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Abstract. Soil respiration is a key component of the global carbon cycle, yet its dynamics in urban Mediterranean 

environments remain poorly understood. This study investigated the effects of soil temperature, soil moisture, and plant 

community on soil CO₂ efflux in urban green spaces of Madrid (Spain), characterized by a Mediterranean pluvioseasonal-

oceanic bioclimate with pronounced summer drought. Four dominant ruderal plant communities (Diplotaxis virgata, Hordeum 

leporinum, Malva spp, and Dactylis glomerata) were monitored across three urban green spaces. Soil CO₂ efflux, temperature, 15 

and moisture were measured biweekly over one year using an infrared gas analyzer. Contrary to the Q₁₀ exponential 

assumption, soil respiration showed a Gaussian relationship with temperature, with a positive correlation below a breakpoint 

of 18.4°C and a negative effect above this threshold, consistent across plant communities. Soil respiration exhibited a positive 

exponential relationship with soil moisture and a logarithmic relationship with a rewetting index for values below 20. A 

mechanistic model described soil respiration as the joint outcome of temperature-driven moisture loss and moisture-stimulated 20 

CO₂ emissions. Plant community identity had a limited effect, with the exception of Malva spp., which consistently produced 

higher emissions. These findings challenge the universal applicability of temperature-based respiration models and highlight 

soil moisture as the dominant driver of CO₂ efflux in water-limited urban ecosystems. As climate change is expected to 

intensify both the urban heat island effect and summer drought in Mediterranean cities, soil moisture emerges as a critical 

variable for projecting urban soil CO₂ fluxes and for designing evidence-based management strategies for Mediterranean urban 25 

green spaces, including improved soil infiltration capacity, moisture-sensitive irrigation planning, and the incorporation of 

moisture-temperature coupling into urban carbon monitoring protocols. 

1 Introduction 

The urban heat island (UHI) effect, the systematic elevation of temperatures in cities relative to surrounding rural areas, is one 

of the most documented consequences of urbanization, with profound implications for local climate, ecosystem functioning, 30 
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and biogeochemical cycles (Oke, 1973; Luber and McGeehin, 2008; Tautenhahn et al., 2026). Among these cycles, soil 

respiration (SR) represents a major pathway of CO₂ flux from terrestrial ecosystems to the atmosphere (Davidson et al., 2002; 

Bond-Lamberty and Thomson, 2010; Decina et al., 2016), yet its dynamics under urban thermal and moisture regimes remain 

poorly understood. While numerous studies have investigated the environmental controls of SR in natural and agricultural 

systems (Chen et al., 2014; Jian et al., 2018; Jian et al., 2021), showing that seasonal CO₂ emissions are mainly driven by soil 35 

temperature (SST) (Hibbard et al., 2005), the extent to which the UHI modifies these relationships in urban soils has received 

comparatively little attention. The Q₁₀ function, an exponential model describing SR as a function of temperature, remains the 

most widely used approach for SR prediction (Hashimoto et al., 2015; Lloyd and Taylor, 1994; Todd-Brown et al., 2013), but 

its applicability under the altered thermal and hydrological conditions of urban environments has rarely been tested. 

However, assuming a constant temperature sensitivity of SR across all temperature ranges lacks ecological realism, as 40 

previously shown in mesic (Curiel Yuste et al., 2004; Lloyd and Taylor, 1994) and especially in water-limited ecosystems 

(Almagro et al., 2009; González-Ubierna et al., 2014; Leon et al., 2014). In such drought-prone systems, SST and soil moisture 

(SSM) often interact to regulate SR, with the process responding primarily to the most limiting factor (Correia et al., 2012; 

Almagro et al., 2009; Oyonarte et al., 2012). 

Urban soils represent a particular case that is gaining increasing attention. Despite their importance, only a few studies have 45 

quantified soil CO₂ efflux in urban environments, mostly in temperate regions (Goncharova et al., 2020). Urban areas typically 

exhibit higher and more variable surface temperatures due to the urban heat island (UHI) effect compared with nearby rural or 

natural areas (Shi et al., 2012). In Mediterranean climates, however, the UHI effect is partially reversed, moderating cold 

winter temperatures more than summer heat, while rural zones may still experience extreme summer heat (Vardoulakis et al., 

2013; Donateo et al., 2023). Under such conditions, SSM is expected to play a decisive role in SR dynamics. Although SR is 50 

generally constrained by low SSM during summer droughts, rewetting events often trigger abrupt and substantial CO₂ pulses 

(Jarvis et al., 2007; Unger et al., 2012; Matteucci et al., 2015). 

These pulses are largely driven by soil biotic parameters (Fierer and Schimel, 2002). The relative influence of climatic, edaphic, 

and biotic factors (e.g., vegetation type, productivity, litterfall) on SR therefore remains an open question (Tang et al., 2020; 

Yan et al., 2015). Vegetation can affect SR both directly, through its influence on soil carbon input and quality (Luo and Zhou, 55 

2006; Yan et al., 2015), and indirectly, by modifying the soil microclimate, reducing temperature and evaporation and 

intercepting precipitation (Reichstein et al., 2002). 

Some studies have compared SR across ecosystems (Tang et al., 2020), but there is still a lack of research focused on microscale 

interactions among SR, climate, and biotic variables, especially in urban environments. In such human-modified systems, soils, 

microclimate, and vegetation structure are strongly altered by anthropogenic activities (Sæbø et al., 2003; Alía et al., 2025). 60 

These alterations affect soil quality (through contaminant deposition and recreational land use) and physical characteristics 

(e.g., compaction, artifacts) (Rebele, 1994; Sukopp and Werner, 1983), with significant implications for soil biogeochemical 

cycles and CO₂ emissions. 
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Despite these differences, SR in urban environments is frequently assumed to behave similarly to that in natural or rural 

systems (Karvinen et al., 2024). As a result, the influence of human-induced changes on soil CO₂ fluxes remains poorly 65 

understood. Microbial respiration, a major contributor to these fluxes, is known to be strongly affected by SST (Kaye et al., 

2004; Lloyd and Taylor, 1994; Tomar and Baishya, 2020), yet this relationship has been scarcely examined in urban soils 

(Vasenev et al., 2021). While a few studies have explored microbial respiration in urban soils (Ghosh et al., 2016; Ivashchenko 

et al., 2019), spatially explicit datasets remain limited, hindering our understanding of how urban climate, particularly the UHI, 

affects microbial CO₂ emissions, especially in Mediterranean contexts (Vasenev et al., 2021). Moreover, there is a growing 70 

need to assess the temporal dynamics of SR responses to environmental drivers within stands dominated by specific plant 

communities (Chen et al., 2013). 

Climate change is expected to exacerbate the UHI effect, as increasing global temperatures enhance heat accumulation in urban 

areas (Oke, 1973; Luber and McGeehin, 2008). This intensified warming alters soil thermal regimes and moisture dynamics, 

potentially influencing SR—particularly in densely built environments and megacities (Argüeso et al., 2015; IPCC, 2018). 75 

Understanding these interactions is therefore essential to accurately assess CO₂ fluxes in urban landscapes. 

