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Abstract
Soil organisms’ response to climate change largely depends on soil management practices and resulting soil organic carbon levels. Conservation
agriculture practices (e.g., no-tillage and crop diversification) have been shown to protect soil organisms, improve micro-food webs, maintain soil
structure and enhance carbon sequestration compared to conventional practices, potentially improving soil resistance and resilience to climate change.
In a greenhouse experiment, we assessed the legacy effects of contrasting long-term soil management practices (conventional tillage/no-tillage in
monoculture/rotation systems) on resilience and resistance to warming and drought of soil microbial functions, microfaunal food webs, and crop
performance in dryland soils. Our results demonstrate that under extreme weather conditions, no-till legacy and crop rotation enhances soil biota
resistance and resilience to drought and warming by enhancing soil organic carbon and water-holding capacity. There is a trade-off between resistance
and resilience, and while microbial functions, generalist bacterivores, and fungivores show resistance (and no resilience) to climatic stress, opportunistic
bacterivores and upper soil micro-food web levels show resilience (but no resistance) instead. Increased soil organic carbon levels derived from no-tillage
practices were only partially responsible for the observed soil responses, suggesting that other soil properties derived from management history
determine soil organisms’ resistance and resilience to climate change.

1. Introduction
The stability of ecosystems under stress is determined by their resistance and resilience to perturbation (Pimm 1984; Ingrisch and Bahn 2018). While
resistance refers to the ability of a system to persist and maintain functioning during a disturbance, reflecting ecosystem capacity to withstand
environmental changes, resilience describes ecosystem capacity to recover after a perturbance, reflecting the ability of ecosystems to return to
equilibrium after perturbation (Bengtsson 2002). In soil systems subjected to climate change, emerging evidence suggests that agroecosystems with
higher soil organic carbon (SOC) and subjected to sustainable management exhibit greater resistance to climate stressors than low SOC, conventional
systems (Zhang et al., 2019). Indeed, management legacies appear to play a pivotal role in determining agroecosystem resilience (Brussaard et al. 2007;
Teng et al. 2024). Soil organisms are keystone to ecosystem stability (Yang et al., 2018), but studies on the legacy effects of soil management in soils
have primarily focused on the response of soil microbiota (Lavallee et al. 2024), while research on soil fauna has been limited to single climatic stressors
(e.g., drought or heat) (de Vries et al., 2012a; de Vries et al., 2012b). Moreover, the enduring legacy effects of different agricultural practices on soil
organisms and agroecosystem capacity to both withstand and recover from climatic disturbances remain insufficiently understood.

The inherent limitations of dryland agricultural soils—particularly their sandy textures, low soil organic matter (SOM) content, and limited water availability
—create unique challenges for agricultural sustainability under climate change. Ploughing perturbs soil food webs by affecting higher trophic levels
(Puissant et al. 2021), degrades soil structure—especially via macroaggregate breakdown— which accelerates SOM decomposition and ultimately
reduces SOC stocks (Six et al., 2000; Six et al., 2002; Ye et al., 2020). Conversely, reducing tillage intensity enhances SOM accumulation (Martin-Rueda et
al. 2007; López-Bellido et al. 2010; Sombrero and de Benito 2010; Fiorentini et al. 2024; Colunga et al. 2025)—particularly in low-SOC soils (Tadiello et al.
2023)—while promoting biological activity (Madejón et al. 2009; Farina et al. 2024), increasing soil diversity and food web stability (Bongiorno et al. 2019)
and supporting soil fauna (Henneron et al. 2015; Betancur-Corredor et al. 2023). Additionally, reduced tillage boosts water retention in drylands
(Lampurlanés et al. 2016; Castellini et al. 2019) and enhances soil aggregate stability (Hernanz et al. 2002; Pareja-Sánchez et al. 2017; Álvaro-Fuentes et
al. 2025). The reduction of soil perturbation in no-till systems exacerbates such benefits (Six et al. 2000; Kan et al. 2022), and maintains crop yields under
rain-fed conditions or water scarcity (Pittelkow et al. 2015), particularly in drylands (Adil et al. 2025; Álvaro-Fuentes et al. 2025).

Globally, crop rotation and cover crops promote basal soil food web levels and reduce soil pests (Puissant et al. 2021), and, under Mediterranean rainfed
conditions, legume-cereal rotations enhance soil nutrient availability, promote microbial enzymatic activities (Holatko et al., 2024; Li et al., 2024a; Pareja-
Sánchez et al., 2017), increase microbial diversity (Tiemann et al. 2015; Venter et al. 2016; Papp et al. 2018), and disrupt build-up of specialist pathogens,
reducing pest pressure (Dias et al. 2014; Isbell et al. 2017; Peralta et al. 2018). For instance, cereals in rotation outperform continuous monocropping
(Bonciarelli et al., 2016; Liu et al., 2023; Liu et al., 2022; McDaniel et al., 2014). In contrast, monocropping acts as a press perturbation, reducing
ecosystem resilience and long-term productivity (de Oliveira et al. 2020; Gandía et al. 2021). Diversified rotations under no-tillage (NT) support soil food
webs, increasing the resilience of soil faunal communities (Sánchez-Moreno et al. 2006; Zhong et al. 2016; Treonis et al. 2018).

