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Key Points:

e Reported runoff thresholds are more often characterized by antecedent or within-event
catchment-state indicators than by rainfall metrics alone.

e Wetness-dependent mechanism shifts were commonly reported from surface- to

subsurface-influenced runoff responses.

e Mechanism-specific soil-geology—hydrogeology associations provide structural context

for interpreting threshold behavior.
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Abstract

Runoff threshold behavior is widely reported in event-based hydrological studies, but its
interpretation and cross-catchment variability remain unresolved because threshold metrics, values,
and process interpretations vary among studies, climates and landscape settings. This study
synthesizes reported storm-runoff thresholds from 138 experimental catchments worldwide, as
well as reported dominant runoff mechanisms, documented wetness-dependent mechanism
transitions, and soil-geology-hydrogeology associations. Across the reviewed literature, threshold-
like responses were identified using rainfall metrics (e.g., event rainfall amount and rainfall
intensity), hydrological-state metrics (e.g., antecedent or within-event soil moisture, storage, and
groundwater level), and composite rainfall-state indicators. Hydrological-state and composite
indicators were reported more frequently than rainfall-only metrics. Subsurface- and saturation-
related mechanisms were most frequently reported, particularly among studies in humid
catchments. Among the catchments with explicitly documented event-scale transitions in runoff
generation mechanisms, shifts from surface-dominated responses toward saturation-, subsurface-,
or shallow-groundwater-influenced responses were more frequently reported as catchment
wetness increased within the reported transition subset, although reverse and context-dependent
pathways are hydrologically possible. Co-occurrence analysis indicates that reported mechanisms
are associated with soil-depth, texture, permeability, lithology, and hydrogeological descriptors,
which we interpret as structural contexts that condition state-dependent functional connectivity.
Together, the synthesis supports a connectivity-based framework in which rainfall forcing interacts

with catchment state and structural constraints to activate or connect runoff pathways.
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Introduction

Storm runoff generation often exhibits nonlinearity or threshold-like behavior, where small
changes in rainfall or antecedent wetness conditions can trigger a disproportionately large increase
in runoff. Numerous event-based studies show that runoff outcomes vary with catchment wetness,
storage conditions, and activation of surface, subsurface, or groundwater pathways (Blume and
Van Meerveld, 2015; Penna et al., 2011; Sidle et al., 2000; Tromp-van Meerveld and McDonnell,
2006a). Threshold-like responses have been documented for infiltration-excess overland flow,
saturation-excess overland flow, subsurface stormflow, and shallow groundwater-dominated
responses (Deng et al., 2024; Kampf et al., 2018; Ross et al., 2021; Sidle et al., 2000; Scaife et al.,
2020), but threshold indicators, mechanism interpretations, and structural controls are often
examined separately. Such responses have often been interpreted as the activation of previously
inactive flow paths or hydrologic connectivity under sufficiently wet catchment states,
emphasizing the joint roles of rainfall forcing, antecedent wetness, storage, and flow-path
activation.

Connectivity- and storage-based frameworks have shifted attention from fixed rainfall
thresholds to state-dependent activation of flow paths. Fill-and-spill concepts emphasize the
episodic filling and coupling of surface, subsurface, or depressional storage (McDonnell et al.,
2021; Spence and Woo, 2003; Tromp-van Meerveld and McDonnell, 2006b), while hydrologic
connectivity theory frames runoff responses as an outcome of progressively coupled flow from

hillslopes, soils, groundwater, and channels (Blume and Van Meerveld, 2015; Fu et al., 2013;
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McDonnell, 2013). Connectivity- and storage-based frameworks further demonstrated that
threshold-like runoff behavior emerges when incremental rainfall leads to disproportionate
increases in hydrologic connectivity and flow (Ares et al., 2020; von Freyberg et al., 2014;
McGuire and McDonnell, 2010; Wilson et al., 2017; Zimmermann et al., 2014).