We hypothesized that SR in Mediterranean urban systems is significantly influenced by both SST and SSM, and that biotic 

factors such as plant community composition modulate these relationships. To test this hypothesis, we continuously monitored 

SR in the four most abundant frequent plant communities within Mediterranean urban green spaces in Madrid, measuring soil 

CO₂ efflux, SST, and SSM quarterly over one year across three urban sites. 80 

2 Materials and methods 

2.1 Study area 

Three public greenspaces from Madrid city were selected, based on the objective of covering the diversity of habitats, human 

uses as well as the perimeter of the city and soils around Madrid as much as possible. It is well known that soils in these public 

urban green areas are subjected to a wide variety of anthropogenic pressures due to the different population activities that take 85 

place in greenspaces such as sports or leisure activities. Thus, soils in the green areas aforementioned are classified as 

Anthrosols (ATu). However, areas that are less exposed to human influences and that have soil conditions that are closer to 

natural ones are classified as calcareous Luvisols (Lvk) (Quintana et al., 2022). The location of the three greenspaces chosen 

for this study is shown in Fig. 1. 
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Figure 1. Location of the urban green spaces monitored during the study in relation to Madrid municipality boundary. (a) Location 

of Madrid within the Iberian Peninsula. (b) Location of the three study areas within Madrid city limits. Satellite imagery: © Instituto 

Geográfico Nacional de España (IGN), CC BY 4.0. 

Madrid city exhibits a typical Mediterranean pluvioseasonal-oceanic bioclimate and is located within an arid meso-

Mediterranean belt (Rivas-Martínez et al., 2011). Madrid climate is defined by prominent contrasts, both diurnal and seasonal, 95 

with a severe drought period occurring during the summer months. The mean annual temperature is 19ºC and the average 

annual rainfall is 430 mm. 

The three study sites (Ciudad Universitaria, La Elipa and Pinar de Conde Orgaz) spanned approximately 1.9, 0.8 and 0.5 km 

along their longest axis, respectively. Within each site, the four plant communities occurred as naturally distributed ruderal 

patches rather than in a fixed spatial arrangement, and three replicate sampling points were established within each 100 

community's patch. 

2.2 Experimental design 

Four plant communities were chosen after analysing the herbaceous plant matrix of the selected urban green spaces. These 

communities are among the most commonly found in such spaces in the Mediterranean region. The selected plant communities 

were: annual herbs dominated by Diplotaxis virgata (AH-D); annual grasslands dominated by Hordeum leporinum (AG-H); 105 

perennial herbs dominated by Malva spp. (PH-M); and perennial grasslands dominated by Dactylis glomerata (PG-D). At each 

of the three study sites, three replicate sampling points were established for each of the four plant communities (3 replicates × 
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4 communities = 12 sampling points per site; total n = 36 sampling points across the study). The geographic coordinates of all 

sampling points are provided in the Supplementary Material (Table S1). 

Soil heterotrophic respiration data (µmol CO₂ m⁻² s⁻¹) were taken fortnightly over 1 year. Soil respiration samples were 110 

measured in situ from spring April 2023 to April 2024, using an automated system (infrared gas analyser model LI-8100; LI-

COR Inc., Lincoln, NE, USA) with an open chamber of diameter 20 cm (Savage and Davidson 2003). Three PVC cylinders 

20 cm in diameter were randomly installed on each plot at a depth of 5 cm, 10 days before the first measure, to be sampled 

with the chamber. Any spontaneous vegetation was removed before each measurement. To ensure adequate coverage of the 

diurnal temperature range and avoid systematic timing bias between sites, the order in which the three parks were visited was 115 

systematically rotated so that each sampling campaign began at a different park. Within each park, the order of visiting the 12 

sampling points (4 plant communities × 3 replicates) was randomized using a 12-sided die. Measurements were carried out 

between 08:00 and 18:00–19:00 h local time, depending on fieldwork duration on a given dayThe sample collection was 

randomized each time to maximize the temperature range in each of the sampling parks. This sampling intensity was designed 

to monitor the annual and daily variations in soil CO2 emission rate.  120 

Prior to the start of the monitoring period, soil samples were collected from each plant community at each study site (n = 3 per 

community) to characterize the main physicochemical properties of the soils. Soil pH, electrical conductivity (EC), bulk 

density (BD), water holding capacity (WHC), texture, cation exchange capacity (CEC) and exchangeable bases (Na⁺, K⁺, Ca²⁺, 

Mg²⁺) were determined following the standard procedures described by the International Soil Reference and Information 

Centre (ISRIC) (Van Reeuwijk, 2002). All soils were classified as Sandy Loam according to the USDA textural triangle. The 125 

physicochemical characteristics of the soils are summarized in Table 1. 

Table 1. Main soil physicochemical characteristics (mean ± SE, n = 3) per plant community. AH-D: annual herbs dominated by 

Diplotaxis virgata; AG-H: annual grasslands dominated by Hordeum leporinum; PH-M: perennial herbs dominated by Malva spp.; 

PG-D: perennial grasslands dominated by Dactylis glomerata. BD: bulk density; WHC: water holding capacity; CEC: cation 

exchange capacity; EC: electrical conductivity. 130 

Variable AH-D AG-H PH-M PG-D 

pH 8.22 ± 0.01 7.32 ± 0.16 7.54 ± 0.10 6.33 ± 0.11 

EC (dS m⁻¹) 0.113 ± 0.001 0.132 ± 0.031 0.167 ± 0.019 0.113 ± 0.015 

WHC (%) 26.84 ± 4.45 37.24 ± 5.87 34.71 ± 1.83 53.25 ± 9.09 

BD (g cm⁻³) 1.21 ± 0.10 1.05 ± 0.08 1.09 ± 0.09 0.97 ± 0.07 

Sand (%) 77.01 ± 1.80 73.30 ± 3.76 77.31 ± 2.48 71.06 ± 6.45 

Silt (%) 7.73 ± 1.42 8.01 ± 1.46 7.44 ± 0.71 11.64 ± 3.04 

Clay (%) 15.26 ± 0.76 18.70 ± 2.37 15.26 ± 2.18 17.30 ± 3.66 

Texture Sandy Loam Sandy Loam Sandy Loam Sandy Loam 

Na⁺ (cmol⁺ kg⁻¹) 0.95 ± 0.12 0.95 ± 0.12 0.97 ± 0.10 0.99 ± 0.09 

K⁺ (cmol⁺ kg⁻¹) 1.16 ± 0.14 1.35 ± 0.14 1.47 ± 0.25 0.99 ± 0.32 
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Variable AH-D AG-H PH-M PG-D 

Ca²⁺ (cmol⁺ kg⁻¹) 16.45 ± 3.82 15.45 ± 4.33 19.88 ± 6.01 12.38 ± 2.76 

Mg²⁺ (cmol⁺ kg⁻¹) 2.05 ± 0.70 2.45 ± 0.66 1.96 ± 0.64 2.98 ± 0.94 

CEC (cmol⁺ kg⁻¹) 17.84 ± 1.38 21.29 ± 2.21 20.61 ± 1.18 29.58 ± 6.31 

2.3 Data analysis 

Soil temperature (SST – in ºC), and moisture (SSM – in %) and evapotranspiration (EV – in mmol mol⁻¹) were measured 

simultaneously with CO₂ using chamber equipment, while hourly data on atmospheric moisture (AM – in %) and temperature 

(AT – in ºC) were obtained from Ciudad Universitaria weather station (Code: 3194U) for the green space at the same location 

(maximum distance of 0.5 km), and from Barajas Airport weather station (Code: 3129) for the other two spaces: La Elipa and 135 

Pinar de Conde Orgaz, which are located 9.5 and 6.4 km from the station, respectively (data provided by the National 

Meteorological Agency, AEMET).  

The rewetting index (RWi) was calculated, in mm day-1, following Almagro et al. (2009) using the expression (Eq. 1):  

RWi =  
𝑃

𝑡
 (1) 

where RWi is the rewetting index, P is precipitation (mm), and t is the time elapsed between rainfall event and SR measurement 140 

(days). 