Climate change intensifies extreme weather events (heatwaves, drought episodes), which alter microbial community composition (Kaisermann et al.
2013) and disrupt SOM decomposition and nutrient cycling (Sae-Tun et al., 2022; Zhou et al., 2023), posing a threat to wheat productivity (Asseng et al.
2014). These impacts are exacerbated by conventional tillage, which destabilizes C-N dynamics and reduces soil moisture retention (Santín-Montanyá et
al., 2020; Six et al., 2000). In contrast, NT shifts microbial response to drought towards greater resistance (Kaisermann et al. 2013) and enhances
resilience through improved soil health and structure (Blanco-Canqui and Ruis 2018; Teng et al. 2024), buffering against drought and extreme
temperatures. Crop rotations, on the other hand, mitigate climate-driven yield losses (Costa et al. 2024; Kim et al. 2025) and increase resilience to heat
stress (de Oliveira et al. 2020).

To experimentally assess soil biota and agroecosystem resilience and resistance against experimental climate change factors, we collected soils from a
28-year-old field experiment comparing CT and NT under both monoculture and a 4-year crop rotation management. In greenhouse microcosms, we
examined the legacy effects of long-term tillage (CT vs NT) and cropping system (monoculture vs rotation) on soil properties, microfaunal food webs,
microbial functions, and plant responses to climatic stress (i.e., warming and drought). We hypothesize that 1) legacy effects of no-till rotation mitigate
the negative effects of climate change on microfaunal communities and soil functions and by enhancing SOC, 2) resistance and resilience of microfaunal
food webs, enzymatic activities, soil respiration, and plants increase with decreasing soil perturbation, and 3) SOC contents resulting from long-term soil
management drive soil resilience and resistance against climatic stress.
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2. Material and methods

2.1 Study site and soil management
The soil used in this study was collected in a long-term field experiment established in 1994 at La Canaleja experimental farm (Alcalá de Henares, Madrid,
central Spain, 40°30’57.0’’N, 3°18’36.2’W’). This site is characterized by a Mediterranean semi-arid climate, with a historical mean annual precipitation of
366.9 mm (1994–2022) and soil classified as sandy loam Calcic Haploxeralf. The long-term field trial comprises 2 tillage treatments and 2 cropping
systems with a split-plot design. Tillage systems included: (1) conventional tillage (standard moldboard ploughing to a depth of 30 cm, CT) and (2) no-
tillage, with herbicide applications as needed for weed control (NT). Cropping systems included (1) wheat monoculture (mon), and (2) a four-year rotation
(rot) of winter wheat (Triticum aestivum L. 'Marius'), vetch (Vicia sativa L. 'Senda'), barley (Hordeum vulgare L. 'Vinagrosa'), and bare fallow. At the time of
sampling, soil management practices had been applied in the experimental field for 28 years.

2.2 Experimental setup – warming and drought simulation
For the purpose of this study, four management legacy treatments were selected to represent a gradient of management intensification: CT-mon (winter
wheat monoculture under conventional tillage), CT-rot (winter wheat in rotation under conventional tillage), NT-mon (winter wheat monoculture under no-
tillage), and NT-rot (winter wheat under no-tillage). Initial soil properties are shown in supplementary material (Table S1). In the winter of 2022, soils were
collected from the field site (CT-mon, CT-rot, NT-mon, and NT-rot) before sowing and after tillage operations, homogenized, and used to fill a total of 128
pots (1.5L volume, 32 pots with each soil type), and a microcosm experiment was established in a greenhouse to simulate warming and drought
conditions.

Ten wheat (Triticum aestivum L. 'Marius') seeds were sown in each pot in December 2022. No further management practices were simulated and pots
were left undisturbed along the experiment duration. Germination was assessed daily for the first 2 weeks, and pots were cleared to get a final density of
8 seedlings per pot. By mid-March, when seedlings were 40-day old, the climatic treatments (warming and drought periods) started. Heat waves were
simulated by moving pots to a greenhouse section with an increased ambient temperature of 4.06 ± 0.05°C above ambient levels (Fig S1-S2; Table S2).
Simulated drought was imposed by reducing watering to 20% water holding capacity (WHC), while control pots were maintained at 60% WHC. Climatic
stress was imposed in 10-day periods, followed by another 10-day period of no stress (rewetting phase under ambient temperature conditions), and each
cycle was repeated three times (Table S2). Four climatic treatments were established: 1) Control: ambient temperature + regular watering, 2) Warming:
increased temperature + normal watering, 3) Drought: ambient temperature + reduced watering, and 4) Warming + drought, DxW (increased temperature + 
reduced watering). A total of 128 microcosms were established, following a full factorial design comprising 4 soil legacy treatments (CT-mon, CT-rot, NT-
mon, NT-rot) x 4 climate treatments x 4 replications x 2 destructive samplings.

