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Abstract. Conceptual models of the Critical Zone (CZ) have been developed primarily in humid and temperate settings,
where subsurface organization is often described as a function of continuous vertical gradients in hydrology, weathering, and
biogeochemical development. The extent to which this vertical-gradient framework applies to arid CZs - where water
limitation, episodic recharge, and spatially discontinuous resource distributions dominate - remains largely unexplored. Here,
we evaluated whether microbial functional organization across an arid CZ follows broad saturated-unsaturated zonation or is
instead shaped by localized hydrobiogeochemical heterogeneity. We combined community-level physiological profiles
(CLPPs) with analyses of substrate organic matter (OM) quantity and quality (estimated from &'*C signatures), substrate
texture, and groundwater hydrochemistry from samples collected at multiple depths from eight boreholes spanning the
unsaturated-saturated continuum of a groundwater-dependent ecosystem dominated by the facultative phreatophyte Ziziphus
lotus (L.) Lam. in an arid Mediterranean setting. Microbial functional responses derived from carbon-source-use patterns
were not primarily structured by saturated-unsaturated zonation per se. Instead, OM availability emerged as the dominant
driver of both general microbial functional metrics and the utilization of several carbon-source groups, whereas OM quality
exerted more selective effects on carbon-source-use patterns, altering the relative importance of different carbon-source
groups under increasingly processed OM conditions. Substrate texture modulated these responses, with sandy fractions
generally constraining microbial activity, although these effects were partially compensated by higher OM availability.
Notably, groundwater-table position, groundwater hydrochemistry, proximity to Z. lotus individuals, and Z. lotus greenness
did not emerge as significant drivers. In particular, the absence of relationships with either proximity to Z. lotus or its
vegetation greenness indicates that the influence of this phreatophyte may be largely restricted to localized zones rather than

extending across the broader subsurface matrix. These findings suggest that microbial functioning in arid CZs may be
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organized around spatially discontinuous hydrobiogeochemical resource patches and localized habitat heterogeneity rather

than around the vertically structured gradients that characterize many humid-climate CZ conceptual models.
Graphical Abstract
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1 Introduction

The Critical Zone (CZ), defined as the near-surface layer extending from the vegetation canopy to the groundwater system,
is one of the most intensively studied interfaces in Earth system science (National Research Council, 2001; Brantley et al.,
2007; Chorover et al., 2007). Much of the conceptual architecture of CZ science, however, has been built on observations
from humid and temperate systems, where subsurface organization is typically described as a function of continuous vertical
gradients in weathering intensity, hydrological connectivity, and biogeochemical development (Brantley et al., 2007; Rempe
and Dietrich, 2018). Within this framework, the transition between unsaturated (USZ) and saturated (SZ) zones is often
treated as a key biogeochemical boundary, where shifts in water saturation, oxygen availability, solute transport, and redox
conditions are commonly expected to generate vertical structure in microbial functioning and organic matter (OM)
transformation (Akob and Kiisel, 2011; Zhang and Furman, 2021). Whether this vertical-gradient framework applies beyond
humid and temperate settings, particularly in arid CZs where the fundamental assumptions of continuous hydrological
connectivity and gradual resource depletion with depth may not hold, remains largely untested.

Among the factors potentially regulating microbial functioning across the subsurface CZ continuum, OM quantity and
quality, substrate texture, and hydrogeochemical gradients are likely to play major roles. OM quantity and quality are widely
recognized as key regulators of microbial activity and C cycling within terrestrial and subsurface environments (Fierer et al.,
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2003; Schimel et al., 2007; Lehmann and Kleber, 2015). Along CZ profiles, vertical changes in OM accumulation,
accessibility, and biogeochemical transformation may substantially modify C-source use and microbial functioning
(Lehmann and Kleber, 2015; Soldatova et al., 2024). In particular, stable C isotopic signatures (8'*C) provide integrative
information on OM origin, turnover, and degree of microbial transformation, with isotopic enrichment generally associated
with increasingly processed and older C pools (Ehleringer et al., 2000; Bowling et al., 2008). At the same time, substrate
texture may regulate microbial functioning by influencing water retention, oxygen diffusion, pore connectivity, and the
physical protection and stabilization of OM within aggregates and porous media (Six et al., 2002; Or et al., 2007). Some
studies in CZs have further highlighted strong linkages between geochemical organization, OM transformation, and
microbial community functioning, emphasizing the role of hydrobiogeochemical heterogeneity in structuring subsurface
ecosystem processes (Brantley et al., 2007; Wu et al., 2023).

In arid CZs, localized hydrobiogeochemical heterogeneity may be as important as broad vertical gradients in regulating
subsurface microbial functioning. Limited water availability, intense evapotranspiration, and episodic recharge events
generate pronounced spatial and temporal variability in hydrological connectivity and biogeochemical functioning
(Schwinning and Sala, 2004; Or et al., 2007). Consequently, resource distributions are often spatially discontinuous, leading
to localized hydrobiogeochemical hotspots (Or et al., 2007; Bastida et al., 2021). In these systems, groundwater-dependent
ecosystems (GDEs) may buffer vegetation against drought stress by maintaining access to groundwater resources, thereby
partially decoupling ecosystem functioning from direct precipitation inputs (Eamus et al., 2015; Torres-Garcia et al., 2022).
Deep-rooted phreatophytic species establish extensive root systems capable of linking surface and groundwater
compartments across the CZ profile (Torres-Garcia et al., 2021b), potentially influencing C inputs, rhizosphere activity, and
microbial functioning at depth. However, rhizosphere effects are often highly localized and spatially heterogeneous,
particularly in drylands where vegetation cover is patchy and resource availability varies markedly over short spatial scales
(Or et al., 2007; Philippot et al., 2013).

Although previous studies have separately explored hydrogeochemical organization within the CZ (Akob and Kdsel, 2011;
Wou et al., 2023) and the ecohydrological functioning of GDEs in drylands (Eamus et al., 2015; Torres-Garcia et al., 2021a,b,
2022), integrated evaluations of how hydrobiogeochemical conditions and GDE-related gradients jointly regulate microbial
functioning across arid saturated-unsaturated transitions remain scarce. This study evaluated microbial functioning across the
saturated-unsaturated continuum of an arid CZ associated with a GDE dominated by the facultative phreatophyte Ziziphus
lotus (Torres-Garcia et al., 2021a). Specifically, we investigated how variation in OM quantity and quality, substrate texture,
groundwater hydrochemistry, groundwater-table position, vegetation greenness, and proximity to Z. lotus individuals
influence both general and C-source-specific microbial responses along the CZ profile. We hypothesized that: H1) contrary
to conceptual models developed for humid CZs, microbial functional organization in arid systems does not follow saturated-
unsaturated zonation but is instead governed by spatially discontinuous hydrobiogeochemical heterogeneity, with microscale
resource distribution acting as the primary organizational principle; H2) OM availability exerts strong controls on microbial

functioning, as the spatially restricted and heterogeneous distribution of organic resources is expected to be the primary
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bottleneck for microbial processes under strong water limitation; and H3) Because Z. lotus functions as a deep-rooted
phreatophyte linking surface and groundwater compartments, we expected vegetation-related gradients (proximity to Z. lotus
individuals and vegetation greenness) to influence microbial functioning through localized rhizosphere inputs and enhanced
resource availability, potentially generating hotspots of microbial activity within the broader CZ matrix.