General linear models were developed to assess the effect of ambient variables (AT, SST, AM, SSM and RWi) on CO2 and 

Evapotranspiration levels (mm day-1). Plant community was also included as a factor to check differences on dependent 

variables among them. Once the community factor was significant, pairwise comparisons were done by means of Tukey’s post 

hoc tests (Lenth, 2025). Both dependent variables were log-transformed to satisfy the assumptions required for regression 145 

analysis (i.e. both normality and homoscedasticity). To avoid lack of independence between communities within the same plot, 

a random intercept was included in all models taking the plot as a grouping variable (Bates et al., 2015). To find a change in 

the slope of dependent variables, piecewise regression was done with every independent factor by means of the R segmented 

package (Fasola et al., 2018). The standard error and 95% confidence interval of the estimated breakpoint were obtained using 

the confint.segmented() function of the R segmented package. The NLS function on r was used to fit data to the non linear 150 

model developed. All analyses were carried out on R language software (version 4.5.2, R Core Team 2025) under RStudio 

environment (version 2025.9.1.401, Posit Team 2025). Significant level was set at α=0.05 for all analysis 

2.4 Soil respiration model 

The change in CO2 soil emissions with soil temperature is due to two independent processes. In the absence of moisture, it 

would decrease proportional to the actual level at a rate of 𝑐𝑇 but moisture would interact with it to increase CO2 soil emissions 155 

at a rate of 𝑐𝑀. This leads to the ordinary differential equation (Eq. 2): 
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𝑑𝐶(𝑇)

𝑑𝑇
= −𝑐𝑇𝐶(𝑇) + 𝑐𝑀𝐶(𝑇)𝑀(𝑇) (2) 

Where 𝐶(𝑇) represents the amount of CO2 soil emissions at a certain soil temperature 𝑇 and 𝑀(𝑇) soil moisture with, in turn, 

also depends on 𝑇 (Eq. 3): 

𝑑𝑀(𝑇)

𝑑𝑇
= −𝑚𝑇𝑀(𝑇) (3) 160 

With solution (Eq.4): 

𝑀(𝑇) = 𝑀0𝑒−𝑚𝑇𝑇 (4) 

Where Mo is the soil moisture level at 𝑇 = 0 and 𝑚𝑇 the decreasing rate of moisture as a function of temperature. Substituting 

(4) on (2) and solving (Eq.5): 

𝐶(𝑇) = 𝐶0𝑒
𝑐𝑀𝑀0

𝑚𝑇
 (1−𝑒−𝑚𝑇𝑇)−𝑐𝑇𝑇

 (5) 165 

Where 𝐶0 represents the “basal” CO2 soil emissions i.e., at 𝑇 = 0. 

This function reaches a maximum at (Eq.6): 

𝑇𝐶𝑀𝑎𝑥 =  − 
1

𝑚𝑇
𝑙𝑜𝑔 (

𝑐𝑇

𝑐𝑀𝑀0
)   (6) 

Where reach a maximum respiration of (Eq.7): 

𝐶𝑀𝑎𝑥 = 𝐶0 (
𝑐𝑇

𝑐𝑀𝑀0
)

𝑐𝑇
𝑚𝑇

𝑒
𝑐𝑀𝑀0−𝑐𝑇

𝑚𝑇  (7) 170 

The purpose of this analysis was not to estimate population-level or plot-level effects, nor to quantify between-plot variance, 

but to test whether the theoretically derived functional form could reproduce the observed relationship between soil respiration 

and soil temperature. To assess whether this conclusion was robust to potential temporal autocorrelation in the repeated 

measurements, we additionally fitted a nonlinear mixed-effects version of the model, including plot as a random effect and 

alternative temporal correlation structures (see Section 3.4). 175 

3 Results 

Soils were notably homogeneous in texture across all sites and plant communities, with sand content ranging from 71 to 77%. 

The most notable differences between communities were observed in pH, which was consistently higher in AH-D soils (8.22 

± 0.01) and lower in PG-D soils (6.33 ± 0.11), and in WHC, which was markedly higher in PG-D communities (53.25 ± 

9.09%), reflecting the greater root biomass and organic matter accumulation typically associated with perennial grasslands. 180 
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3.1 Yearly evolution of the variables under the vegetation communities 

The evolution of the measured climatic variables followed the classic Mediterranean behaviour, characterized by warm and 

dry summers, and cold winters (Fig. 2). As pointed out, the thermal amplitude was clearly smaller than the average for the 

peri-urban and non-urban parts of Madrid region (AEMET dataset, 2023 and 2024). A parallel trend was observed between 

soil and atmospheric conditions, particularly for temperatures, where the relationship was more pronounced. As expected, the 185 

data revealed that soil temperatures were consistently higher than atmospheric temperatures, both annually and seasonally. 

Meanwhile, there were no differences in the annual values of moisture. However, SSM showed higher values in winter and 

lower values in summer and spring compared to atmospheric moisture. 

 

Figure 2. Scatter plots showing climate variables values over time for the four plant communities. 190 

Soil CO₂ emissions and soil evapotranspiration exhibited a consistent pattern across all plant communities, with only minor 

variations observed. PG-D demonstrated the most stable rates (both soil respiration and evapotranspiration), while PH-M 

exhibited the greatest variability. The annual plant communities, for their part, displayed relatively similar emission behaviour 

throughout the year (Fig. 2). 

As expected, soil climate (SST and SSM) under the analysed plan communities showed no significant differences in 195 

temperature, moisture and evapotranspiration (Table 2). Additionally, no differences in soil respiration were found, with the 

only exception of PH-M, producing higher soil CO2 emission rates than the other communities (Fig. 3 and Table 3).  
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Table 2. p-values for differences between communities for each climate variable: EV: Soil evapotranspiration (mmol mol⁻¹). AT: 

Atmospheric temperature (ºC). SST: Soil surface temperature (ºC). AM: Atmospheric moisture (%). SSM: Soil surface moisture 

(%) and RWi: Rewetting index (mm day-1). 200 

CO2 EV AT SST AM SSM RWi 

5.9 10-7 0.52 ~ 1.00 0.82 0.98 0.90 0.99 

 

Figure 3. Box-plots and comparisons of CO2 (left) and evapotranspiration (right) values among the plant communities. * p-value < 

0.05, ** p-value < 0.01, *** p-value < 0.001. 

Table 3. Pairwise comparison of CO2 (µmol CO2 m⁻² s⁻¹). AH-D: annual herbs dominated by Diplotaxis virgata; AG-H: annual 

grasslands dominated by Hordeum leporinum; PH-M: perennial herbs dominated by Malva spp.; PG-D: perennial grasslands 205 
dominated by Dactylis glomerata. 

 AG-H PH-M PG-D 

AH-D 0.1383 <.0001 1 

AG-H  0.0014 0.1457 

PH-M   <.0001 

When analysing the correlation between the variables (Fig. 4), it was found that moisture exhibited a strong and expected 

negative relationship with temperature (both soil and atmospheric), since the study was under a Mediterranean climate. A clear 

positive correlation was also observed between soil and atmospheric values of each variable throughout the year. As expected, 

rainfall appeared to have a greater influence on soil moisture than on atmospheric moisture, showing a higher correlation with 210 

RWi. This parameter, in turn, showed a positive correlation with moisture (in both soil and atmosphere) and a negative 

correlation with atmospheric temperature. 
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Figure 4. Correlation (left) and partial correlation (right) coefficients between variables within the whole sample. Correlation values 

are shown as size and colour of the circles. Only significant correlations are shown. 215 

Contrary to general assumptions, a negative correlation was found between soil and atmospheric temperatures and CO₂ 

emissions. In addition, a positive correlation was found between soil respiration, soil moisture, and RWi. 