The first destructive sampling was performed at the end of the third climatic stress cycle to assess the acute impact (peak) of experimental drought and
warming on microbial functions (enzymatic activities, microbial biomass carbon, and soil respiration), microfaunal food web structure (nematode trophic
groups), and crop performance (root and shoot biomass). Following the final stress period, all microcosms were maintained at 60% of WHC and ambient
temperature for a 4-week recovery period, after which a second destructive sampling was conducted to evaluate resilience of the same biological
parameters. In such last sampling, soil properties were also analyzed (see section 3.1).

2.3 Soil properties and agroecosystem functions
Soil gravimetric content was determined by oven-drying samples at 105°C to constant weight. Soil pH and electrical conductivity were determined in an
aqueous extract (1:2.5 and 1:5 w/v, respectively) using a pH meter and conductance meter (BASIC20, Crison, Barcelona, Spain). Soil organic carbon and
available phosphorus were measured following Walkley (1935) and Olsen and Watanabe (1957), respectively. Soil mineral N (NH4-N and NO3-N) was
determined by extraction with 2.0 mol/L KCl, followed by analysis in a flow injection autoanalyzer (SEAL-AA100, Seal Analytical, WI, USA). Microbial
biomass carbon (MBC) was assessed using the chloroform fumigation method (Vance et al. 1987) and was calculated as the difference in dissolved
organic carbon (DOC) between fumigated and non-fumigated samples and converted using kEC correction factor of 0.45 (Joergensen 1996). Analyses

were conducted at the Biogeochemical Instrumental Techniques Lab, MNCN-CSIC (Madrid, Spain). Extracellular enzyme activities and basal respiration
were measured as indicators of soil biological activity: alkaline phosphatase (P mineralization; Tabatabai and Bremner, 1969), β-glucosidase (C cycling via
cellulose degradation; Tabatabai, 1982), and urease (N mineralization; Nannipieri et al., 1980) and were determined using UV-VIS spectrophotometry.
Extracellular enzyme activity analyses were performed at Nutrilab-URJC (Madrid, Spain). Soil basal respiration was measured by weighing 70 g of fresh
soil into 125 cm3 airtight containers with silicone caps, adjusted to 60% water holding capacity, and incubated in the dark at 28°C for 21 days. After each
3-day incubation period, CO2 accumulation in headspace was measured by gas infrared analyzer (Dansensor® CheckMate3, Ametek Mocon, MN, USA).

Final basal respiration was expressed as the amount of carbon mineralized daily per unit mass of dry weight soil (mg C−CO2 kg−1d− 1). Dry shoot and root

biomass were determined after each sampling. Plant height was recorded 4 times during the cropping cycle.

2.4 Microfaunal soil food webs
Nematodes were extracted from the soil following the modified Baermann funnel method (Barker et al. 1985). All nematodes in each sample were
counted under a dissecting microscope, and approximately 100 nematodes were identified to trophic group level (bacterivores, fungivores, herbivores,
omnivores, and predators) following Yeates et al. (1993) under a compound microscope at 400× magnification. Bacterial feeders were further divided into
opportunistic bacterivores, which rapidly respond to increases in bacterial biomass from organic enrichment belonging to the colonizer-persister group c-
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p1, and generalist bacterivores, which are ubiquitous nematodes generally resistant to soil disturbance and are classified into c-p groups 2–5 (Bongers
1990; Ferris et al. 2001).

2.5 Resistance and resilience indices
To evaluate how soil management legacies drive soil microbial and nematode responses to drought and warming, we used the Orwin and Wardle (2004)
resistance (RS) and resilience (RL) indices. The RS index was calculated as RS(t0) = 1−(2|D0|)/(C0 +|D0|), in which D₀ represents the difference between the

control (C₀, i.e., the value of each functional variable under ambient climatic conditions) and the stress climatic condition (P₀) at the end of the
disturbance (t0). Positive RS values indicate minimal or no disturbance effect; negative values reflect stronger impacts. An index of + 1 signifies full
resistance (no change relative to control), 0 indicates a 100% change, and negative values represent changes exceeding 100%.

The RL index was calculated as RL(t40) = (2|D0|)/(|D0|+|D₂|) − 1, in which D2 represents the absolute difference between the control and the climate
treatment at t40 (after the 40-day recovery period). Similarly to RS, positive RL values indicate partial or full recovery. Complete resilience occurs when the
response returns to control levels under stress (RL = + 1), while an RL index between 0 and − 1 denotes the occurrence of a pulse in which post-
disturbance deviation (D₂) exceeds the initial impact (D₀), reaching higher values relative to control than those at the initial state. Resilience and
resistance indices were applied to indicators of soil functioning (DOC, MBC, basal respirations, and enzymatic activities) and nematode functional groups.