2 Materials and methods
2.1 Study area

The study was conducted in the semiarid coastal plain of Cabo de Gata-Nijar Natural Park, Southeast of Spain
(36.830606—2.293612), where the phreatophyte Ziziphus lotus (L.) Lam. (Rhamnaceae) is the keystone species of a
groundwater-dependent ecosystem (GDE) (Guirado et al., 2018; Torres-Garcia et al., 2021b) (Fig. 1). Geologically, the area
corresponds to the foothills of the Sierra Alhamilla sedimentary basin (1000 m a.s.l.), located approximately 20 km north of
the study site, and to overlying Quaternary marine deposits (Vallejos et al., 2018). The plain is located over a shallow aquifer
connected to the western sector of the Hornillo-Cabo de Gata aquifer system (Vallejos et al., 2018). The climate is semiarid
Mediterranean, characterized by hot, dry summers and mild winters. Mean annual temperature is approximately 18 °C, and
annual precipitation averages 220 mm, occurring mainly during autumn and winter (Machado et al., 2011). Groundwater
depth, measured from the ground surface to the water table, ranges from 2.2 to 25.2 m, with slight seasonal increases from
spring to summer (based on long-term monitoring records collected from the study boreholes between 2019 and 2024). Z.
lotus is a winter-deciduous shrub highly adapted to arid environments due to its extensive root system, which can reach
depths of up to 60 m (Le Houérou, 2006), and its strong dependence on groundwater resources (Guirado et al., 2018), which
allows it to thrive during the dry summer period (Torres-Garcia et al., 2021b). The species typically forms hemispherical
shrub patches ranging from 3 to 5 m in height and covering mean areas of 100 m? (Guirado et al., 2019), creating patchy
vegetation islands interspersed with smaller shrubs and generating a characteristic heterogeneous spatial structure in arid
landscapes (Tirado, 2009).
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Figure 1. Location of the study area in the coastal plain of Cabo de Gata-Nijar Natural Park (southeastern Spain) and spatial

distribution of the eight boreholes. Boreholes are humbered according to increasing depth to the groundwater table. Base

orthophotograph from the Spanish National Plan for Aerial Orthophotography (PNOA).

2.2 Sampling

Substrate samples were collected between December 2018 and January 2019 from eight boreholes distributed throughout the
study area using a rotary drilling system. Samples were retrieved at 5 m intervals to minimize vertical mixing and potential
cross-contamination among successive depth sections. A total of 58 samples were obtained from at least four depths per
borehole across a depth range of 1-40 m, reaching a depth of 40 m in some boreholes (nine samples) (Table S1). Samples
were immediately stored in sealed bags, transported in a cool box, and preserved at -20 °C until analysis. In addition, 1 L
substrate samples were taken for granulometric analysis.

Groundwater depth (DTGW) was monitored in the boreholes between 2019 and 2024 using HOBO® U20 water-level
sensors that recorded hourly measurements. DTGW ranged from 2.2 m (borehole 1) to 25.2 m (borehole 8), with fluctuations
between 0.4 and 1.2 m. To characterize groundwater physicochemistry, water samples were collected from each borehole
during different months between 2019 and 2022: May, September, and November in 2019; June, July, and September in
2020; March, May, July, September, and November in 2021; and May, July, September, and November in 2022. Based on
their hydrological position, substrate samples were classified into two zones: the unsaturated zone (USZ), comprising
samples above the groundwater table, and the saturated zone (SZ), comprising samples below it. To allow comparisons
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among boreholes with different DTGW, the sample depth was standardized relative to the local groundwater table depth.
Relative depth to groundwater (RDTGW) was calculated as (WT - z) / WT, where z is the sample depth, and WT is the
groundwater-table depth at each borehole. This transformation sets the groundwater table to zero, with positive values
indicating samples above the water table (USZ) and negative values indicating samples below it (SZ). RDTGW values were
grouped into depth intervals separately for the USZ and SZ. Because the range of RDTGW differed markedly between
zones, interval widths were defined independently to preserve the groundwater table (RDTGW = 0) as the boundary between
saturated and unsaturated compartments while maintaining representative vertical partitioning within each zone.
Accordingly, three intervals of 0.320 relative-depth units were defined in the USZ, whereas five broader intervals of 2.211
relative-depth units were defined in the SZ. Because the objective was to represent relative hydrobiogeochemical
compartments along the saturated-unsaturated continuum rather than equivalent absolute depth ranges, these intervals were
used only for descriptive and non-parametric comparisons, whereas continuous RDTGW values were retained for

subsequent statistical modelling.

2.3 Laboratory analysis
2.3.1 Substrate texture, OM, and 6"*C composition

Substrate samples were analysed using conventional particle-size separation methods appropriate for detrital sedimentary
materials. Coarse fractions (gravels and sands > 0.075 mm) were separated by dry sieving, whereas the fine fraction (silt and
clay fractions < 0.075 mm) was quantified using standard sedimentation-based particle size analyses following Das and
Sobhan (2018). Across both hydrological zones and depth intervals, the substrate was predominantly coarse-grained, with
gravel and sand dominating, and only minor contributions from fine materials (Fig. S1), characteristic of coarse-beach
sedimentary environments. The resulting proportions of sand and fine material fractions (%Sand and %Fine) were
subsequently used in the statistical analyses and Bayesian models as descriptors of substrate texture. Gravel content was
excluded from the models because it showed strong collinearity with the sand fraction.

The OM content (%) of the samples was determined gravimetrically by loss-on-ignition. Three aliquots (1 g) of each sample
were weighed into pre-weighed crucibles and dried at 105 °C to remove moisture. After drying, the samples were weighed,
combusted in a muffle furnace at 550 °C for 3.5 h, and weighed again after cooling. OM content was calculated as the mass
loss after combustion and expressed as a percentage of the dry sample weight. Substrate §13C measurements were used as an
indicator of OM quality. Isotopic analyses were performed at the Stable Isotope Laboratory of the University of Almeria
(Almeria, Spain). Three aliquots (~100 mg) of each sample were weighed into tin capsules and pyrolyzed at 550 °C using a
combustion module (CM) coupled to a cavity ringdown spectroscopy (CRDS) System (G2201-i Analyzer, Picarro). This
temperature threshold ensures that a loss-on-ignition analysis (Sparkes et al., 2026) yields CO, evolved exclusively from the
combustion of all OM, whereas the inorganic C fraction is combusted at higher temperatures (Wang et al., 2011). Powdered
samples were loaded into the CM by an autosampler (Costech Analytical Technologies, Valencia, CA, US), and the released
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CO; was transferred to a Picarro Liaison A0301 interface and finally input into CRDS for analysis. The system assembly
uses ultra-high purity N2 as the carrier gas and pure O for combustion. The C isotope ratios were expressed in %o using &
notation relative to the Vienna Pee Dee Belemnite (VPDB) standard. The raw 613C values were calibrated against four in-
house references: NaHCOs, sugarcane, acetanilide, and urea, covering a wide calibration range from -4.2 %o to -43.4 %o.
Three replicates for each working reference standard were included in each analysis batch, except for acetanilide and
NaHCOs, of which 6 replicates were used to check and correct any instrumental drift. These reference standards were
initially calibrated against several international standards supplied by the United States Geological Survey (USGS)/Reston
Stable Isotope Laboratory (I-Glutamic acid standards USGS-40 and USGS-41a; with 613C V-PDB values of -26.389 %o and
34.626 %o, respectively) and IAEA (IAEA-603 and NBS-18 calcites, with 13C V-PDB values of +2.460 %o and -5.014 %o,
respectively). Based on analyses of these standards, precision ranged from 0.06 to 0.71 %o (n=27), and accuracy, as measured

by 813C error, ranged from -0.33 t0 0.68 %.