Following the correlation results, relationships among soil climate and CO2 emissions were analysed deeply 

3.2 Relationships between soil respiration and climate variables 

3.2.1 Soil respiration and temperature relationship 220 

There seems to be a Gaussian relationship between both soil and atmospheric temperatures and CO2 emissions, with a positive 

correlation up to a regression breakpoint of 18.4°C (95% CI: 17.17–19.79 °C) (SST) and a negative effect above this value 

(Fig. 5). This pattern was observed in all analysed vegetation communities, with the only difference being the intensity of soil 

respiration rather than the behaviour of the relationship, 
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 225 

Figure 5. Relationship between soil CO2 emissions and climate (left) and soil (right) temperature of the four plant communities. 

3.2.2 Soil respiration and moisture relationship 

Different to the findings for temperature, soil respiration exhibits an exponential positive relationship with soil and atmospheric 

moisture (Fig. 6). Once again, the relationship between the variables remained consistent across the four vegetation 

communities, with variations only observed in the intensity of CO₂ emissions. 230 

 

Figure 6. Relationship between soil CO2 emissions and climate (left) and soil (right) moisture of the four plant communities. 
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3.2.3 Soil respiration and RWi relationship 

The correlation results suggest that there is a positive and logarithmic relationship between RWi and CO₂ emissions (Fig. 7). 

However, this trend is only evident for values below 20; the relationship appears to weaken at higher values. Unlike the other 235 

tested variables, differences were revealed among vegetation communities. AH-D displayed the most precise pattern, whereas 

PH-M showed the most variable response. 

 

Figure 7. Relationship between soil CO2 emissions and rewetting index of the four plant communities. Horizontal axis is displayed 

on logarithmic scale. 240 

Due to the different behaviour observed above and below the identified threshold, the relationships were analysed in relation 

to this threshold 

3.3 Relationships under identified thresholds 

3.3.1 Soil respiration behaviour under SST < 18.4ºC threshold 

When analysing the relationships between the variables below the threshold of 18.4ºC, a positive correlation was observed 245 

between the soil climate variables and CO₂ emissions (Fig. 8). Additionally, below this threshold, RWi does not appear to be 

correlated with soil respiration. A negative correlation was found between moisture and temperature in both the atmosphere 

and the soil. Temperature greatly affects moisture, causing the correlation between CO₂ and moisture to disappear in a full 

correlation analysis but appearing as a positive partial correlation for SM. 
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 250 

Figure 8. Correlation (left) and partial correlation (right) coefficients between variables at soil temperature below the breakpoint 

(18.4ºC) within the whole sample. Correlation values are shown as size and colour of the circles. Only significant correlations are 

shown. 

Below this threshold, there was a positive linear relationship between CO2 emissions and soil temperature (𝘱 = 1.3 x 10-15); 

the higher the temperature, the higher the CO2 emissions (Fig. 9 and Table 4). However, there are differences between the 255 

communities (𝘱 = 5.7 x 10-3), with PH-M showing higher CO2 emissions than AH-D regardless of soil temperature. 

Table 4. Pairwise comparisons between communities for each ambient variable for SST < 18.4ºC. AH-D: annual herbs dominated 

by Diplotaxis virgata; AG-H: annual grasslands dominated by Hordeum leporinum; PH-M: perennial herbs dominated by Malva 

spp.; PG-D: perennial grasslands dominated by Dactylis glomerata. SST: Soil surface temperature (ºC). SSM: Soil surface moisture 

(%) and RWi: Rewetting index (mm day-1). 260 

  SST SSM RWi 

AG-H PH-M PG-D AG-H PH-M PG-D AG-H PH-M PG-D 

AH-D 0.7167 0.0147 0.9822 0.8211 0.0177 0.9925 0.8116 0.014 0.9961 

AG-H   0.1513 0.8995   0.1201 0.9325   0.1029 0.9069 

PH-M     0.0349     0.0332     0.023 
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Figure 9. Soil CO2 emissions below the breakpoint. Panels (a) - (c), real values (points) and regression fit (line) with 95% confidence 

intervals (shadows) of the four plant communities against soil temperature, soil moisture and rewetting index respectively. Panel D, 

box-plots of soil CO2 emissions below breakpoint for each plant community. 

At this threshold, soil moisture had no apparent effect on CO2 emissions (𝘱 = 0.08). In this case, removing the effect of soil 265 

moisture, there are differences between PH-M and all other communities except AG-H (𝘱 = 0.006). 

Below this threshold, in contrast to soil moisture, RWi has a small but significant positive effect on soil CO2 emission (𝘱 = 

0.017). Again, as for moisture, when the effect of RWi is removed, there are differences between PH-M and all the other 

communities except AG-H (𝘱 = 0.004). 
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3.3.2 Soil respiration behaviour under SST > 18.4ºC threshold 270 

Above the 18.4ºC threshold, the relationship between soil respiration and temperature became negative, and partial correlations 

were practically non-existent (Fig. 10). In contrast, water-related variables notably increased their relation with soil respiration 

and continued to positively influence soil CO₂ emissions. The strongest correlation was observed between CO₂ emissions and 

soil moisture, followed by RWi. 

 275 

Figure 10. Correlation (left) and partial correlation (right) coefficients between variables at soil temperature above the breakpoint 

(18.4ºC) within the whole sample. Correlation values are shown as size and colour of the circles. Only significant correlations are 

shown. 

The relationship between CO2 emissions and soil temperature was linearly but changed direction above the threshold (Fig. 11 

and Table 5), being negative (𝘱 < 2.2 x 10-16 ). An increase in temperature decreased soil CO2 emissions. In this case, soil 280 

respiration is significant higher, removing SST effect, in PH-M comparing to all other communities (𝘱 = 1.1 x 10-8). 

Table 5. Pairwise comparisons between communities for each climate variable for SST > 18.4ºC. AH-D: annual herbs dominated by 

Diplotaxis virgata; AG-H: annual grasslands dominated by Hordeum leporinum; PH-M: perennial herbs dominated by Malva spp.; 

PG-D: perennial grasslands dominated by Dactylis glomerata. SST: Soil surface temperature (ºC). SSM: Soil surface moisture (%) 

and RWi: Rewetting index (mm day-1). 285 

 SST  SSM RWi  

AG-H PH-M PG-D AG-H PH-M PG-D AG-H PH-M PG-D 

AH-D 0.1959 <.0001 0.9537 0.2378 0.0004 1 0.2515 0.0002 0.9735 

AG-H   0.0165 0.0748   0.0565 0.2347   0.0324 0.1215 

PH-M     <.0001     0.0004     <.0001 
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Figure 11. Soil CO2 emissions above the breakpoint. Panels (a) - (c), real values (points) and regression fit (line) with 95% confidence 

intervals (shadows) of the four plant communities against soil temperature, soil moisture and rewetting index respectively. Panel D, 

box-plots of soil CO2 emissions above breakpoint for each plant community. 290 

Contrary to the below threshold 18.4ºC, soil moisture had a positive and linear relationship with CO2 emissions over 18.4ºC 

(𝘱 < 2.2 x 10-16 ). Again, removing the soil moisture effect, there are differences between PH-M and all other communities 

(𝘱 = 3.5 x 10-6 ) although the comparison with AG-H does not reach statistical significance by a very narrow margin (𝘱 = 

0.057). 
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RWi has a significant positive effect on soil CO2 emission at soil temperatures above 18.4ºC (𝘱 = 4.1 x 10-6). However, when 295 

the effect of RWi is removed, there are differences between PH-M and all the other communities (𝘱 = 2.8 x 10-7), not excluding 

AG-H 

3.3.3 Soil respiration, temperature and moisture, and RWi interactions 

The interactions between soil moisture, temperature and RWi were tested. Below 18.4 °C, it was found that there was no 

interaction between SST and SSM (𝘱 = 0.24), with both having a positive slope. Meanwhile, RWi had no effect on CO₂ (𝘱 = 300 

0.67).  