2.6 Statistical analysis
All statistics and indices calculation were performed in R version 4.4.0 (R Core Team 2024). To test the impacts of legacy and climate effects on soil
properties, microbial functions, soil nematodes and crop performance, we ran a ‘glmmTMB’ model in the glmmTMB package (generalised linear mixed
models using Template Model Builder) (v1.1.9, Brooks et al., 2017), including an extension for zero-inflation and a negative binomial distribution for
nematode abundance. The interactions of tillage legacy (conventional vs. no-till), rotation legacy (rotation vs. monoculture), drought treatment, and
warming treatment were used as fixed effects in the models. For crop performance, we include Sampling as random effect. Analysis of variance were
determined using the Anova() function in the car package (v3.1.2, Fox and Weisberg, 2018). We checked models’ residuals for normality and variance
homogeneity using DHARMa package (v0.4.6, Hartig, 2021) and pairwise contrasts were calculated using emmeans() in the emeans package (v1.10.1,
Lenth, 2024). To assess model fit, we calculated the coefficients of determination (R²) for each model using r.squaredGLMM() function from MuMIn
package (v1.47.5, Bartoń, 2023). Principal component analyses (PCA) were performed with all soil parameters, nematode trophic group abundances, and
crop variables for each sampling time by standardizing variables with z-score transformation and running the prcomp() function in the R core package.
Permutational multivariate analysis of variance (PERMANOVA) was used to test the effects of soil legacy and climate treatments, as well as their
interaction, on the combined dataset using adonis2() in vegan package (v2.6.4, Oksanen et al., 2022) based on Euclidean distances and using 999
permutations. In a second step, we tested whether agricultural management legacy (i.e., tillage and crop rotation) modulated the resistance and resilience
of microbial activity and soil nematodes to climate stress (Warming, Drought, and their combined effect, D×W). Correlation and linear regression analyses
were performed using soil parameters and climate legacy treatment to explore the relationships between soil organic carbon and indicators of soil
biological resistance and resilience. Regression models were calculated using lmer() function of lme4 package (v1.1.35.3, Bates et al., 2015) and
correlation analysis were conducted using cor() function. All figures and ordination results were visualized using the ggplot2 package (Wickham 2016).

3. Results

3.1 Soil management and climatic effects on soil properties
Drought and the combination of drought and warming significantly reduced gravimetric soil moisture at the first sampling (-73.0% on average; Pdrought

<.0001), and NT-rot buffered the impact of climate stress by retaining more soil water than conventional tillage under single-factor climatic treatments
(Ptill × drought × warming <.01) (Fig. 1A). After the second sampling, no differences in soil moisture were observed among treatments (Fig. 1A).

At the second sampling, the effects of climate and management legacies on soil properties were evaluated (Fig. 1; Table S3). NT increased electrical
conductivity (+ 14.29%; Ptill = .0223; Fig. 1-B), nitrate (+ 64.93%; Ptill =.007; Fig. 1-C), SOC (+ 54.41%; Ptill x rotation <.0001; Fig. 1-E) and available phosphorus
(+ 78.72% Ptill < .0001; Fig. 1-F). In contrast, soil pH decreased under no-till Ptill <.05; Fig. 1-G).

The analysis of the effects of climatic stress on soil properties showed that DxW generally raised nitrate concentrations across all management practices
(Pdrought <.001; Fig. 1C; Table S3) and electrical conductivity under NT-mon (Ptill x rotation x drought <.1, Fig. 1B; Table S3). Warming had a detrimental effect on
ammonium levels (Ptill x rotation x drought x warming<.05, Fig. 1E; Table S3), and drought increased soil pH under CT-rot (Ptill × drought<.001; Fig. 1G; Table S3). SOC
was reduced by drought under CT-rot (Ptill × drought <.0013; Fig. 1G; Table S3), while available phosphorus was sensitive to drought under rot and increased
under NT-mon (Protation x drought <.001, Fig. 1F; Table S3).

3.2 Soil management and climatic effects on soil functioning and soil food webs
No-tillage significantly enhanced all parameters measured: microbial biomass carbon, dissolved organic carbon, β-glucosidase, phosphatase, and urease
enzymatic activities, and soil basal respiration (Ptill <.05, Table S4; Fig S3). In contrast, drought had a detrimental effect on MBC, β-glucosidase and
phosphatase (Pdrough t<.0001, Table S4; Fig S3B-D).
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Nematode communities responded variably to management legacies. Conventional tillage favored fungal-feeding nematodes, especially under CT-rot (+ 
50.5%; Ptill =.018, Fig. S4C; Table S6), whereas root-associated nematodes (i.e., Tylenchidae) were more abundant under no-till (+ 33.6%; Ptill =.035, Fig.
S4D; Table S5) and monoculture systems (+ 34.9%; Protation =.008). Omnivores and predators were also more prevalent under no-till conditions (+ 31.2%;
Ptill =.035, Fig. S4F; Table S5).