Despite this conceptual progress, a cross-catchment synthesis linking reported threshold
indicators, runoff-generation mechanisms, and catchment structural controls remains limited.
Existing threshold-focused studies have primarily emphasized threshold detection, typology, or
specific climatic settings, whereas broader runoff-process syntheses have focused on dominant
pathways, controls, or terminology. As a result, two related questions remain insufficiently
resolved across catchments: how threshold-related runoff mechanisms are represented across
climatic wetness settings, and how dominant runoff mechanisms change within catchments as
event wetness increases. Several studies provide important foundations. Ross et al. (2021)
reviewed threshold behavior across contrasting environments and proposed a typology of threshold
dynamics and Ali et al. (2015) compared threshold hydrologic responses across northern
catchments. Broader syntheses by McMillan et al. (2022, 2025) and Penna (2026) have further
reviewed global runoff-process knowledge, process terminology, and controls on runoff processes
in forested catchments. However, these studies have not explicitly linked reported threshold
indicators, dominant runoff mechanisms, within-catchment wetness-dependent mechanism
transitions, and soil-geology—hydrogeology contexts within a common synthesis framework.

(James and Roulet, 2007; McGuire and McDonnell, 2010; Mirus and Loague, 2013; Ross et
al., 2021; Scaife et al., 2020).

To address this gap, this study synthesizes reported nonlinear and threshold storm-runoff

behavior across experimental catchments worldwide, linking threshold indicators, reported
4
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dominant runoff generation mechanisms, wetness-dependent mechanism transitions, and soil—
geological-hydrogeology context within a common analytical framework. Rather than seeking
universal threshold values, this review focuses on repeated trigger-state-structure associations that
help explain nonlinear runoff responses across diverse hydrological settings.

Specifically, we address four questions:

1. Which rainfall-based, hydrological-state-based, or composite indicators are used in the
literature to identify threshold-like storm-runoff responses?

2. How are reported dominant runoff-generation mechanisms represented across climatic
wetness classes within the reviewed literature?

3. Within catchments with explicitly reported wetness-dependent transitions in runoff
generation mechanisms, how does the dominant runoff mechanism change as event wetness
increases?

4. Which soil-geology—hydrogeology attributes are recurrently associated with different
reported runoff mechanisms?

Mechanism transitions here refer specifically to changes in the mechanism dominating
stormflow generation within the same catchment during events or event sequences as wetness

increases.

2. Data and Methods

2.1 Literature synthesis and catchment database

To investigate event-scale nonlinear and threshold-like runoff generation, we conducted a
literature synthesis of peer-reviewed studies reporting rainfall-runoff nonlinearity, abrupt

stormflow responses, or runoff threshold behavior. The review focused on observational and
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process-based studies in experimental catchments that explicitly linked threshold-like runoff
responses to runoff generation mechanisms.

We searched the Web of Science Core Collection and Scopus for publications from database
inception to 2024. Search terms combined concepts related to thresholds, nonlinearity, and runoff
generation, including “runoff threshold”, “threshold behavior”, “nonlinear runoff”, “rainfall-

%9 ¢¢

runoff nonlinearity”, “stormflow threshold”, “runoff regime shift”, and “stormflow generation”,
together with catchment-related terms such as “catchment”, “watershed”, “hillslope”, and “basin”.
The search returned 745 records: 344 from Web of Science and 401 from Scopus. After removing
292 duplicates, 453 unique records remained. All unique records were screened by title and
abstract, followed by targeted full-text assessments when title and abstract information was
insufficient. This screening identified 153 studies that met the inclusion criteria and provided
catchment-scale information on threshold-like runoff behavior and runoff generation mechanisms.