2.3.2 Microbial functional profiling using Biolog EcoPlates™

Microbial metabolic profiles were assessed using Biolog EcoPlates™ in substrate samples collected at different depths. This
CLPP approach provides a widely used measure of microbial functional diversity and C-source utilization patterns by
quantifying the capacity of microbial communities to metabolize different C sources (Preston-Mafham et al., 2002). It allows
the evaluation of microbial functional responses to environmental gradients and has been extensively applied to investigate
the influence of physicochemical conditions on microbial metabolism in terrestrial and subsurface environments (Feigl et al.,
2017; Németh et al., 2021). This technique evaluates the utilization of 31 C sources, grouped into six functional categories
by C-source type: amines, amino acids, carbohydrates, carboxylic acids, phenolic compounds, and polymers (Table S2). As
such, they provide information on the metabolically active heterotrophic fraction of the microbial community. Consequently,
the measured responses should be interpreted as potential community-level physiological profiles rather than direct
measurements of in situ microbial processes. For microbial suspension preparation, 2 g of the sample was weighed onto
sterile filter paper and transferred into a test tube containing 18 mL of sterile saline solution (0.9% w/v NaCl), corresponding
to a 10! dilution. Suspensions were vortexed for 2 min using an RSLAB-6PRO vortex mixer. Serial decimal dilutions were
subsequently prepared in sterile saline solution up to 10-3 and used for microplate inoculation. A 150 uL volume of the final
dilution was added to each well of the Biolog EcoPlate™ using a multichannel pipette. Each EcoPlate™ consists of 96 wells
arranged as three identical sets of 32 wells (31 C-sources plus one water control well), providing three technical replicates
for each sample. The inoculated microplates were incubated at 25 °C for 72 h. This incubation period was selected as a
standardized endpoint to ensure comparability among samples while providing sufficient time for microbial growth and C-
source utilization without excessive colour development. Optical density (OD) was measured at A = 590 nm using an EON
BioTek spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA) following Garland (1996). For each replicate,
the OD of the water control well was subtracted from the OD of the corresponding C-source wells to obtain corrected

absorbance values. Corrected absorbance values below zero were set to zero. From these measurements, we calculated five
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functional parameters: (1) C-source richness (SR), calculated as the number of C sources with corrected OD values above
0.25, a commonly used threshold to distinguish positive C-source utilization from background signal in Biolog EcoPlate™
assays (Garland, 1996); (2) average well colour development (AWCD), used as an indicator of overall microbial metabolic
activity; (3) average well colour development for each C-source group (SAWCD), representing metabolic activity within
each C-source category; (4) Shannon diversity (H'), reflecting the diversity of C-source utilization; and (5) Shannon

evenness (E), indicating the equitability of C-source use among functional groups (Feigl et al., 2017).

2.3.3 Groundwater physicochemical characterization

Groundwater physicochemical characterization was based on in situ measurements of water temperature, pH, electrical
conductivity (EC), dissolved oxygen (DO), and redox potential (Eh) using a portable multiparametric probe (HACH® HQ-
30d, Loveland, CO, USA). Major ions (Ca, Mg, Na, K, Cl, SO.>-, HCOs", F~ and Br), nutrients (NOs"), and dissolved
elements (Al, B, Bi, Fe, Li, Mn, Rb, Si, Sr and S) were analysed at the CEBAS-CSIC lonomic Service using standard
hydrochemical methods and inductively coupled plasma optical emission spectrometry (ICP-OES) for elemental

determinations.

2.4 NDVI-based vegetation activity assessment

To assess vegetation greenness associated with both Z. lotus and the surrounding arid shrubland matrix, we calculated the
seasonal dynamics of the normalized difference vegetation index (NDVI; Rouse et al., 1974). NDVI derived from satellite
imagery is widely used as a proxy for vegetation greenness and net primary productivity (Paruelo et al., 1997; Tian et al.,

2017) and is calculated as:

NDVI = RNIR— RRED)' )
(RNIR + RRED)

where RNIR is the reflectance of the near-infrared band, and RRED is the reflectance of the red band. We selected
harmonized Sentinel-2 Level 2A surface reflectance images with a spatial resolution of 10 m pixel™ and a temporal
resolution of five days. To ensure data quality, images were processed in Google Earth Engine, excluding pixels with a cloud
or shadow probability greater than 10%. For Z. lotus, monthly NDVI values were calculated from cloud- and shadow-free
pixels containing more than 75% Z. lotus cover and located within 5-100 m of each borehole. Depending on image
availability after filtering, between 3 and 18 pixels per borehole were retained for the monthly calculations. NDVI values
were averaged for the period from April to June during 2018-2024, corresponding to the peak foliar development period of
this species (Torres-Garcia et al., 2022). For the surrounding shrubland matrix, NDVI values were calculated from the 49
pixels surrounding each borehole location, after excluding cloud- and shadow-affected pixels. Monthly NDV1 values for the

shrubland matrix were therefore based on 42-44 pixels per borehole and averaged over February to April during 2018-2024,
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corresponding to the peak greenness of this vegetation type. Although some of these pixels may have included Z. lotus

individuals, the species is mostly leafless during this period.

2.5 Statistical analysis

All statistical analyses and graphical representations were performed in R (version 4.5.2; R Core Team). Differences in
substrate OM content, 6'*C, %Sand and %Fine, and microbial activity between the USZ and SZ were assessed with non-
parametric Wilcoxon rank-sum tests (wilcox.test function, ‘stats’ package). Differences among relative-depth intervals were
evaluated using Kruskal-Wallis tests followed by Dunn’s post hoc multiple-comparison tests with adjusted p-values
(kruskal.test function, ‘stats’ package; dunnTest function, ‘FSA’ package). Graphical representations of data across relative-
depth intervals were created in the ‘ggplot2’ package using violin plots with embedded boxplots, allowing simultaneous
visualization of data density, median, interquartile range, and mean values.

To characterize the dominant hydrochemical gradients across the study area, a principal component analysis (PCA) was
performed using the mean values of the groundwater physicochemical variables measured in each borehole during the
monitoring period (PCA function, ‘FactoMineR’ package). The dataset included water temperature, pH, electrical
conductivity, dissolved oxygen, redox potential, major ions, nitrate, and dissolved elements. Prior to analysis, variables were
standardized to zero mean and unit variance to account for differences in measurement scales and units. Because PCA is
specifically designed to summarize covariance structures among interrelated variables, the full hydrochemical dataset was
retained. The first two PCA axes (PCAl and PCA2) (Fig. S4) were subsequently retained as synthetic descriptors of
hydrogeochemical variability in the Bayesian models.