A principal component analysis (PCA) of soil biological functions, nematode community structure, and crop performance at the first sampling, revealed a
clear separation of samples with different tillage practices (Fig. 2A). In addition, soils subjected to double stress (DxW) clustered separately from control
conditions (Fig. 2A, PERMANOVA: Ptill <.001; Pdrought <.001). While fungal-feeding nematodes were predominantly associated with conventionally tilled
soils, omnivores–predators and most indicators of biological activity (e.g., enzymatic activity, microbial biomass) were associated with no-tillage
systems. Plant variables, including aboveground biomass and height, were more closely aligned with control conditions under no-tilled soils. The second
sampling PCA (recovery; Fig. 2B) also revealed a distinction between tillage management, with no-till soils again associated with higher biological activity.
However, the effects of the climate treatments were less pronounced.

3.3 Soil functional responses: resistance, resilience, and legacy effects under climate
stress
In general, MBC (Pclimate <.05), soil respiration (Pclimate <.01), B-glucosidase (Pclimate<.001), and phosphatase (Ptill x climate<.05) activities, were more
resistant to warming than to drought or the combination drought x warming (Fig. 3A-E; Table S6). Significant pulses of phosphatase and urease activities
occurred under warming (Fig. 3E-F). Legacy effects on soil resistance and resilience to climate stress were evident across multiple biological parameters.
DOC revealed legacy effects on resistance (Ptill × climate =.029; Fig. 3A), with ST-rot performing better under Warming, and NT-mon under Drought (Ptill ×

climate =.029; Fig. 3A). Under such legacies, negative resilience index values indicate significant pulses of DOC concentrations at the second sampling that
surpass the levels detected immediately after stress (Ptill × climate =.01). Respiration resistance was generally stronger under monoculture systems
(Protation <.0001), while NT-rot showed higher resilience (Ptill x rotation <.05; Fig. 3C). MBC showed the lowest resistance under NT-mon in the double stress

treatment (Ptill × rotation × climate <.05; Fig. 3B).

Extracellular enzyme activities, including β-glucosidase and phosphatase presented lowest resistance to DxW under CT-rot (Ptill × climate <.05, Ptill × climate

<.05, respectively; Fig. 3D-E) and urease under NT-rot (Protation × climate <.05). β-glucosidase showed greater resilience under NT-mon and double stress
while suffered a significant pulse under NT-rot (Ptill x rotation <.05; Fig. 3D). Urease exhibited pulses with warming and drought under all legacies except for
NT-rot (Ptill <.01; Fig. 3F).

3.4 Soil nematode responses: resistance, resilience, and legacy effects under climate
stress
Opportunistic bacterial feeders were, overall, sensitive to climate stress (RS < 0.5) but resilient to warming and DxW (RL > 0; Fig. 4A). In contrast,
generalist bacterial feeders and fungal feeders displayed the opposite trend, with higher resistance (< 0.5) than resilience (Fig. 4B-C). Plant-parasites were
more resistant to warming conditions (Pclimate = .034; Fig. 4E).

Opportunistic bacterial feeders presented low resistance to drought under CT (Pclimate =.031, Fig. 4A; Table S7), while generalist bacterivores showed
higher resilience to drought under NT-rot and a pulse under CT-mon (Pclimate =.077; Fig. 4B). Fungal feeders showed low resistance to drought and DxW
under CT-mon (Pclimate =.07; Fig. 4C). Root-associated nematodes demonstrated higher resilience in NT-mon (Ptill x rotation = .002; Fig. 4D) under drought
and drought x warming, while omnivores and predators also exhibited also highest resilience to such legacy (Ptill x rotation = .002; Fig. 4F).

3.5 Wheat performance responses: resistance, resilience, and legacy effects under
climate stress
Aboveground biomass did not differ between the first and second samplings (Psampling =0.4), indicating that crop aboveground biomass had reached its
maximum growth already in the first sampling, but belowground biomass decreased in June compared to May (Psampling <.0001), resulting in lowest
values under CT-mon (Ptill × rotation< .0001; Fig. 5A). Below and above-ground plant biomass progressively decreased from warming to drought x warming
(Fig. 5A and 5C).

Aboveground biomass exhibited higher resistance to drought and DxW in NT-rot and lowest in CT-mon (Ptill < .001; Fig. 5B), the latter showing lowest
resilience to warming (Ptill x climate <.0001; Fig. 5B). Root biomass showed lower resistance and highest resilience in NT-rot (Ptill x climate <.0001; Fig. 5D).
Overall, plant height was clearly influenced by both tillage and rotation, being consistently greater under no-till and rotation system (Protation < .0001). In

contrast, CT systems exhibited a negative response to climate stress (Ptill x drought = .02; Ptill x warming < .001; Fig. 5E), with reductions observed under both
warming and drought treatments.