Above 18.4 °C, a third-order interaction was observed between SST, SSM and RWi (𝘱 = 0.0002). As previously mentioned, 

both SSM and RWi increase soil CO₂ emissions if we analyze them separately, even over 18,4ºC, and in absence of any climate 

limitation. However, at temperatures above 18.4 °C, both variables interact and potentiate their effects. At these temperatures, 

the SST negative effect on SR is related mainly to SSM limitation because of dryness (due to their high correlation). That’s 305 

why RWi showed a significant positive effect on CO₂ emissions. 

Therefore, the observed behaviour of CO₂ at high temperatures (a decrease in CO₂ emissions) is due to the negative correlation 

between SST and SSM, meaning high SSM values cannot occur alongside high SST values. 

3.4 Modelling 

The mechanistic model presented was developed by the authors based on the observed data structure and the ecological 310 

relationships identified during the analysis. Prior to adopting the proposed formulation, several alternative model structures 

were tested, including models assuming a positive effect of soil temperature on soil respiration, models excluding soil 

temperature as a predictor, and models incorporating a positive effect of soil temperature with a negative interaction with soil 

moisture. None of these alternative formulations converged when fitted to the observed data (Table 6).  

Table 6. Developed mechanistic model results for each plant community described in Section 2.4. AH-D: annual herbs dominated 315 
by Diplotaxis virgata; AG-H: annual grasslands dominated by Hordeum leporinum; PH-M: perennial herbs dominated by Malva 

spp.; PG-D: perennial grasslands dominated by Dactylis glomerata. 𝑪𝑻: temperature sensitivity coefficient of soil CO₂ efflux. 𝑪𝑴: 

moisture sensitivity coefficient of soil CO₂ efflux. 𝑪𝟎: basal CO2 soil emissions expected at soil surface temperature (SST) = 0. 𝑻𝑪𝑴𝒂𝒙: 

soil temperature producing the highest soil CO2 emissions. 𝑪𝑴𝒂𝒙: Maximum soil CO2 emission rate. 

Community 𝑪𝑻 𝑪𝑴 𝑪𝟎 𝑻𝑪𝑴𝒂𝒙 (ºC) 
𝑪𝑴𝒂𝒙 

(µmol CO₂ m⁻² s⁻¹) 

AH-D 0.10 0.0017 0.61 17.22 5.23 

AG-H 0.10 0.0026 0.05 18.04 7.09 

PH-M 0.07 0.0018 0.22 17.26 8.50 

PG-D 0.08 0.0014 0.70 15.97 5.21 

This systematic lack of convergence is ecologically informative: it typically occurs when the functional form of the proposed 320 

model differs substantially from the underlying structure of the data. Inspection of the alternative model outputs revealed that, 

under our observed conditions, all alternative formulations produced monotonic functions — either consistently increasing or 
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consistently decreasing — whereas the observed data show a clearly unimodal pattern with a well-defined maximum. This 

unimodal behaviour cannot be reproduced by any monotonic function, which provides strong empirical justification for the 

negative effect of soil temperature included in the proposed model. 325 

Since soil moisture can be expressed as a function of temperature, we analyzed the relationship between soil respiration and 

climate through SST, obtaining a Gaussian model for each plant community (Table 6). The model results showed that the 

decrease in CO₂ with increasing temperature (CT) is similar in all four communities, although slightly lower in PH-M and PG-

D (Fig. 12). In contrast, the effect of humidity (CM), differs considerably between the communities, with humidity increasing 

respiration much more in AG-H than in the others. The most pronounced differences were observed in C₀, which represents 330 

the basal respiration rate (expected at SST = 0). Interestingly, communities with lower C₀ values tended to exhibit higher 

CMax, suggesting that lower basal levels were associated with greater maximum respiration capacity. 

 

Figure 12. Behaviour of the model presented. Fitting of the model (lines) to real values of soil CO2 emissions (points) against soil 

temperature for each plant community 335 

The model showed AH-D and AG-H presenting higher SST influence on CO₂ emissions, meanwhile AG-H was the one with 

the highest influence of SSM on CO₂ emissions increase. Thus, C₀, which indicates the basal CO₂ emissions, showed AG-H 

as the most climate-dependent SR process.  

On the other hand, PH-M showed the highest SR at the optimum SST. There is a clear correlation between the influence of 

SSM and the optimum SST for SR. The optimum was at higher SST in AG-H and PH-M, the ones with higher SSM influence. 340 
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To further evaluate the performance of the proposed mechanistic model, we compared it against a standard Q₁₀ exponential 

model and against the Gaussian model of Lellei-Kovács et al. (2011), fitted to the same dataset (Table 7). The proposed model 

achieved the lowest AIC and RMSE of the three models, and a BIC virtually indistinguishable from the Gaussian model, 

despite BIC's stronger penalty for complexity. Likelihood-ratio tests confirmed that the proposed model significantly reduced 

deviance relative to both the Q₁₀ model (p < 2.2×10⁻¹⁶) and the Gaussian model (p = 0.017), indicating that the improvement 345 

reflects genuine explanatory gain rather than added flexibility. 

Table 7. Comparison of model performance between the classical Q₁₀ exponential model, the Gaussian model of Lellei-Kovács et al. 

(2011), and the proposed mechanistic model described in Section 2.4 (Eq. 5), fitted to the pooled dataset. AIC: Akaike Information 

Criterion. BIC: Bayesian Information Criterion. RMSE: root mean square error (µmol CO₂ m⁻² s⁻¹). LRT: likelihood-ratio test p-

value for the reduction in deviance achieved by the proposed model relative to each alternative. 350 

Model AIC BIC RMSE LRT vs. proposed model (p-value) 

Q₁₀ 4451.04 4465.18 3.602 < 2.2×10⁻¹⁶ 

Gaussian (Lellei-Kovács et al., 2011) 4365.95 4384.80 3.417 0.017 

Proposed mechanistic model 4362.26 4385.83 3.405 — (reference model) 

 

To further assess predictive performance, we conducted a leave-one-plot-out cross-validation of the proposed mechanistic 

model, comparing the cross-validated RMSE, MAE, bias and predictive R² against the original in-sample fit (Table 8). The 

cross-validated metrics were very close to the in-sample values, indicating that the model generalises well to plots not used in 

parameter estimation and is not overfitted 355 

Table 8. Leave-one-plot-out cross-validation of the proposed mechanistic model (Section 2.4), compared against the original in-

sample fit. RMSE and MAE in µmol CO₂ m⁻² s⁻¹. R² (prediction): coefficient of determination between observed and cross-validated 

predicted values. 