Bayesian mixed-effects models were fitted to evaluate the environmental drivers of CLPP-derived microbial functional
responses across the CZ profile. Separate models were constructed for each of the global and C-source-specific microbial
activity metrics using the ‘brms’ package. Models included OM content, 3'*C, relative depth to groundwater (RDTGW),
%Sand, %Fine, groundwater hydrochemistry descriptors (PCAl and PCA2), NDVI associated with Z. lotus and total
ecosystem vegetation, and the minimum distance from each borehole to the nearest Z. lotus individual as fixed effects. Prior
to modelling, variables were transformed when required according to their distributional properties and data structure. OM
content, NDVI metrics, and minimum distance to the nearest Z. lotus individual were log-transformed, and C-source richness
was square-root transformed. Because substrate texture fractions (%sand, %fine material, and %gravel) represent
compositional data constrained to a constant sum, they were transformed using a centred log-ratio (CLR) transformation. C-
source utilization groups were Hellinger-transformed to reduce the dominance of highly utilized C-source groups while
retaining information from less frequently utilized groups (Legendre and Gallagher, 2001). Subsequently, all continuous
response variables and predictors included in the models were standardized (mean = 0, SD = 1) to facilitate model
convergence and comparison of effect sizes among predictors. Ecologically meaningful interactions among predictors were
explored to evaluate whether the effects of OM availability on microbial functioning depended on C quality, substrate

texture, hydrogeochemical variability, or hydrological position along the CZ profile. Borehole identity was incorporated as a
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random intercept to account for spatial dependence among samples collected within the same profile. Models were fitted
under a Gaussian error distribution with weakly informative priors and four Markov chain Monte Carlo (MCMC) chains.
Model convergence was assessed through visual inspection of trace plots and R-hat values < 1.01. Model comparison was
performed using leave-one-out cross-validation (LOO-CV) implemented in the ‘loo’ package, retaining the most
parsimonious model when predictive performance was similar among competing alternatives. For each predictor, we report
the posterior mean regression coefficient (f), its 95% credible interval (CI), and the posterior probability associated with the
direction of the effect (P (B > 0)). Positive and negative B values indicate positive and negative associations, respectively.
Model interpretation focused on predictors showing strong directional posterior support, defined as P (3 >0)>0.95or P (§ >
0) <0.05.

3 Results
3.1 Factor variation along the CZ profile

Substrate OM content (%) increased towards the SZ, ranging from 0.31 to 8.00% (mean = SD = 1.74 + 1.30). OM values
were significantly higher in the SZ (0.31-8.00%, 2.01 + 0.48) than in the USZ (0.31-6.91%, 1.42 + 0.96) (W = 4,647, p =
0.01) (Fig. S2). Along the relative-depth intervals, differences were primarily associated with higher OM values in the
shallowest SZ interval [-2.211, 0] compared to the USZ interval [0.320, 0.640] (x> = 24.96, p < 0.001) (Fig. S3). Substrate
8"3C signatures exhibited a pronounced vertical gradient across the CZ profile. Values ranged from -24.11 t0 -5.62%o (mean
+ SD = -13.75 + 3.81), with significantly higher values in the SZ (-19.23 to -5.62%., -11.96 £ 2.79) than in the USZ (-24.10
to -10.71%o, -15.89 + 3.78) (W = 4,299, p < 0.001) (Fig. S2). Consistently, most SZ intervals showed significantly higher
6"3C values than USZ intervals, indicating progressively enriched isotopic signatures with depth (y* = 52.64, p < 0.001; Fig.
S3). Substrate fine material percentage (%Fine) ranged from 0.00 to 40.00% (mean + SD = 5.19 + 8.05). No significant
differences were detected between the USZ (0.0-25.00%, 3.77 £ 5.05) and the SZ (1.00-40.00%, 6.34 + 9.72) (W = 4,266, p
= 0.10) (Fig. S2). Although %Fine showed a significant overall effect across relative-depth intervals (y> = 18.53, p = 0.01),
no significant pairwise differences were detected after Dunn’s post hoc comparisons (Fig. S3). Substrate sand percentage
(%Sand) ranged from 10.00 to 91.00% (58.07 + 22.97). As for %Fine, no significant differences were observed between the
USZ (10.00-89.00%, 55.00 + 25.82) and the SZ (32.00-91.00%, 60.56 + 20.16) (W = 4,072, p = 0.32) (Fig. S2). Across
relative-depth intervals, %Sand showed significant differences within the SZ, with higher values in the shallowest interval [-
2.211, 0] compared to the deepest interval [-11.054, -8.844] (y* = 27.88, p < 0.001) (Fig. S3).

10
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3.2 Microbial activity profiles
3.2.1 General microbial activity along the CZ profile

AWCD ranged from 0.00 to 0.71 (mean + SD = 0.22 £ 0.10), and did not differ between the USZ (0.03-0.71, 0.23 £ 0.14)
and the SZ (0.00-0.38, 0.21 + 0.08) (W = 3,693, p = 0.88) (Fig. 2). No significant differences were detected among relative-
depth intervals either (y*> = 11.24, p = 0.13) (Fig. 3). The Shannon diversity index (H') varied from 0.00 to 1.74 (mean + SD
=0.64 + 0.46) and showed no significant differences between the USZ (0.00-1.74, 0.67 = 0.58) and the SZ (0.00-1.38, 0.61 +
0.33) (W = 3,611, p = 0.69) (Fig 2). Although the Kruskal-Wallis test indicated significant overall differences among
relative-depth intervals (y*> = 16.52, p = 0.02), no significant pairwise differences were detected after Dunn’s post hoc
comparisons (Fig. 3). C-source richness (SR) ranged from 0 to 6 (mean + SD = 2.11 + 1.17) and was also comparable
between the USZ (0-6, 2.33 £+ 1.53) and the SZ (0-4, 1.93 £ 0.71) (W = 3,405, p = 0.27) (Fig. 2). As observed for H', the
Kruskal-Wallis test revealed significant overall differences among relative-depth intervals (x> = 17.03, p = 0.02), although no
significant pairwise differences were detected after Dunn’s post hoc comparisons (Fig. 3). In contrast, Shannon evenness (E)
showed clear differences across the CZ profile ranging from 0.00 to 1.00 (0.71 + 0.43) and was significantly lower in the
USZ (0.00-1.00, 0.62 + 0.47) than in the SZ (0.00-1.00, 0.79 * 0.38) (W = 5,006, p < 0.001) (Fig. 2). Across relative-depth
intervals, E values remained relatively high throughout most of the profile, with no significant differences among USZ
intervals (Fig. 3). Within the SZ, the shallowest interval near the groundwater transition ([-2.211, 0]) exhibited high E values
(0.82 £ 0.36), differing significantly from the USZ intervals (3> = 28.50, p < 0.001). A similar pattern was observed in the
deeper SZ interval [-4.422, -2.211] (0.99 £ 0.01). In contrast, E dropped sharply in the interval [-8.844, -6.633] (0.00 + 0.00),
before recovering at greater depths in the interval [-11.054, -8.844] (0.64 + 0.50), where no significant differences relative to

the remaining USZ and SZ intervals were detected.
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305 Figure 2. Box-and-whisker plots of four general microbial functional metrics in the unsaturated (USZ) and saturated (SZ)
zones: average well colour development (AWCD), Shannon diversity (H'), Shannon evenness (E), and C-source richness
(SR). Boxes represent the interquartile range (IQR), with the median shown by the central line, the mean marked by a cross,
and whiskers extending to 1.5 x IQR. Different letters, where present, denote significant differences between hydrological
zones according to Wilcoxon rank-sum tests (p < 0.05).
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present, denote significant differences among depth intervals according to Kruskal-Wallis tests followed by Dunn's post hoc
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3.2.2 Microbial activity by C-source type along the CZ profile

C-source-group utilization patterns varied among groups, although significant differences between the USZ and SZ were
only detected for amines, phenolic compounds, and polymers (Fig. 4). Amine C-source utilization ranged from 0.00 to 0.59
(mean + SD = 0.05 + 0.11), with significantly higher values in the USZ (0.00-0.59, 0.09 + 0.16) than in the SZ (0.00-0.12,
0.02 £ 0.02) (W = 3,070, p = 0.04) (Fig. 4). Across relative-depth intervals, the Kruskal-Wallis test indicated significant
overall differences among groups (y* = 16.92, p = 0.02), although Dunn's post hoc test did not detect significant pairwise
differences (Fig. 5). Amino acid C-source utilization showed similar values in the USZ and SZ, ranging from 0.00 to 0.69
(mean + SD = 0.17 + 0.12). Values were slightly higher in the USZ (0.00-0.69, 0.19 + 0.16) than in the SZ (0.00-0.40, 0.14 +
0.07), although these differences were not significant (W = 3,619, p = 0.07) (Fig. 4). Likewise, no significant differences
were detected among relative-depth intervals (3> = 9.75, p = 0.20) (Fig. 5). Carbohydrate C-source utilization showed similar
values in the USZ and SZ, ranging from 0.00 to 1.42 (mean + SD = 0.19 £ 0.23). Values were higher in the USZ (0.00-1.42,
0.25 + 0.31) than in the SZ (0.00-0.66, 0.13 + 0.11), although these differences were not significant (W = 3,192, p = 0.09)
(Fig. 4). Across relative-depth intervals, significant variation was detected (x> = 15.93, p = 0.03), with carbohydrate
utilization being significantly higher in the shallowest USZ interval [0.640, 0.960] (0.34 + 0.39) than in the interval
immediately adjacent to the groundwater transition [0, 0.320] (0.18 + 0.23) (Fig. 5).