3.6. Relationship between resistance and resilience and SOC as influenced by tillage
legacy
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Since tillage legacy exerted a significant effect on SOC levels (section 3.1), we assessed the relationships between resistance, resilience, and SOC across
tillage legacies. Our results show that SOC was in general poorly associated to resistance and resilience (Fig. 6D), and only a few RS and RL indices
significantly correlated to carbon levels (Fig. 6). Plant-parasite nematode resilience increased significantly with SOC under no-till (R² = 0.10, p = .0206;
Fig. 6A), but not under conventional tillage. Fungal-feeder resilience showed a marginally positive association with SOC under conventional tillage (p =
.093; Fig. 6B), while β-glucosidase resistance was significantly correlated with SOC in conventionally tilled soils (R² = 0.261, p = .0036; Fig. 6C), but not
under no-till.

4. Discussion
We found that historical soil management legacies, particularly tillage practices, significantly modulate agroecosystem responses to climate change—
with cascading effects on soil communities and properties, and plant performance.

4.1 Management legacy drives microbial resistance and resilience
Our results confirm that no-till legacy promotes soil resistance to drought and warming in terms of moisture retention (Lampurlanés et al. 2016; Eeswaran
et al. 2021; Madejón et al. 2023), enhancing SOC levels that increase water-holding capacity (Hudson 1994). In our experiment, soils under no-tillage also
exhibited higher resource availability, such as mineral nitrogen and available phosphorus, which may enable microbial communities to better resist
physiological stress (Malik and Bouskill, 2022; Schimel et al., 2007). Our results also show nitrate and dissolved organic carbon pulses after recovery from
drought conditions. It’s been previously demonstrated that nitrogen cycling processes and available carbon increase when the soil is rewetted after
drought (Maxwell et al. 2022), surpassing initial values. During soil recovery after drought events, microbes recover from stress and resources bloom,
which stimulates microbial activity (Schimel, 2018). Other changes, such as decreased pH values under no-till management (Chen et al., 2020; Zhu et al.,
2024), may further influence microbial community dynamics and soil biochemical processes.

Our findings showed that legacy effects of long-term reduced tillage significantly enhance soil functioning, corroborating previous reports (Chen et al.,
2020; Nunes et al., 2020). Specifically, we observed enhanced MBC and soil enzymatic activities, mirroring previous patterns reported in the same long-
term trial (Martín-Lammerding et al. 2015; Waibel et al. 2024). This confirms that conservation agriculture (i.e., zero tillage with crop rotation) maintain
particularly high biological activity, in agreement with previous findings (Wang et al., 2017, 2023; Zhang et al., 2021; Zhu et al., 2024; Zuber and Villamil,
2016). Indeed, microbial functioning was particularly reduced during peak drought conditions and seemed to be more adapted to warming than to
drought. Soil microbial communities in arid soils might be adapted to severe drought periods (Hueso et al. 2011), but our observations support multiple
studies reporting reduced microbial activity under water limitation (Amarasinghe et al., 2024; Asensio et al., 2024; Lazicki et al., 2023; Oram et al., 2025;
Ren et al., 2018; Szejgis et al., 2024; Wang et al., 2021; Xu et al., 2020), which caused a decline in soil resistance and resilience to episodes of climatic
stress. As shown in forest and arable sites (Guillot et al. 2019; Lazicki et al. 2025), the combination of drought and heat stress exacerbated these effects,
likely through drought-induced shifts in microbial community composition (Kost et al., 2024; Ochoa-Hueso et al., 2018; Petermann et al., 2024; Wittwer et
al., 2023; Zhou et al., 2020). Also as previously reported (Megan-Steinweg et al. 2013; Guillot et al. 2019), DOC was promoted under no-tillage and
concomitant drought and warming, possibly due to enhanced SOM decomposition (Canarini et al. 2017).

In response to drying-rewetting cycles, Zhang et al. (2019) reported high resistance but low resilience of soil multifunctionality under no-till. A similar
trade-off between resistance and resilience was evident in our findings: while microbial activity was often maintained under stress, showing high
resistance, recovery capacity post-disturbance (resilience) remained limited, and transient activity pulses (e.g., of urease activity) were detected. Soil
basal respiration reflected the Birch effect (Birch 1958), i.e., the pulse of CO₂ released upon rewetting dry soil, which initially exceeds basal respiration
rates (Liang et al. 2014; Du et al. 2021), which was also evident in DOC levels in our experiment. However, under warm conditions, soil microbial activity
was generally resistant–possibly due to high microbial turnover (Tian et al. 2023)–, while resilience remained low. Specific microbial functions (i.e., β-
glucosidase activity) showed high resilience in NT-mon, which might be due to microbial selection towards resilient communities when subjected to
chronic perturbations (Philippot et al. 2021). Nevertheless, it is important to note that heat stress was applied at constant soil watering in our experiment.
Since natural heat waves are often concomitant with reduced rainfall, our experimental conditions may underestimate warming effects in natural
systems.

4.2 Microfaunal response to climatic stress varies across functional guilds
Contrary to most indicators of microbial functioning, opportunistic bacterial feeders showed low resistance but high resilience to climate stress. This was
probably due to the increase in resource availability after the stress and during the recovery period, which would have favored the recovery of fast-
growing, r-strategist nematodes. Soil bacteria have been shown to be resilient to drought due to their rapid growth, fast reproduction, and capacity to
produce cysts (de Vries et al., 2013; Lennon and Jones, 2011). Fast bacterial recovery after drought has been observed in ecosystems with low mean
annual precipitation (Tang et al. 2023) and in croplands (Brangarí et al. 2022), although some empirical evidence suggested low bacterial resistance to
drought (Dacal et al. 2022).

