respiration to temperature. Above this threshold, the Q10 
- SWC relationship became markedly weaker, indicating that once a 
minimum moisture requirement is met, additional water no longer 

Table 2 
Apparent temperature sensitivity (Q10) of soil respiration under litter-covered 
reference conditions (SRref) and bare-soil conditions after litter removal (SRb).

Respiration 
type

Filter R2 Q10 No. of daily 
records

p

SRref all data R2 =

0.02
1.11 620 0.05

SWC >
10.6

R2 =

0.65
2.66 258 0.001

SWC <
10.6

R2 =

0.01 n.s. 362 0.141

SRb

all data
R2 =

0.31 1.7 631 0.001

SWC > 7.5
R2 =

0.65 2.51 422 0.001

SWC < 7.5
R2 =

0.04 1.43 209 0.05

Relationships between daily mean soil respiration and soil temperature were 
fitted using all available data and filtering observations according to the 
treatment-specific SWC thresholds. R2, Q₁₀ values, number of daily observations, 
and p-values are reported for each fit. The number of daily observations in
dicates the daily mean SR values included in each regression. “n.s.” indicates that 
the exponential fit was not statistically significant.
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Fig. 9. Relationship between apparent temperature sensitivity (Q₁₀), estimated using two-month moving windows, and mean soil water content (SWC). The vertical 
red dashed line indicates the SWC threshold of 9.6% identified by the general soil respiration model and used here as a reference to distinguish moisture regimes. 
Fitted lines are shown as descriptive visual aids. When this model-derived threshold is superimposed on the moving-window Q₁₀ estimates, the pattern is consistent 
with a moisture-dependent response tending toward saturation. Under low SWC, apparent Q₁₀ tends to increase more markedly with increasing soil water availability, 
whereas above the threshold the relationship becomes weaker, suggesting that additional moisture exerts a smaller control on temperature sensitivity once dry-soil 
limitation is alleviated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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strongly modulates temperature sensitivity. Together, these results 
indicate a transition from a moisture-limited regime, in which soil 
respiration is weakly responsive to temperature, to a temperature- 
dominated regime, in which thermal control becomes fully expressed 
(Yuste et al., 2003; Chang et al., 2014).

This pattern indicates that soil moisture strongly modulates the 
apparent temperature sensitivity of soil respiration, particularly under 
dry conditions when microbial activity and substrate diffusion are most 
constrained. Similar threshold-like or decoupling behaviors have been 
reported across a range of ecosystems. For instance, Lellei-Kovács et al. 
(2011) observed distinct moisture thresholds in the temperature 
response of soil respiration in a semi-arid grassland, with strong inter
active effects of soil drying on Q10. In Mediterranean and temperate 
forest ecosystems, summer drought has been shown to weaken the 
coupling between soil temperature and respiration, leading to reduced 
apparent Q10 despite high temperatures (Rey et al., 2002; Yuste et al., 
2003).

More recent studies have further demonstrated non-linear and 
moisture-dependent Q10 responses, including moisture optima and long- 
term modulation by interacting environmental drivers (He et al., 2024). 
Our findings add to this body of evidence by showing that the model- 
derived SWC threshold corresponds to a coherent change in the 
apparent temperature sensitivity of soil respiration.

Accordingly, the Q10 - SWC relationship provides diagnostic support 
for the threshold-based interpretation, as change in temperature sensi
tivity reflects transitions between moisture and temperature-limited 
regimes. However, Q10 values derived under field conditions should 
be interpreted as apparent sensitivities integrating not only tempera
ture, but also moisture, substrate availability, root activity, and seasonal 
biological dynamics. This approach enables a mechanistic representa
tion of temperature-moisture interactions controlling soil respiration, 
while keeping model complexity low compared with process-based 
approaches.