Carboxylic acid C-source utilization showed similar values in the USZ and SZ, ranging from 0.00 to 0.87 (mean £ SD = 0.38
+ 0.19). Values were slightly lower in the USZ (0.00-0.87, 0.34 £ 0.22) than in the SZ (0.00-0.75, 0.40 £ 0.16), although
these differences were not significant (W = 4,377, p = 0.06) (Fig. 4). Although the Kruskal-Wallis test indicated significant
overall differences among relative-depth intervals (x> = 16.38, p = 0.02), Dunn’s post hoc comparisons did not detect
significant pairwise differences (Fig. 5). Phenolic C-source utilization was significantly higher in the USZ than in the Sz,
ranging from 0.00 to 0.34 (mean + SD = 0.03 + 0.07). Values averaged 0.05 + 0.10 in the USZ (0.00-0.34) and 0.01 + 0.02 in
the SZ (0.00-0.11) (W = 3,071, p = 0.02) (Fig.4). In contrast, no significant differences were detected among relative-depth
intervals (3> = 11.43, p = 0.12) (Fig. 5). Polymer C-source utilization ranged from 0.01 to 1.05 (mean * SD = 0.51 + 0.20),
with significantly lower values in the USZ (0.03-1.00, 0.47 £ 0.19) than in the SZ (0.01-1.05, 0.54 £ 0.20) (W = 4,472, p =
0.03) (Fig. 4). Across relative-depth intervals, significant pairwise differences were detected between the USZ interval
closest to the groundwater transition [0, 0.320] (0.34 £ 0.19) and the adjacent intervals immediately above [0.320, 0.640]
(0.55 £ 0.14) and below the groundwater table [-2.211, 0] (0.55 £ 0.21) (x> = 18.40, p=0.01) (Fig. 5).
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Figure 5. Violin plots showing the distribution of microbial utilization of different carbon-source groups across depth
intervals. Violin widths reflect the kernel density distribution of the data. Overlaid boxplots represent the interquartile range
(IQR), with the median shown by the central line, the mean marked by a cross, and whiskers extending to 1.5 x IQR.
Different letters, where present, denote significant differences among depth intervals according to Kruskal-Wallis tests
followed by Dunn's post hoc tests (p < 0.05).

3.3 Environmental drivers of microbial functioning across the CZ profile
3.3.1 Environmental drivers of general microbial functioning
OM content emerged as the dominant environmental driver of general microbial functioning, while substrate texture and OM

quality modulated microbial responses (Table 1). AWCD was primarily associated with substrate OM content and fine
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material content (%Fine), both exhibiting strong positive effects (B = 0.39, 95% CI: 0.22 to 0.55, P (B > 0) > 0.99; and B =
0.20, 95% CI: 0.02 to 0.38, P (B > 0) = 0.99, respectively) (Table 1). In contrast, substrate 5'*C values and sand content
(%Sand) showed negative effects on AWCD (B = -0.20, 95% CI: -0.40 to -0.00, P (B > 0) = 0.02; and B = -0.20, 95% CI: -
0.37 t0 -0.03, P (B > 0) = 0.01, respectively). A negative interaction between 6'*C values and OM content was also detected
(B=-0.27,95% CI: -0.43 to -0.10, P (B > 0) < 0.01), indicating that the positive effect of OM content on microbial metabolic
activity weakened under increasingly *C-enriched conditions. Functional diversity (H') was positively associated with OM
content (B = 0.39, 95% CI: 0.22 to 0.55, P (B > 0) > 0.99), whereas %Sand showed a strong negative association (§ = -0.34,
95% CI: -0.51 t0 -0.17, P (B > 0) < 0.01). A similar negative interaction between 5*C values and OM content was detected
(B =-0.27, 95% CI: -0.43 to -0.10, P (B > 0) < 0.01), consistent with the pattern observed for AWCD. Evenness (E) was
positively associated with OM content and %Fine (f = 0.34, 95% CI: 0.18 to 0.51, P (B > 0) > 0.99; and = 0.19, 95% CI:
0.01 to 0.37, P (B > 0) = 0.98, respectively), whereas %Sand showed a negative association (p = -0.31, 95% CI: -0.48 to -
0.15, P (B > 0) < 0.01). C-source richness (SR) was strongly and positively associated with OM content (f = 0.50, 95% CI:
0.32 t0 0.68, P (B > 0) > 0.99), whereas %Sand showed a marked negative association ( = -0.44, 95% CI: -0.63 to -0.26, P
(B> 0)<0.01). The same 5'*C x OM interaction was observed for SR (p = -0.25, 95% CI: -0.42 to -0.09, P (B > 0) < 0.01),
together with a positive interaction between %Sand and OM content ( = 0.23, 95% CI: 0.07 to 0.39, P (§ > 0) > 0.99).
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Table 1. Summary of the most parsimonious Bayesian models explaining variation in four general microbial functional

metrics: average well colour development (AWCD), Shannon diversity (H'), Shannon evenness (E), and carbon-source

410 richness (SR). RDTGW, relative depth to the groundwater table; OM, organic matter content of geological substrate (%);

8'3C, stable carbon isotope composition of geological substrate; %Fine, fine fraction of geological substrate (%); %Sand,

sand fraction of geological substrate (%); PCAl and PCA2, scores of the first and second principal component axes,

respectively, derived from groundwater physicochemical variables; Min_Dist_Z, minimum distance (m) from each borehole

to the nearest Ziziphus lotus individual. Bold values indicate parameter estimates with strong posterior support, defined as

415 95% credible intervals that do not overlap zero.