Studies were retained if they: (i) provided well-documented storm-event observations, such
as rainfall and runoff time series, hydrograph or hysteresis analyses, soil moisture or groundwater
dynamics, tracers or isotopes, or similar process evidence), and (ii) explicitly interpreted nonlinear
or threshold-like runoff behavior together with the associated dominant runoff generation
mechanism(s). Studies were excluded if they focused only on approximately linear rainfall-runoff
relationship, long-term water-balance analysis, or model simulations without event-scale
observational evidence of threshold-like behavior.

The 153 retained studies provided information for 176 experimental catchments. After
excluding 38 catchments based solely on model simulations without direct field observations, the

final dataset contained 138 experimental catchments. Publications reporting multiple catchments

were separated into individual catchment records, whereas multiple publications on the same
6
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catchment were consolidated to avoid double counting. Additional publications for the same
catchment were used only to supplement information on threshold indicators, runoff mechanisms,

or catchment attributes.
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Figure 1. Global distribution of study catchments categorized by dominant runoff generation
mechanisms. Colored symbols indicate the dominant or combined runoff generation mechanisms
reported for each catchment, including HOF, SOF, SSF, GWF.

For each catchment, we extracted information on:

(i) Aridity and vegetation type;

(ii) Soil properties, including depth, texture, and permeability;

(iii) Geological and hydrogeological characteristics; and

(iv) Reported dominant runoff generation mechanisms, along with the state variables and
indicators used to identify nonlinear or threshold runoff behavior.
2.2 Classification of runoff generation mechanisms

Runoff generation mechanisms were harmonized into four main classes and their

combinations: Hortonian overland flow (HOF), saturation-excess overland flow (SOF), subsurface
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stormflow (SSF), and groundwater flow (GWF). Mechanism classes were extracted from the
process interpretations reported in the original studies and were not inferred solely from climate,
vegetation, soil, or geological descriptors.

HOF was assigned when the source study interpreted event runoff as infiltration-excess or
Hortonian overland flow. SOF was assigned when stormflow was interpreted as saturation-excess
overland flow, return flow, or runoff from saturated areas. SSF was assigned when the source study
reported event-scale lateral subsurface flow through soil, regolith, preferential flow from
macropores, pipes, perched zones, or flow along restrictive layers such as the soil-bedrock
interface. Although SOF and SSF can both contribute stormflow, they were distinguished by the
dominant reported flow pathway: SOF reaches the channel mainly as surface runoff from saturated
areas, whereas SSF is transmitted mainly through lateral subsurface pathways before entering the
channel. GWF was assigned only when the original study interpreted stormflow as including
event-scale shallow groundwater responses within weathered bedrock or fractured regolith; it does
not refer to regional confined aquifers or groundwater dominated baseflow.

Dominance refers to the mechanism interpreted by the source study as the primary contributor
to stormflow during event. It does not imply that only one runoff process operated in a catchment.
Mixed categories, such as HOF-SOF, SOF-SSF, and SSF-GWF, were assigned when the original
studies explicitly reported co-dominant mechanisms or event-dependent switching among
mechanisms. These mixed categories were used for mechanism classification, whereas ordered
wetness-dependent shifts were analyzed separately in the transition analysis only when the source
study explicitly reported changes in the active or dominant mechanism during events or across

event sequences.
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2.3 Definition of runoff regime shifts and threshold conditions

In this review, threshold behavior refers to an observed nonlinear runoff response pattern
reported in the source studies, whereas dominant runoff mechanisms and hydrologic connectivity
transitions are treated as process interpretations by the original authors or synthesized conceptually
in this review. Runoff regime shifts are defined as abrupt, nonlinear changes in stormflow response
that reflect transitions in dominant runoff generation processes or hydrological connectivity, rather
than proportional increases in rainfall input alone. A regime shift was identified when one or more
of the following conditions were reported during storm events:

(i) a distinct breakpoint in the rainfall-runoff relationship;

(ii) a disproportionate increase in runoff relative to rainfall input;

(iii) a documented transition in dominant runoff generation mechanism; or

(iv) enhanced hydrological connectivity, such as hillslope—channel coupling, activation of
soil-bedrock interfaces, or rapid groundwater table rise.