Opportunistic bacterivore nematodes have also been found to be resilient to other ecosystem perturbations such as forest dieback (Sánchez-Moreno and
Curiel Yuste 2022). In our study, this functional group is mainly represented by Panagrolaimus spp., a nematode genus with high anhydrobiotic potential
(Ricci and Pagani 1997; Evangelista et al. 2017), which could explain their notable resilience. In contrast, generalist bacterivores (e.g., Cephalobidae)
possess intrinsic attributes that confer resistance to stress, such as low-resource availability (Mosdossy et al. 2024) and drought- tolerance (Landesman
et al., 2011; Treonis et al., 1999). Similarly, our observations on fungal feeder resistance to drought under low soil perturbations—probably linked to the
resistance of fungi to short-term drying stress (Yuste et al. 2011; Barnard et al. 2013; Canarini et al. 2017, 2024; Tang et al. 2023)—, support that

Page 6/19



resistance in fungal-based food webs is typical in low-perturbance systems (de Vries et al., 2012a). However, despite their resistance, fungal-based
systems and associated nematodes often display low resilience and slow recovery following stress events (Vandegehuchte et al. 2015; Bristol et al. 2023;
Zhao et al. 2024; Boyle et al. 2024). In particular, fungal-feeding nematodes such as Aphelenchus and Aphelenchoides are well adapted and tolerant to a
wide range of soil conditions, and their dominance may reflect a shift toward stress-tolerant taxa (Brangarí et al. 2022), especially in systems with a
history of tillage disturbance. Indeed, no-till practices have shown some negative effects in terms of fungivore abundances (Dong et al. 2013; Cozim-
Melges et al. 2025), suggesting that although fungal feeders were more abundant under tillage disturbance, tillage legacy reduced their resistance to
drought.

Conversely, root-associates (nematodes that feed in root hairs, i.e., Tylenchidae) under no-till monoculture legacy showed low resistance but some
resilience to climatic stress. These root-associates tended to decrease under crop rotation and were more abundant under no-till management, as
previously reported (Sánchez-Moreno et al. 2006). Overall, plant-parasitic nematodes (including ecto- and endo-parasitic nematodes that feed in plant
roots) showed low resistance to climate stress. In accordance with previous reports (Bristol et al., 2023; Yang et al., 2022; Zhao et al., 2024), drought
significantly reduced their abundances, suppressing their populations regardless of soil legacy. However, they have shown considerable resilience to
climatic conditions, likely explained by the high anhydrobiotic abilities detected in herbivores (i.e., Pratylenchus, Ribeiro et al., 2020), which contribute to
their better recovery from drought stress. Besides, low soil disturbance and high SOC tended to increase populations of omnivores and predators, in line
with previous studies (Sánchez-Moreno et al. 2006; Puissant et al. 2021; Betancur-Corredor et al. 2022; Lori et al. 2025). Tillage inhibited such groups,
likely because they are sensitive to physical disturbance (Huang et al. 2025). Although they showed low resistance, omnivores and predators exhibited
recovery under no-tillage monoculture legacy, reflecting the role of soil management legacy in soil food web response to climate change. As shown in the
PCA analysis, changes in soil food webs induced by no-till were mainly driven by the positive effects of enhanced soil microbial activity, which promoted
high trophic levels (omnivores-predators) probably controlled by bottom-up cascades (Zhang et al., 2025) and plant productivity.

4.3 No-tillage legacy enhances crop performance under climatic stress
Contrary to previous studies (Waibel et al. 2025), no-tillage legacy in this trial increased crop biomass under rainfed conditions. While aboveground
biomass showed no signs of post-stress recovery, indicating a persistent tillage legacy effect on crop performance, shoot biomass generally tended to
benefit from no-till legacy. Our results confirm previous observations on the positive effects of no-tillage on wheat root development in Mediterranean
conditions (Muñoz-Romero et al. 2010). Notably, plant height under no-till with rotation remained unaffected by drought, whereas it declined under
conventional tillage as previously reported (Kost et al. 2024). Overall, our results highlight a net positive effect of no-tillage combined with crop rotation
legacy on crop performance, enhancing both resilience and resistance to climate stress. Although conservation tillage is often reported to have limited
capacity to buffer drought effects (Wittwer et al. 2023), our findings suggest that soils conditioned by conservation agriculture better support crop
recovery under extreme weather.