 RMSE MAE Bias R² (prediction) 

Original fit 3.217 2.359 0.007 0.224 

Leave-one-plot-out CV 3.287 2.417 0.011 0.189 

 

As a robustness check, we compared the original fit (Table 6, Fig. 12) against a nonlinear mixed-effects formulation of the 360 

same model incorporating alternative temporal correlation structures (Section 2.4). Models incorporating a first-order 

autoregressive structure (corAR1) converged and yielded parameter estimates broadly consistent with the original fit (Table 

S2, Fig. S1), with optimum temperatures (Tᴄₘₐₓ) shifting modestly (+0.5 to +1.5 °C) while preserving the same ranking 

between plant communities. More complex correlation structures (e.g., corARMA) also converged but were less stable, with 

parameter estimates more sensitive to model specification. Residual temporal autocorrelation could not be fully eliminated 365 

under any structure tested; we consider this likely to reflect shared seasonal environmental drivers acting on soil respiration 

across all plots simultaneously, rather than a violation of the independence assumption. Because the mixed-effects formulation 

introduces variance components that are not part of the theoretical relationship being tested, and given the sensitivity of these 
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components to model specification, we regard the mixed-effects results primarily as a sensitivity analysis (Supplementary 

Material, Table S2, Fig. S1) rather than as an alternative primary estimate; the original model is retained as our main result. 370 

4 Discussion 

The soil physicochemical characterization revealed a notable textural homogeneity across all study sites and plant 

communities, with all soils classified as Sandy Loam (sand content 71–77%). This uniformity supports the comparability of 

measurements across sites and suggests that differences in soil CO₂ efflux among plant communities are more likely 

attributable to vegetation cover and its influence on microclimate and organic matter inputs than to contrasting soil physical 375 

properties. Nevertheless, marked differences in WHC were observed between communities, with PG-D soils showing the 

highest values (53.25 ± 9.09%), which may partly reflect the greater root biomass and organic matter accumulation typically 

associated with perennial grasslands. Given that soil moisture emerged as the dominant driver of CO₂ efflux in this study, the 

higher water retention capacity of PG-D soils may contribute to explaining the respiration dynamics observed in this 

community. Additionally, the consistently lower pH recorded in PG-D soils (6.33 ± 0.11) compared to the remaining 380 

communities (7.32–8.22) may favour higher microbial activity, as near-neutral pH values are generally considered optimal for 

soil microbial communities (Rousk et al., 2010) 

The climatic variables (both atmospheric and soil-related) followed a typical Mediterranean pattern, characterized by cold - 

wet winters and warm - dry summers that generate highly transient soil moisture dynamics (Seager et al., 2019). The climatic 

evolution drove CO₂ emissions in a consistent, parallel pattern. In our study site, soil moisture was markedly higher in winter 385 

and sharply declined through spring and summer compared to atmospheric moisture, consistent with the strong seasonal 

decoupling between precipitation and temperature that controls soil water availability in Mediterranean ecosystems (Viola et 

al., 2008). No differences were found between plant communities with the exception of CO2 emissions, with PH-M producing 

higher soil CO2 emission rates, and showing higher variability, than the other communities.  

Soil respiration under Mediterranean climates clearly does not follow the general assumptions derived from other climatic 390 

regions (González‑Ubierna and Lai, 2019). SST is not the clear driver of SR, and at the global scale there is no simple positive 

correlation between them because their relationship often follows a Gaussian‑like response, with an optimum temperature 

beyond which SR declines (Lellei‑Kovács et al., 2011; Anjileli et al., 2019). This non‑linear behaviour has been reported in 

Mediterranean agricultural soils (González‑Ubierna and Lai, 2019), natural ecosystems (Anjileli et al., 2019) and is now also  

observed under urban conditions. The Q10 index is therefore not useful in highly variable climates, such as Mediterranean 395 

ones (Chang et al., 2014; Meyer et al., 2018), and is not at all recommended under urban conditions (Wu et al., 2021 highlighted 

the doubts about Q10 index in a changing climate). Consistent with this, our own model comparison confirmed that the Q₁₀ 

formulation performed markedly worse than both the Gaussian and the proposed mechanistic model. The urban heat island 

(UHI) effect does not seem to substantially modify the shape of the SR–SST relationship, whereas the influence of soil water 

availability and rewetting pulses, expressed as a RWi, appears to be largely suppressed under urban conditions even in the 400 
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absence of irrigation, likely due to reduced effective infiltration, soil sealing and altered rainfall partitioning (Scalenghe & 

Marsan, 2009; Gillefalk et al., 2021). Some authors have highlighted the impact of the UHI effect on drying intensity and the 

consequent reduction or elimination of rewetting pulses on CO₂ emissions (Tautenhahn et al., 2026). Soil moisture and RWi 

showed a strong positive influence on soil CO₂ emissions, without a clear maximum, which contradicts the patterns reported 

for Mediterranean soils under natural and semi‑natural conditions. In contrast to the typical Mediterranean pattern, where 405 

drying–rewetting events generate discrete CO₂ pulses superimposed on a temperature‑driven seasonal cycle (Talmon et al., 

2011; León et al., 2014; Bautista et al., 2021), SR in our urban sites increased monotonically with SSM and RWi within the 

observed range, without a marked optimum. In relation with RWi, the relation was consistent below 20, since with higher 

values, and due to poor water management in general (Tautenhahn et al., 2026), produced a weaker influence. 

The plant community showed a modest effect on SR, with a single significant difference between PH‑M and the other three 410 

communities (AH‑D, AG‑H, and PG‑D). Because soil and atmospheric temperature did not differ significantly among plant 

communities, and because the visiting order of parks and sampling points was systematically rotated and randomized across a 

wide daily window (08:00–19:00 h), the higher emissions observed in PH-M cannot be attributed to a systematic measurement-

time temperature bias, but rather point to an intrinsic community-level effect, likely related to soil disturbance and litter quality. 

PH‑M exhibited the highest interannual variability and the greatest net CO2 emission rates, whereas PG‑D showed the most 415 

stable temporal pattern over the year. No differences in climatic conditions were observed among communities, indicating that 

the effect is linked to plant community composition rather than to climate, or than the influence of plants on climate. Wang et 

al. (2014) highlighted the impact of plant communities on modifying SST sensitivity of SR. The effect of litter inputs is widely 

related to SR (Stanek and Stefanowicz, 2019; Wo´s et al., 2023, Zhang & Wang, 2015), due to their impact on microbial 

communities. In urban conditions, however, litter is not only coming from vegetation, and human wastes significantly alter 420 

soil carbon cycle and dynamics. PH-M is indicative of soil perturbation (Molina et al., 2023), which could explain the 

differences found. This was translated into a higher variability on the SR and RWi relationship in PH-M communities, due to 

the disruption of macronutrient cycles and its impact on microbial activities (Torija et al., 2026). In contrast, AH‑D displayed 

the most stable interannual SR–RWi relationship, which can be attributed to more balanced nutrient cycles and to lower 

enzymatic and microbial activities relative to the more disturbed PH‑M communities, in agreement with studies linking higher 425 

functional stability to less disturbed, structurally more complex ecosystems (Gough et al., 2021). 