4.3. Differences between reference and bare-soil respiration

Reference soil respiration (SRref) consistently exceeded bare-soil 
respiration (SRb), confirming the additional contribution of surface 
litter presence to total soil CO₂ efflux. This pattern is consistent with 
previous studies showing that heterotrophic processes can represent a 
substantial fraction, for 30–60% of total soil CO₂ efflux, of total soil 
respiration in forest ecosystems (Sulzman et al., 2005; Ferréa et al., 
2012). However, since SRb does not represent purely autotrophic 
respiration, the difference between SRref and SRb is interpreted as a 
surface-litter-related contribution to soil CO₂ efflux, rather than as a full 
partitioning between autotrophic and heterotrophic respiration. The 
seasonal boxplots further demonstrate that SRref exceeded SRb consis
tently across all seasons, with the largest differences observed during 
spring and autumn. This seasonal amplification suggests that litter- 
associated processes intensify soil CO₂ efflux when temperature and 
moisture conditions favor microbial activity. Moreover, the greater 
variability of SRref indicates that the litter layer enhances pulse-driven 
dynamics, particularly during transitional seasons (Zacharoudi et al., 
2025). In contrast, SRb displayed a narrower distribution and a more 
stable seasonal pattern, consistent with the removal of the highly vari
able surface-litter component and with a stronger influence of mineral- 
soil and root-related processes. The lower THRSWC observed for SRb 
compared with SRref, indicates that, after litter removal, the transition 
toward more temperature-responsive respiration occurred under drier 
soil conditions. A plausible interpretation, supported by previous litter- 
manipulation studies (Fuentes et al., 2014; Han et al., 2019), is that 
removing the surface litter layer reduced near-surface moisture reten
tion and labile substrate availability, while exposing the mineral soil 
more directly to atmospheric drying and warming. Conversely, under 
SRref conditions, the litter layer may buffer short-term hydro-thermal 
fluctuations and provide decomposable substrates. However, in this 

Mediterranean forest dominated by Q. ilex, where litter is characterized 
by slow-decomposing sclerophyll leaves (Incerti et al., 2011), the litter- 
associated respiratory component may require higher moisture levels to 
become fully activated after dry periods. This interpretation is consistent 
with the higher threshold observed under litter-covered conditions, 
although the relative contribution of moisture buffering, thermal effects, 
substrate availability, and litter rewetting dynamics cannot be fully 
separated with our experimental design

Together, these patterns indicate that litter presence modifies not 
only the magnitude but also the seasonal amplitude and environmental 
sensitivity of soil respiration, reinforcing the need to consider 
component-specific controls rather than relying on aggregated temper
ature response functions. This interpretation is also supported by the 
temperature-sensitivity analysis (Table 2).Across the full dataset, SRb 
showed a higher apparent temperature sensitivity than SRref (Q10 = 1.7 
vs. 1.11), suggesting that, after surface litter removal, soil CO₂ efflux was 
more directly coupled to temperature, also as a consequence of the tight 
coupling of root-derived CO₂ efflux to canopy photosynthesis and carbon 
allocation documented by girdling experiments (e.g. Subke et al., 2011). 
In contrast, the inclusion of the litter layer in SRref introduces additional 
surface processes that are strongly influenced by soil moisture and pulse 
dynamics, thereby weakening a simple temperature respiration rela
tionship when data are pooled across seasons. Moreover, litter removal 
can alter soil microclimatic conditions, including temperature ampli
tude and moisture buffering (Walkiewicz et al., 2021), further contrib
uting to differences in apparent temperature sensitivity.

Moisture-stratified fits confirmed this interpretation: under non- 
limiting soil water content, both fluxes exhibited similarly high tem
perature sensitivity (Q10 of 2.5 and 2.7 for SRb and SRref, respectively), 
whereas under dry conditions SRref was decoupled from temperature 
(Table 2), indicating a shift toward moisture limitation and reduced 
predictability from soil temperature alone. Overall, litter increases the 
moisture dependence of SRref and limits the expression of temperature 
sensitivity under dry conditions. Experimental manipulations have 
shown that litter addition enhances soil CO₂ efflux by increasing the 
supply of labile carbon and stimulating microbial activity, whereas litter 
removal can reduce respiration by 20–40% depending on forest type 
(Sayer et al., 2011; Chen et al., 2014). These effects might be more 
pronounced in holm oak forests characterized by litter with a high lignin 
content and low decomposability. As reported by Vitale et al. (2019)
litter decomposition of Q. ilex showed lower mass loss rates when 
compared to other oak species, with only a 25% mass loss compared 
with 40% in Q. pubescens and 42% in Q. robur, and showed the highest 
lignin accumulation (+91% vs. +69% and + 57%), confirming its 
greater recalcitrance. Together, these patterns indicate that surface litter 
presence modifies not only the magnitude of soil CO₂ efflux, but also its 
seasonal amplitude, moisture dependence, and apparent temperature 
sensitivity. This reinforces the need to consider surface-litter-related 
controls when interpreting spatial and temporal patterns of soil respi
ration, rather than relying on a single aggregated temperature–moisture 
response function for the whole soil system.

4.4. Strengths, limitations and future perspectives

A key strength of this study is the combination of continuous high- 
frequency automated chamber measurements with a data-driven 
threshold modelling framework under natural Mediterranean field 
conditions. The multi-year dataset allowed us to capture seasonal tran
sitions, drought periods, and post-rainfall responses that are difficult to 
resolve with conventional spot measurements. In addition, the paired 
litter-removal comparison provided insight into how surface litter 
presence modifies both the magnitude of soil CO₂ efflux and its hydro- 
thermal sensitivity. Rather than imposing predefined moisture classes, 
the modelling approach identified site-specific SWC and rainfall 
thresholds directly from the data, allowing soil respiration to be inter
preted across functionally distinct response domains. This combination 
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of continuous monitoring, experimental litter manipulation, and low- 
complexity threshold modelling, represents a robust site-calibrated 
approach that can be conceptually applied to other seasonally water- 
limited ecosystems.