4.4 Contribution of SOC to soil resistance and resilience to climate change
Soil organic carbon is the keystone of ecosystem resilience against climate change (Imran 2025), ensuring crop yields under adverse weather conditions
(Droste et al. 2020; He et al. 2025). High SOC levels promote soil water storage (Li et al., 2024b) and foster resistant microbial communities (Qi et al.
2025), but the mechanisms that explain the link between soil carbon and soil response to climate change are not fully understood. In some cases, SOC
does not explain the observed differences in soil resilience against climatic extremes (Kost et al. 2024). In accordance with such observations, our results
only partially support the hypothesis on the key role of soil organic carbon in soil resistance and resilience. Although we observed generally positive
associations between SOC levels and resistance and/or resistance of soil functions and the soil food web, significant associations were limited, which
suggests that other soil properties and functions might be driving soil organisms’ resilience and resistance to climatic stress.

5. Conclusion
In conclusion, our study showed that long-lasting soil management legacies based on minimizing soil disturbance and diversifying crops, exert a strong
influence on soil biota and crop resistance and resilience against climate change. Management legacies determined soil moisture levels during peak
climate stress, and no-tillage practices combined with crop rotation effectively buffered against negative impacts of dry and hot climatic conditions. Our
hypothesis on the capacity of low-perturbance management practices to mitigate the negative effects of climate changes in crop soils proved true, as did
our expectations on increasing soil resistance and resilience under reduced soil perturbation. Our results, however, are based on an experimental setup,
and experimental limitations such as restricted soil volume in pots, the absence of fluctuating precipitation patterns and other biotic (e.g. pest) and
abiotic (e.g. wind) interactions, prevent direct extrapolations to natural conditions, which have to be done with caution. In spite of such limitations, our
results provide relevant insights into the effects of soil management legacy on soil functioning and ecosystem services in future climatic scenarios.
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Figure 1

Responses of soil variables to simulated warming, drought and drought x warming (DxW) under different soil management legacies (CT = conventional
tillage, NT= no-tillage, mon = monoculture, rot= rotation): (A) Soil gravimetric water content at maximum climatic stress (first sampling) and after the
recovery period (second sampling); (B-G) Soil properties at the second sampling after the recovery period. Points represent mean log-response ratio and
lines indicate 95% confidence intervals. Letters indicate significant differences between legacies (p<0.05).
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Figure 2

Result of the Principal Component Analysis of soil, nematode, and crop traits in response to simulated warming, drought, and drought x warming (DxW),
and ambient control under different soil management legacies (CT = conventional tillage, NT = no-tillage, mon= monoculture, rot= rotation). DOC =
dissolved organic carbon, MBC = Microbial biomass carbon, SOC = Soil organic carbon.
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Figure 3

Resistance and resilience index values of indicators of microbial functions (DOC = dissolved organic carbon; MBC = microbial biomass carbon) to
simulated warming, drought, and drought x warming (DxW) under different soil management legacies (CT= conventional tillage, NT = no-tillage, mon =
monoculture, rot= rotation).  Points represent mean index values and lines indicate ± standard errors. Lower and upper letters indicate significant
differences (p<0.05) in resistance and resilience between legacy treatments respectively. Different lowercase letters in the bottom right corner indicate
significant differences (p<0.05) in resilience among climatic treatments, while uppercase letters in upper left corners indicate significant differences
(p<0.05) in resistance.
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Figure 4

Resistance and resilience index values of nematodes trophic groups to simulated warming, drought, and drought x warming (DxW) under different soil
management legacies (CT= conventional tillage, NT = no-tillage, mon = monoculture, rot= rotation).  Points represent mean index values and lines indicate
standard errors. Lower and upper letters indicate significant differences (p<0.05) in resistance and resilience between legacy treatments respectively.
Different lowercase letters in the bottom right corner indicate significant differences (p<0.05) in resilience among climatic treatments, while uppercase
letters in upper left corners indicate significant differences (p<0.05) in resistance.
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Figure 5

Crop response (A-B: aboveground biomass; C-D: belowground biomass; E: shoot height along the cropping cycle (T1 = pre-disturbance; T2 = after first
climatic stress cycle; T3 = after first re-wetting/ambient temperature cycle; T4 = after second climatic stress cycle) to simulated warming, drought, and
drought x warming (DxW) under different soil management legacies (CT = conventional tillage, NT= no-tillage, mon = monoculture, rot= rotation). See Figs
1-4 for label and graph interpretations. Points represent mean ± standard errors. Shaded areas represent the 95% confidence interval for the linear fits.
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Figure 6

Linear regression analyses between soil organic carbon (SOC) and measures of resilience and resistance of soil nematode groups and functional activity.
Regressions between SOC and resilience and resistance indices were performed using all replicates (grey line) and separately for each tillage treatment:
(A) Relationship between SOC and plant-parasite resilience under conventional tillage (CT, green) and no-till (NT, brown); (B) Relationship between SOC
and fungal-feeder resilience under CT and NT; (C) Relationship between SOC and β-glucosidase resistance under CT and NT. Shaded areas represent the
95% confidence interval for the linear fits. (D) Heatmap showing correlation coefficients between SOC and multiple indicators of resistance and resilience,
with significant correlations indicated by asterisks (*).
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