The Gaussian model describing the relationship between SR and SST exhibited a maximum at 18.4 °C, slightly lower than the 

optimum temperature reported for peri‑urban agricultural soils in the same area (González‑Ubierna et al., 2014). In semi‑arid 

and Mediterranean climates, this Gaussian behaviour has been attributed to the combined effects of SST and SSM, which 

jointly constrain soil CO₂ efflux under warm and dry, or cold and wet conditions (Lellei‑Kovács et al., 2011; Chang et al., 430 

2014). These studies have also shown that the SR optimum shifts towards higher temperatures when SSM is higher, whereas 

low SSM can inhibit microbial activity and thus lower the temperature at which soil respiration peaks. In our case, compared 

with the 2014 study, the data indicated predominantly high‑moisture conditions (according to the original SSM classes), above 

0.20 m³ m⁻³, previously identified as a threshold that constrains soil respiration and masks its dependence on soil temperature 
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(Rey et al., 2002; Tedeschi et al., 2006). Thus, SR did not exhibit a moisture optimum but instead increased exponentially with 435 

SSM, which is consistent with the absence of very low SSM values and likely prevented moisture limitation. Under these 

conditions, the interaction between relatively warm SST and consistently high SSM may promote an exponential rather than 

a Gaussian SR–SSM relationship (Lellei Kovacs et al., 2016). In Mediterranean ecosystems, once soil water content exceeds 

the limiting threshold, the typical Arrhenius-type exponential increase of soil respiration with soil temperature re-emerges and 

respiration tends to increase monotonically with soil moisture, rather than showing bell-shaped moisture responses. Under 440 

these conditions, the interaction between relatively warm SST and consistently high SSM may therefore promote an 

exponential, rather than Gaussian, SR–SSM relationship. 

It should be noted that the 18.4 °C breakpoint was estimated from a pooled dataset spanning a full annual cycle, and therefore 

predominantly reflects seasonal rather than diurnal variation in SST, given the defined daily sampling window and rotated 

visiting order described in Section 2.2. The narrow 95% confidence interval of this estimate (17.17–19.79 °C) further supports 445 

its robustness as a meaningful threshold rather than a statistical artefact. 

In cold conditions (SST < 18.4 °C), SST positively and approximately linearly influenced soil CO₂ emissions and was the main 

driver of SR variability, as typically observed in temperate climates (Richardson et al., 2012; Zhou et al., 2014). The strong 

relationship between SST and SR meant that SSM and RWi showed no significant statistical relationship with SR, although 

SSM still tended to exhibit a positive association with soil CO₂ efflux. The relatively high SSM values (above 0.20 m³ m⁻³, 450 

previously identified as a threshold that constrains soil respiration and masks its dependence on soil temperature (Rey et al., 

2002; Tedeschi et al., 2006), and which are represented by the disconnect between SSM and SST, likely avoided limitations 

to microbial and root activities and may therefore explain the weak influence of water‑related variables on SR variation (Chang 

et al., 2014). This suggests that under urban Mediterranean conditions, there are no clear rewetting pulses at high SSM 

combined with low SST (Morillas et al., 2017). Within this part of the response surface, PH‑M produced higher CO₂ emissions 455 

than all other communities except AG‑H when controlling for soil water variables, and higher emissions than AGAH‑D when 

the effect of SST was removed. 

In warmer conditions (SST > 18.4 °C), soil water variables became the main drivers of SR, with both SSM and RWi exerting 

a positive influence on soil CO₂ emissions, whereas SST had no detectable effect or even a slight negative effect once 

water‑related variables were accounted for (Chang et al., 2014; Conant et al., 2004). This pattern is consistent with 460 

Mediterranean and semi‑arid studies showing that soil moisture can overrule the temperature dependence of soil respiration 

under warm and dry conditions (Rey et al., 2002; Chang et al., 2014). The constriction of SSM at high SST (values frequently 

falling below 0.20 m³ m⁻³ during part of the year within this temperature range, with a negative correlation between the two 

variables) likely limited microbial and root activities, reducing CO₂ emissions and driving their variability, in line with reported 

moisture thresholds that constrain soil respiration and mask its dependence on soil temperature (Rey et al., 2002; Tedeschi et 465 

al., 2006; Chang et al., 2014). Within this portion of the response surface, the PH‑M community exhibited higher SR than the 

other communities even after controlling for climatic variables (SST, SSM and RWi), which agrees with previous findings 
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that vegetation type and associated soil properties can generate consistent differences in soil CO₂ efflux under similar 

microclimatic conditions (Rey et al., 2011; Han et al., 2014). 

The development of a specific model allows us to analyze these relationships deeper. The biological rationale for the negative 470 

temperature effect is grounded in the interaction between soil temperature and soil moisture (Rey et al., 2022; Lellei-Kovacs 

et al., 2016; González-Ubierna and Lai, 2019). Consider a soil system in which microbial activity drives CO₂ emissions, in the 

absence of moisture, microbial communities would progressively decline, reducing respiration rates (Manzoni et al., 2012). 

Under these conditions, increasing temperature would accelerate desiccation and microbial mortality, further decreasing 

respiration. When moisture is reintroduced, however, temperature and moisture interact synergistically: higher moisture 475 

availability enables microbial activity, and the combination of warmth and moisture jointly stimulates CO₂ emissions (Moyano 

et al., 2013; Brangarí et al., 2020). The critical constraint is that, in Mediterranean environments, increasing temperature 

inevitably leads to decreasing soil moisture, the two variables are negatively correlated. This physical coupling means that 

temperature and moisture cannot increase simultaneously without bound, and it is precisely this constraint that generates the 

unimodal response of soil respiration to temperature: emissions rise as temperature increases while moisture remains sufficient, 480 

but decline once temperature-driven desiccation reduces moisture below the level needed to sustain microbial activity (Alster 

et al., 2023). In the same way, the proposed model first describes how CO₂ emissions would evolve with temperature alone, 

under the limiting assumption of zero moisture, and then introduces the moisture-temperature interaction to capture the full 

observed dynamics. The result is a biologically interpretable model that reproduces the unimodal structure of the data and is 

consistent with the known controls of microbial respiration in water-limited ecosystems (Peng et al., 2025). 485 

Our results reinforce the idea that SST and SSM interact to control soil CO₂ emissions under Mediterranean conditions 

(including now urban ones), with SR responding to whichever is the most limiting factor (Almagro et al., 2009; Chang et al., 

2014; Bautista et al., 2021). These findings point to a more complex and nuanced role of the UHI in regulating urban soil CO₂ 

fluxes than is commonly assumed. Rather than acting primarily as a thermal stimulator of microbial activity, as would be 

predicted by temperature-driven models such as Q₁₀, the UHI in Mediterranean urban settings appears to operate predominantly 490 

as a drying agent, particularly during the summer period when its thermal effect is most intense and soil moisture reaches its 

seasonal minimum. This interpretation is consistent with the emerging concept of the Urban Dry Island (UDI), whereby the 

replacement of vegetated surfaces with impervious materials reduces evapotranspiration and infiltration, thereby lowering soil 

moisture availability even in unsealed green spaces embedded within the urban matrix (Hao et al., 2023; Scalenghe & Marsan, 

2009). Under such conditions, the thermal energy that the UHI adds to the system is largely dissipated as sensible rather than 495 

latent heat, further accelerating soil desiccation and limiting the microbial and root activity that drives SR (Manoli et al., 2019). 

It should be noted, however, that the study period registered relatively high soil moisture conditions for much of the year, 

consistent with above-average precipitation during the monitoring period. Under these conditions, moisture limitation was 

only partially expressed, which may explain why SR responded exponentially to SSM rather than showing the bell-shaped 

optimum typical of more severely water-limited systems. This suggests that the drying effect of the UHI, while structurally 500 

present, was partially buffered by the interannual climatic variability of the monitoring period, and that its full suppressive 
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impact on SR may be more pronounced in drier years. Consequently, the net effect of the UHI on soil CO₂ emissions in 

Mediterranean cities is paradoxical: rather than enhancing SR as observed in temperate urban systems, it tends to suppress 

average emission rates while simultaneously increasing their temporal variability — driven by episodic rewetting pulses that 

briefly overcome moisture limitation (Tautenhahn et al., 2026; Gillefalk et al., 2021). This drying-dominated UHI effect also 505 

helps explain the suppression of rewetting pulses observed in our sites compared to non-urban Mediterranean ecosystems, 

likely attributable to reduced effective infiltration and altered rainfall partitioning in the urban environment (Scalenghe & 

Marsan, 2009; Gillefalk et al., 2021). 