Some limitations relative to spatial representativeness, model 
generalization, and experimental assumptions should also be acknowl
edged to better define the scope of our findings. Although chambers 
were installed within the ICOS Continuous Plots to capture representa
tive soil respiration dynamics within the tower footprint, the number of 
automated chambers may result limited and therefore, small-scale 
spatial heterogeneity in root distribution, litter accumulation, soil 
structure, and microsite conditions may not be fully represented. A 
second limitation concerns the extrapolation of the identified threshold. 
The thresholds derived in this study reflect the site-specific interplay of 
soil texture, moisture regime, and species composition. In this Medi
terranean ecosystem, the dominance of sclerophyll species shapes litter 
quality, resulting in structurally complex, thus constraining decompo
sition processes and soil respiration dynamics. Therefore, the resulting 
thresholds and parameterization should not be considered universally 
applicable but rather interpreted as site-specific. Rather, its proximity to 
field capacity suggests that moisture thresholds may be more robustly 
defined relative to site-specific soil hydraulic properties than as absolute 
SWC values. With automated long-term chamber measurements are 
increasingly being implemented across ICOS network sites, future ap
plications in contrasting ecosystems could test this hypothesis more 
broadly.

Model performance also varied across response domains. The 
rainfall-pulse domain showed lower predictive ability than the dry and 
moist hydro-thermal regimes, reflecting the short-lived and event- 
specific nature of post-rainfall CO₂ pulses. Future developments should 
aim to integrate event-based descriptors that capture the inherent 
complexity of post-rainfall respiration dynamics. Finally, the litter- 
removal comparison did not allow for the full partitioning between 
autotrophic and heterotrophic respiration, but it enabled to estimate the 
litter contribution to soil CO₂ fluxes, mainly associated with litter 
presence and decomposition. We also observed that the exclusion of 
litter modified the moisture level at which soil respiration shifted from 
moisture-limited to more temperature-responsive conditions. However, 
chamber-specific microclimatic differences cannot be entirely excluded, 
as ST and SWC were not measured within the paired SRref and SRb collars. 
Given that the chambers were co-located within the same CPs, we 
assumed such differences to be negligible, attributing the observed ef
fects primarily to litter exclusion.

Although the model captured a substantial proportion of SR vari
ability under both dry and moist conditions, some discrepancies 
remained. In particular, the recurrent underestimation observed under 
hot and dry or partially rewetted conditions, highlights the need to 
incorporate additional controls beyond micrometeorological variables, 
in order to better represent SR dynamics beyond the dominant hydro- 
thermal controls.

5. Conclusions

This study demonstrates that soil respiration in a Mediterranean 
forest is governed by a threshold-mediated interaction between soil 
temperature and soil water content. A distinct transition from moisture 
limitation to temperature control emerged when soil water content 
exceeded approximately 10%, a value close to the estimated field ca
pacity of the soil. While the absolute threshold is site-specific, its 
consistent proximity to field capacity indicates that this transition is 
constrained by a physically defined hydrological boundary rather than 
by arbitrary local conditions. Similar moisture-dependent shifts re
ported across contrasting ecosystems suggest that the activation of 
temperature sensitivity reflects a common functional reorganization of 
soil physical conditions, particularly pore connectivity and oxygen 
availability. Our results therefore identify soil field capacity as a critical 

reference point for understanding when soil respiration becomes fully 
temperature responsive. Our findings support the explicit representation 
of hydrological thresholds as boundary conditions for soil CO₂ fluxes. 
The observed proportionality with field capacity further suggests that 
expressing thresholds relative to local hydrological reference points may 
facilitate site-specific parameterization and comparison across 
ecosystems.

The increase in apparent Q10 with SWC further supports the central 
role of hydrological thresholds in regulating when temperature sensi
tivity becomes expressed under field conditions. While the threshold- 
based approach effectively distinguishes relatively stable dry and 
moist hydro-thermal regimes, short-lived rainfall-pulse responses were 
less well captured, indicating that additional event-based descriptors are 
needed to represent soil respiration driven by rapid rewetting dynamics.

Although derived from a single long-term site, this approach can be 
applied to other seasonally water-limited ecosystems after local cali
bration. Such an approach is especially relevant for Mediterranean 
ecosystems, where increasing drought frequency is expected to 
strengthen hydrological controls on soil-atmosphere carbon exchange 
and influence regional carbon climate feedbacks.
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