Microbiological response AWCD H’ E C-source richness
. 4613C x OM + %Sand x OM +
Best model X e+ oFine £ 7iSand ™ RDTGW + weFine + PCAL + PCA2
- = + Min_Dist_Z
SD (Bore random effect) 0.40 0.39 0.35 0.29
Sigma 0.85 0.86 0.86 0.87
Total R? 0.36 0.31 0.30 0.31
(95% ClI) (0.25, 0.45) (0.20, 0.40) (0.20, 0.40) (0.22,0.41)
Mean 0.04 0.05 0.05 -0.04
Intercept 95% Cl -0.31,0.39 -0.30, 0.39 -0.26, 0.39 -0.34,0.27
P (B>0) 0.61 0.63 0.66 0.36
Mean 0.04 0.08 0.03 0.07
RDTGW 95% Cl -0.15,0.24 -0.12,0.28 -0.16, 0.23 -0.13,0.26
P(B>0) 0.67 0.79 0.63 0.75
Mean 0.39 0.39 0.34 0.50
oM 95% CI 0.22,0.55 0.22, 0.55 0.18, 0.51 0.32,0.68
P(B>0) > 0.99 > 0.99 > 0.99 >0.99
Mean -0.20 -0.03 0.17 0.01
313C 95% Cl -0.40, -0.00 -0.22,0.17 -0.03, 0.36 -0.19,0.21
P(B>0) 0.02 0.39 0.95 0.56
Mean 0.20 0.15 0.19 -0.08
%Fine 95% Cl 0.02,0.38 -0.03,0.33 0.01, 0.37 -0.28, 0.13
P(B>0) 0.99 0.95 0.98 0.21
Mean -0.20 -0.34 -0.31 -0.44
%Sand 95% CI -0.37,-0.03 -0.51, -0.17 -0.48,-0.15 -0.63, -0.26
P(B>0) 0.01 <0.01 <0.01 <0.01
Mean 0.28 0.16 0.10 0.21
PCAl 95% ClI -0.09, 0.60 -0.19, 0.48 -0.23,0.41 -0.12,0.48
P(B>0) 0.94 0.86 0.78 0.93
Mean -0.21 -0.03 0.08 -0.03
PCA2 95% ClI -0.62, 0.24 -0.44,0.39 -0.37,0.47 -0.41,0.35
P(B>0) 0.85 0.44 0.67 0.43
Mean -0.20 -0.00 0.17 -0.01
Min_Dist Z 95% CI -0.67,0.30 -0.46, 0.46 -0.29, 0.59 -0.40, 0.41
P(B>0) 0.84 0.49 0.81 0.48
513C x OM Mean -0.27 -0.27 -0.12 -0.25
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95% CI -0.43,-0.10 -0.43,-0.10 -0.29, 0.04 -0.42,-0.09
P (B> 0) <0.01 <0.01 0.07 <0.01
Mean - -- -- 0.23
%Sand x OM 95% CI - -- -- 0.07,0.39
P(>0) - -- - > (.99

3.3.2 Environmental drivers of C-source utilization

OM availability consistently influenced the utilization of several C-source groups, whereas OM quality and substrate texture
exerted more selective effects on specific metabolic pathways (Table 2). Amine and amino-acid utilization did not receive
strong posterior support for any of the environmental predictors included in the models (Table 2). Carbohydrate utilization
was positively associated with OM content (f = 0.20, 95% CI: 0.02 to 0.38, P (B > 0) = 0.99) and negatively associated with
%Sand (B =-0.18, 95% CI: -0.36 to 0.00, P (B > 0) = 0.03). A negative interaction between §'*C values and OM content was
also detected (B = -0.20, 95% CI: -0.37 to -0.02, P (B > 0) = 0.01). Carboxylic acid utilization increased with both OM
content and 6'*C values (B = 0.41, 95% CI: 0.22 to 0.60, P (B > 0) > 0.99; and B = 0.22, 95% CI: 0.02 to 0.42, P (B > 0) =
0.98, respectively), whereas %Sand showed a negative association ( = -0.23, 95% CI: -0.42 to -0.03, P (B > 0) = 0.01). A
positive interaction between %Sand and OM content was also detected (f = 0.19, 95% CI: 0.02 to 0.35, P (B > 0) = 0.99).
Phenolic compound utilization responded positively to OM content (f = 0.21, 95% CI: 0.02 to 0.39, P (B > 0) = 0.99) and
negatively to 8'3C values (p = -0.30, 95% CI: -0.51 to -0.08, P (B > 0) < 0.01).

In contrast, polymer utilization was negatively associated with OM content (f = -0.31, 95% CI. -0.48 t0 -0.14, P (B > 0) <
0.01) and positively associated with §'*C values (f = 0.28, 95% CI: 0.08 to 0.48, P (B > 0) = 1.00). A positive interaction
between %Fine and OM content was also detected (B = 0.23, 95% CI: 0.05 to 0.41, P (B > 0) > 0.99), indicating that the
negative effect of OM on polymer utilization became progressively weaker with increasing fine material content.

Overall, vegetation-related variables showed little support across models. Neither vegetation greenness metric (NDVI) was
retained in the final model set, and distance to the nearest Z. lotus individual showed no consistent effects on either general

microbial functional metrics or C-source utilization patterns.
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Table 2. Summary of the most parsimonious Bayesian models explaining variation in four general microbial functional
metrics: average well colour development (AWCD), Shannon diversity (H'), Shannon evenness (E), and carbon-source
richness (SR). RDTGW, relative depth to the groundwater table; OM, organic matter content of geological substrate (%);
8'3C, stable carbon isotope composition of geological substrate; fine fraction of geological substrate (%); %Sand, sand
fraction of geological substrate (%); PCA1 and PCA2, scores of the first and second principal component axes, respectively,
derived from groundwater physicochemical variables; Min_Dist_Z, minimum distance (m) from each borehole to the nearest

Ziziphus lotus individual. Bold values indicate parameter estimates with strong posterior support, defined as 95% credible

intervals that do not overlap zero.

20

C-source Amines Amino Acids Carbohydrates Ca;‘bc_)xyllc Phenolic Polymers
cids Compounds
RDTGW + OM RDTGW x OM 513C x OM + %Sand x OM + RDTGW x OM %Fine x OM +
+813C + %Fine  +313C + %Fine RDTGW + RDTGW + +813C + %Fine RDTGW +
Best model + %Sand + + %Sand + %Fine + %Sand  813C + %Fine + + %Sand + 813C + %Sand
PCA1 + PCA2 PCA1 + PCA2 +PCAl+ PCA2 PCAl+PCA2 + PCA1 + PCA2 + PCAl+ PCA2
+ Min_Dist Z + Min_Dist Z + Min_Dist Z Min_Dist Z + Min_Dist Z + Min_Dist Z
SD (Bore random effect) 0.16 0.21 0.53 0.28 0.38 0.55
Sigma 0.93 1.03 0.92 0.91 0.95 0.88
Total R? 0.17 0.12 0.23 0.25 0.22 0.29
(95% CI) (0.09, 0.26) (0.05, 0.20) (0.13,0.33) (0.15, 0.34) (0.12,0.32) (0.18, 0.39)
Mean -0.06 -0.01 0.03 -0.06 0.03 -0.12
Intercept 95% CI -0.28,0.16 -0.27,0.24 -0.39, 0.44 -0.35,0.24 -0.31,0.37 -0.55, 0.31
P(B>0) 0.25 0.44 0.55 0.31 0.57 0.25
Mean 0.18 0.03 0.13 -0.08 0.21 0.06
RDTGW 95% CI -0.01, 0.37 -0.23,0.30 -0.09, 0.35 -0.29, 0.12 -0.04, 0.46 -0.14, 0.27
P(B>0) 0.97 0.59 0.88 0.22 0.95 0.73
Mean -0.04 -0.04 0.20 041 0.21 -0.31
oM 95% ClI -0.22,0.13 -0.24,0.15 0.02,0.38 0.22,0.60 0.02,0.39 -0.48, -0.14
P(B>0) 0.30 0.33 0.99 >0.99 0.99 <0.01
Mean -0.15 -0.13 -0.11 0.22 -0.30 0.28
313C 95% ClI -0.35, 0.05 -0.35, 0.09 -0.31,0.11 0.02,0.42 -0.51, -0.08 0.08,0.48
P(B>0) 0.07 0.12 0.16 0.98 <0.01 >0.99
Mean 0.07 0.15 0.01 -0.20 0.15 -0.14
%Fine 95% ClI -0.11, 0.26 -0.06, 0.35 -0.18,0.20 -0.41,0.01 -0.05, 0.35 -0.33, 0.05
P(B>0) 0.77 0.92 0.55 0.03 0.92 0.07
Mean -0.13 -0.07 -0.18 -0.23 -0.12 0.17
%Sand 95% ClI -0.30, 0.03 -0.25,0.13 -0.36, 0.00 -0.42,-0.03 -0.31, 0.06 -0.02, 0.36
P(B>0) 0.06 0.24 0.03 0.01 0.08 0.96
Mean 0.03 -0.01 -0.06 0.14 0.14 -0.13
PCA1 95% CI -0.20,0.24 -0.27,0.26 -0.46, 0.33 -0.15, 0.42 -0.20, 0.45 -0.55, 0.30
P(B>0) 0.62 0.48 0.36 0.86 0.83 0.24
Mean -0.08 0.02 -0.06 0.20 -0.09 -0.04
PCA2 95% ClI -0.39, 0.25 -0.34,0.38 -0.54,0.42 -0.21, 0.56 -0.51, 0.35 -0.53, 0.46
P(3>0) 0.31 0.54 0.40 0.87 0.31 0.42
Mean -0.18 -0.04 -0.06 0.31 0.01 -0.02
Min_Dist_Z 95% ClI -0.50, 0.16 -0.42,0.36 -0.56, 0.50 -0.14, 0.68 -0.43,0.49 -0.55, 0.52
P(3>0) 0.13 0.41 0.40 0.93 0.51 0.47
RDTGW Mean -- 0.21 - -- 0.16 --
X 95% CI -- -0.01, 0.43 -- -- -0.05, 0.36 --
OM P(B>0) - 0.97 - - 0.93 -
813C Mean -- -- -0.20 -- - -
X 95% CI -- -- -0.37,-0.02 -- -- --
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oM P(B>0) -- - 0.01 --
%Sand Mean -- - - 0.19
X 95% Cl - - - 0.02,0.35
oM P(B>0) - - - 0.99 -
%Fine Mean - - - - - 0.23
X 95% Cl - - - - - 0.05, 0.41
oM P(B>0) -- - - -- -- 0.99
4 Discussion