Plant communities differed in their modelled respiration parameters, revealing ecologically interpretable patterns. The inverse 

relationship between basal respiration and maximum respiration capacity, with communities with lower basal rates tending to 510 

reach higher maxima, suggests a functional trade-off between constitutive microbial activity and the capacity to respond to 

optimal temperature and moisture conditions. PH-M consistently showed the highest SR both annually and at the temperature 

optimum, reflecting the greater soil perturbation and labile carbon availability associated with this community (Molina et al., 

2023; Torija et al., 2026). In contrast, PG-D exhibited the highest basal SR and the lowest temperature optimum, consistent 

with the more stable and recalcitrant carbon inputs characteristic of perennial grassland communities (Stanek & Stefanowicz, 515 

2019). AH-D displayed intermediate behaviour across all parameters. 

The most ecologically informative pattern was the positive correlation between the sensitivity of SR to soil moisture and the 

temperature optimum for SR: AG-H and PH-M, the communities with the strongest moisture influence on respiration, also 

showed the highest temperature optima (Schipper et al., 2019; Zhou et al., 2014). For AG-H, dominated by the annual grass 

Hordeum leporinum, this pattern is consistent with its phenological strategy. In Mediterranean urban environments, AG-H 520 

develops during autumn–winter and reaches peak biomass and root activity in spring, precisely when urban soils in Madrid 

retain moisture while soil temperatures rise rapidly (Molina et al., 2023; Xu & Baldocchi, 2004). This creates a narrow but 

intense seasonal window during which labile rhizospheric carbon inputs are highest and microbial activity is tightly coupled 

to both temperature and moisture simultaneously (Placella et al., 2012; Bahn et al., 2008), conditions that are expected to 

enhance the apparent sensitivity of soil respiration to these two drivers. As the growing season ends and soils dry, control shifts 525 

almost entirely to moisture availability (Chang et al., 2014; Almagro et al., 2009), explaining why AG-H shows the lowest 

basal respiration values despite its high maximum capacity. 

These findings have direct implications for the management of urban green spaces in Mediterranean cities. Since soil moisture, 

and not temperature, is the dominant driver of CO₂ efflux, management strategies that preserve or enhance soil water 

availability are likely to have a greater influence on the urban soil carbon balance than those focused on thermal regulation 530 

alone. Practical measures include reducing impervious surface cover adjacent to green spaces to improve lateral water inputs, 

enhancing soil infiltration capacity through reduced compaction and the incorporation of organic amendments, and 

implementing moisture-sensitive irrigation regimes adapted to the pronounced seasonal drought characteristic of 

Mediterranean cities. The Gaussian temperature response identified here further suggests that conventional temperature-based 

models used in urban carbon accounting tools will systematically overestimate soil CO₂ emissions during summer months in 535 
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water-limited Mediterranean cities, as they do not account for the simultaneous decline in soil moisture. Incorporating 

moisture-temperature coupling into urban green space management planning and carbon monitoring protocols would improve 

the accuracy of urban carbon budgets and support more effective climate adaptation strategies 

5 Limitations 

Some limitations of this study should be acknowledged. First, the monitoring period (April 2023–April 2024) was characterised 540 

by above-average precipitation for the Madrid region, which may have partially buffered the moisture limitation typically 

observed in Mediterranean urban soils during dry years. The dominance of soil moisture as a driver of SR and the absence of 

a clear moisture optimum may therefore reflect the specific hydroclimatic conditions of the monitoring period, and the 

relationships identified here should be validated across contrasting hydrological years. Second, total soil CO₂ efflux was 

measured without partitioning autotrophic and heterotrophic components, as vegetation was removed prior to each 545 

measurement to avoid above-ground interference. While this approach is standard in field-based SR studies and minimises 

confounding effects of above-ground plant respiration, it precludes direct attribution of CO₂ fluxes to microbial versus root-

derived sources. Finally, the study was conducted across three urban green spaces in Madrid, and the generalisability of the 

findings to other Mediterranean cities or urban contexts with different soil management histories, vegetation structures, or 

degrees of imperviousness should be tested in future research 550 

6 Conclusions 

Soil respiration in the studied Mediterranean urban green spaces does not follow the conventional Q₁₀ exponential model. 

Instead, a Gaussian (unimodal) relationship between SR and soil temperature was identified, with a positive correlation below 

a breakpoint of 18.4°C and a negative effect above this threshold, consistent across all plant communities studied. This finding 

challenges the universal applicability of temperature-based respiration models in water-limited urban environments and 555 

suggests that Q₁₀-based approaches may systematically misrepresent soil CO₂ dynamics in Mediterranean cities. 

Soil moisture emerged as the dominant driver of SR in the studied urban green spaces, exhibiting a positive exponential 

relationship with CO₂ efflux across all plant communities. The rewetting index showed an additional positive logarithmic 

effect on SR for values below 20, reflecting the importance of episodic precipitation pulses in triggering CO₂ emissions in 

these water-limited systems. Above this threshold, the relationship weakened, likely due to reduced effective infiltration under 560 

urban conditions. 

The apparent negative effect of temperature on SR above 18.4°C is not a direct thermal suppression of microbial activity, but 

rather an indirect consequence of the strong negative coupling between soil temperature and soil moisture in the Mediterranean 

climate, and should be considered when developing models of urban soil carbon fluxes in comparable Mediterranean urban 
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settings This physical coupling between temperature and moisture generates the observed unimodal pattern and must be 565 

explicitly incorporated into models of urban soil carbon fluxes. 

A mechanistic model was developed describing SR as the joint outcome of temperature-driven moisture loss and moisture-

stimulated CO₂ emissions. The model successfully reproduced the unimodal structure of the observed data and provided 

biologically interpretable parameters for each plant community, offering a more ecologically realistic alternative to monotonic 

temperature-based formulations for water-limited urban ecosystems. 570 

The urban heat island effect did not act primarily as a thermal stimulator of SR, as is commonly assumed for temperate urban 

systems. Instead, it appears to operate predominantly as a drying agent, suppressing average SR rates while increasing their 

temporal variability through episodic rewetting pulses. This drying-dominated role of the UHI, while consistent with the 

observed data, was partially buffered by above-average precipitation during the monitoring period, and its full suppressive 

impact on SR may be more pronounced in drier years. 575 

Plant community identity had a limited overall effect on SR dynamics. The only significant exception was the perennial herb 

community dominated by Malva spp., which consistently produced higher CO₂ emission rates and greater temporal variability 

than the other communities, likely reflecting greater soil perturbation and labile carbon availability associated with this ruderal 

community. Among the remaining communities, the annual grassland dominated by Hordeum leporinum showed the strongest 

sensitivity of SR to soil moisture and the highest temperature optimum, consistent with its phenological strategy of 580 

concentrating root activity and labile carbon inputs during the moist and warming spring period. 

These findings collectively highlight the need for moisture-integrated approaches to accurately model soil CO₂ fluxes in 

Mediterranean urban green spaces such as those studied here, and underscore the importance of accounting for the drying role 

of the urban heat island when projecting urban carbon budgets, pending validation across a broader range of cities and 

hydrological yearsThese findings collectively highlight the need for moisture-integrated approaches to accurately model soil 585 

CO₂ fluxes in Mediterranean urban ecosystems, and underscore the importance of accounting for the drying role of the urban 

heat island when projecting urban carbon budgets under climate change scenarios. 
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