Understanding how microbial functioning is organized across saturated-unsaturated transitions remains a central challenge in
CZ research, particularly in arid environments where resource distributions are highly heterogeneous and hydrological
connectivity is spatially and temporally variable. Our results indicate that microbial functional responses were only weakly
associated with the broad hydrological organization of the profile and were instead linked to multiple hydrobiogeochemical
controls operating across the CZ continuum.

4.1 Hydrobiogeochemical heterogeneity across the CZ continuum

The central finding of this study is that microbial functional organization across the arid CZ we examined does not follow
the depth-dependent, zonation-based structure predicted by conventional CZ conceptual models. Saturated-unsaturated
partitioning per se - a key organizing boundary in humid-climate CZ frameworks - emerged as a weak predictor of the
microbial functional profiles assessed here. Instead, microbial functional responses were more strongly associated with
microscale heterogeneity in resource availability and substrate conditions than with position along the vertical profile,
supporting our first hypothesis and indicating that variation in OM availability, substrate texture, and OM processing exerted
a stronger influence on microbial functional profiles than broad hydrological partitioning (Brantley et al., 2007; Chorover et
al., 2007; Akob and Kisel, 2011; Wu et al., 2023). The weak influence of relative depth to the groundwater table further
supports this interpretation, suggesting that vertical position was not a primary driver of the functional responses observed
(Fierer et al., 2003; Or et al., 2007; Allison and Martiny, 2008). Under the resource-limited conditions characteristic of arid
ecosystems, OM availability and substrate texture may exert particularly strong influences on microbial functioning
(Schimel et al., 2007; Bastida et al., 2021). In contrast to conceptual models developed for more humid CZs, where
subsurface organization is often associated with relatively continuous vertical gradients in hydrology, weathering, and
biogeochemical development (Brantley et al., 2007; Chorover et al., 2007; Rempe and Dietrich, 2018), microbial functioning
in arid CZs may be more strongly shaped by localized hydrobiogeochemical mosaics and spatially discontinuous resource
distributions, partially decoupling microbial functional organization from the broad hydrological gradients that underpin
many existing CZ frameworks (Or et al., 2007; Allison and Martiny, 2008; Bastida et al., 2021).
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4.2 Organic matter controls

OM availability emerged as the dominant control on microbial functioning across the CZ profile, supporting our second
hypothesis, whereas OM quality exerted more selective effects on microbial metabolism and C-source utilization. The
pervasive positive effects of substrate OM content on AWCD, H’, E, SR, and the utilization of several C-source groups
indicate that organic resource availability regulates microbial functioning within this arid subsurface environment (Schimel
et al., 2007; Bastida et al., 2016). In water-limited ecosystems, microbial activity tends to concentrate around localized C-
rich microsites and resource hotspots (Schimel et al., 2007; Kuzyakov and Blagodatskaya, 2015; Bastida et al., 2021),
consistent with the broad influence of OM on multiple microbial functional metrics observed in this study. In contrast to
these general positive effects of OM on microbial functioning, potential polymer utilization declined with increasing OM
content. Under OM-rich conditions, microbial communities may rely proportionally more on relatively labile C sources,
thereby reducing the relative contribution of polymers to total C-source utilization (Cotrufo et al., 2013; Kuzyakov and
Blagodatskaya, 2015; Lehmann and Kleber, 2015).

While OM quantity exerted broad effects across most microbial functional metrics, 6'*C-related patterns suggest that OM
quality influenced how microbial communities allocated resource-use strategies among different C-source groups. The
negative effect of '*C on AWCD suggests that OM processing primarily affected microbial metabolic intensity rather than
the overall organization of C-source utilization. Increasing 6'*C values may reflect lower energetic quality and a greater
degree of OM processing (Ehleringer et al., 2000; Lehmann and Kleber, 2015; Kriger et al., 2024). Such isotopic enrichment
is commonly interpreted as a signature of progressive OM processing, resulting from the combined effects of selective
retention of 13C-depleted compounds and preferential microbial mineralization of 2C-enriched organic matter during
downward transport through the CZ (Kaiser et al., 2001; Wynn et al., 2006; Bostrom et al., 2007). These processes could
constrain total microbial activity without substantially altering the diversity, evenness, or range of C-sources utilized by
microbial communities (Fierer et al., 2003; Allison and Martiny, 2008; Bowling et al., 2008). 5'*C also exerted selective
effects on particular metabolic pathways, as reflected by the contrasting responses observed among C-source groups. The
negative association between 8'*C and phenolic compound utilization suggests that increasingly processed OM conditions
may reduce the relative importance of phenolic C sources for microbial metabolism (Ehleringer et al., 2000; Bowling et al.,
2008). In contrast, the positive associations observed for carboxylic acid and polymer utilization indicate a shift in microbial
resource-use patterns under these conditions, favouring relatively oxidized compounds as well as structurally complex C
sources (Cotrufo et al., 2013; Lehmann and Kleber, 2015). The recurrent negative interactions between 6'*C and OM across
several models further support this interpretation, indicating that the positive effects of OM availability weakened under
conditions associated with increasingly processed OM.

Taken together, the OM-related findings reinforce the broader interpretation that microbial functioning in this arid CZ is
organized primarily around localized resource availability rather than around vertical biogeochemical gradients. In humid

CZs, vertical gradients in OM quantity and quality are often tightly coupled to depth and hydrological position, producing

22



515

520

525

530

535

540

https://doi.org/10.5194/egusphere-2026-4227
Preprint. Discussion started: 19 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

relatively predictable depth profiles of microbial activity (Fierer et al., 2003; Lehmann and Kleber, 2015). In the present
system, OM availability exhibited substantial spatial variability with only weak vertical organization, whereas OM quality
showed a clearer depth-related pattern and significant differences between saturated and unsaturated zones. However, this
vertical structuring of OM quality did not translate into a corresponding depth-dependent organization of microbial
functional profiles. Instead, multiple CLPP-derived functional metrics responded more strongly to local OM availability and
quality than to position along the profile itself. These results suggest that resource patchiness and localized
hydrobiogeochemical heterogeneity, rather than vertical zonation, constitute the primary organizing forces of microbial
functioning in this arid CZ. More broadly, they indicate that the existence of vertical geochemical gradients alone is
insufficient to generate the vertically organized biogeochemical and microbial patterns commonly described for humid-
climate CZs (Brantley et al., 2007; Chorover et al., 2007; Rempe and Dietrich, 2018).

4.3 Texture-mediated responses

Although substrate texture exhibited relatively limited variation across the CZ profile, it emerged as a consistent predictor of
microbial functioning in the models. These results suggest that substrate texture can exert disproportionate effects on
microbial functioning by regulating pore-scale environmental conditions and habitat heterogeneity (Young and Crawford,
2004; Or et al., 2007; Nunan et al., 2020). In porous subsurface environments, texture regulates water retention, oxygen
diffusion, pore connectivity, and the spatial distribution and physical protection of organic resources, thereby shaping
microbial activity and microsite resource heterogeneity (Six et al., 2002; Young and Crawford, 2004; Or et al., 2007). The
recurrent negative effects associated with sandy fractions across multiple CLPP-derived metrics and several C-source
utilization groups likely reflect the lower moisture retention and reduced capacity for OM stabilization typically associated
with coarse-textured substrates (Or et al., 2007; Schimel et al., 2007; Six et al., 2002; Cotrufo et al., 2013; Cyle et al., 2016).
The positive %Sand x OM interactions observed for several microbial functional metrics suggest that OM availability
partially compensated for the constraints associated with sandy substrates, consistent with the idea that localized resource
accumulation may generate microbial hotspots even under physically limiting conditions (Young and Crawford, 2004;
Kuzyakov and Blagodatskaya, 2015; Nunan et al., 2020). By comparison, fine material content exhibited only weak positive
effects on AWCD and E, likely because enhanced moisture retention and organo-mineral stabilization may locally promote
microbial activity and a more even use of C sources (Six et al., 2002; Or et al., 2007; Cotrufo et al., 2013). However, the
positive %Fine x OM interaction observed for polymer utilization suggests that fine-textured materials may also influence
the fate of structurally complex organic compounds. Under OM-rich conditions, the relative decline in polymer utilization
was less pronounced in substrates containing higher proportions of fine material, potentially reflecting the capacity of finer
fractions to stabilize these compounds through organo-mineral associations and microscale protection mechanisms (Six et
al., 2002; Lehmann and Kleber, 2015). Overall, texture acted primarily as a modifier of OM effects rather than as a primary
control on microbial functioning (Schimel et al., 2007; Kuzyakov and Blagodatskaya, 2015; Bastida et al., 2021).
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4.4 Limited vegetation influences

Contrary to our third hypothesis, vegetation-related variables exerted only limited influences on microbial functioning across
the CZ profile. Neither proximity to Z. lotus individuals nor vegetation greenness emerged as major drivers of microbial
functioning. Although deep-rooted phreatophytic vegetation can influence groundwater-associated biogeochemical and
microbial processes through rhizosphere C inputs and groundwater redistribution (Griebler and Lueders, 2009; Eamus et al.,
2015), these effects were not detected as dominant controls on the microbial functional responses assessed here. This may
reflect the sparse and patchy distribution of vegetation in arid ecosystems, which generates spatially discontinuous
rhizosphere interactions that remain largely confined to root-influenced microsites rather than extending across the broader
subsurface matrix (Schlesinger et al., 1996; Okin et al., 2015). Previous work in the same ecosystem documented marked
rhizosphere effects associated with Z. lotus in surface soils (Torres-Garcia et al., 2022). However, a physiological threshold
around 14 m groundwater depth, beyond which Z. lotus individuals experience increasing water stress (Torres-Garcia et al.,
2021b), likely limits belowground C allocation at depth and further constrains rhizosphere stimulation across the CZ
(Naumburg et al., 2005; Eamus et al., 2006). Importantly, the absence of detectable Z. lotus effects on subsurface microbial
functioning is, in our view, not merely a null result but a substantively informative one. Z. lotus is a structurally dominant
species with roots documented at depths up to 60 m (Le Houérou, 2006), substantial groundwater uptake, and soil-level
biogeochemical effects (Torres-Garcia et al., 2021b; Torres-Garcia et al., 2022). The fact that a species with such extensive
rooting systems and documented biogeochemical effects does not produce a detectable footprint in subsurface microbial
functioning underscores how strongly spatial discontinuity governs resource distribution in arid CZs. If even a species of this
ecological stature cannot homogenize microbial functioning across the subsurface profile, it is difficult to attribute the spatial
patterns we observe to any vegetation-mediated process operating at profile scale. This reinforces the interpretation that the
relevant organizational unit in arid CZs is not the vertical profile or the plant neighbourhood, but the microsite - the localized
patch of resource availability that determines microbial functioning independently of its position in the broader landscape
context.

Collectively, these results reinforce the view that arid CZs are organized by principles that diverge from the humid-climate
template on which most CZ conceptual models were originally developed. The vertical-gradient framework remains highly
effective for the systems in which it was established, but the present findings suggest that complementary conceptual models
are needed for drylands, where spatial discontinuity, episodic hydrology, and microscale resource heterogeneity may act as
primary organizing forces. The present study provides empirical support for such models and highlights the saturated-
unsaturated transition as a boundary that is biogeochemically important in humid systems but loses much of its organizing

power in arid ones.
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5 Conclusions

Conventional conceptual models of the CZ describe subsurface ecosystem organization in terms of continuous vertical
gradients tied to the saturated-unsaturated transition. This study provides evidence that such a framework may not
adequately describe the microbial functional profiles observed in this arid CZ, where the measured functional responses were
more strongly associated with spatially localized hydrobiogeochemical heterogeneity than with depth-based or zonation-
based gradients. These results suggest that arid and humid CZs may operate under substantially different organizational
principles. Within this arid system, OM availability emerged as the dominant control on microbial functional responses -
driving overall metabolic activity, functional diversity, evenness, and C-source richness - while OM processing and substrate
texture exerted more selective influences on specific microbial responses and C-source utilization patterns. Relative depth to
the groundwater table, proximity to Z. lotus individuals, and vegetation greenness showed comparatively weak effects. The
absence of detectable vegetation effects is particularly informative: the failure of a structurally dominant deep-rooted
phreatophyte to organize microbial functioning at profile scale supports the interpretation that spatial discontinuity, rather
than vertical position or plant neighbourhood, is the primary organizational unit of this arid CZ. These findings highlight the
need to move beyond depth-based conceptualizations of subsurface ecosystem organization when working in dryland
systems. As arid regions expand under climate change and CZ research increasingly extends into dryland settings,
developing arid-specific conceptual models that recognize microscale resource heterogeneity and spatially discontinuous
hydrobiogeochemical organization as first-order principles will be essential for understanding and predicting subsurface

ecosystem functioning under water limitation.
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