Here, structural connectivity refers to relatively persistent catchment attributes that define
potential flow-path architecture, including soil depth, permeability contrasts, lithology, weathered
or fractured bedrock, topography, and drainage organization (Ali and Roy, 2010; Bracken and
Croke, 2007; Western et al., 2001). Functional connectivity refers to the event-scale activation and
coupling of these potential pathways as rainfall interacts with antecedent wetness, storage, soil
moisture, and groundwater conditions (Blume and Van Meerveld, 2015; Bracken et al., 2013;
McDonnell, 2013).

Threshold behavior was interpreted as the joint outcome of event-scale rainfall forcing and
catchment hydrological state. Rainfall-based, hydrological-state-based, and composite indicators
were distinguished according to the type of information used to identify threshold behavior.

9
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Hydrological-state indicators include both antecedent conditions (e.g., API, antecedent moisture
condition, antecedent baseflow) and within-event states (e.g., soil moisture, storage, and
groundwater level). Rainfall characteristics, including event rainfall amount, rainfall intensity, and
rainfall duration, were treated as triggering conditions, whereas antecedent or within-event
hydrological states were treated as variables that modulate the emergence of nonlinear runoff
responses.

Each catchment record was coded using three linked fields: the reported dominant runoff
generation mechanism, the hydrological state domain, and the threshold indicator used to identify
or describe the nonlinear response. Hydrological state domains were harmonized into four
categories: antecedent moisture condition (AMC), soil water content, groundwater level, and
integrated storage state. AMC includes broad pre-event wetness descriptors such as antecedent
precipitation, antecedent precipitation index, antecedent baseflow, or qualitative wet/dry
catchment-state descriptions. Integrated storage state includes catchment storage, storage deficit,
or explicitly coupled soil-moisture—groundwater conditions.

Reported threshold indicators were standardized into a limited set of categories, including
event rainfall amount (P), rainfall intensity (Pi), antecedent precipitation index (API), soil water
content or soil moisture (SWC), groundwater level or water-table depth (GWL), storage metrics,
and composite rainfall-state indicators. When multiple threshold indicators were reported for the
same catchment, the indicator identified by the source study as the primary threshold descriptor
was retained.

Structural catchment properties (e.g., soil texture and depth, permeability contrasts, bedrock
characteristics) were not treated as threshold indicators but as catchment characteristics shaping

dominant runoff mechanisms, and were analyzed separately in Section 3.4. Because monitoring
10
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data availability differed substantially among catchments (e.g., rainfall-runoff observations only
versus additional soil-moisture or groundwater measurements), this review synthesizes which
indicators were reported in the literature but does not evaluate their comparative predictive or
explanatory skill.

2.4 Climate and vegetation classification

Catchments were grouped by climatic wetness and dominant vegetation type to assess how
dominant runoff generation mechanisms and regime shifts vary across environmental gradients.
These classifications provide contextual interpretation of mechanism occurrence and transition
patterns, not as direct explanatory variables.

Climatic wetness was classified into four operational categories: humid, semi-humid, semi-
arid, and arid, based on climate descriptions, mean annual precipitation, and, where available,
Kdppen climate information reported in the source studies. Catchments described as humid,
perhumid, tropical humid, or temperate humid were classified as humid; those described as sub-
humid or semi-humid were classified as semi-humid; those described as semi-arid or dry steppe
were classified as semi-arid; and those described as arid or desert were classified as arid. When
source descriptions were ambiguous, mean annual precipitation and regional climate context were
used to assign the closest category. Vegetation types were classified as forest, grassland, cropland,
shrubland, or mixed vegetation based on study descriptions. Because the reviewed catchments are
research catchments rather than a representative sample of the global land surface, aridity and
vegetation classes were used to describe the composition of the reviewed literature, not to infer the

global prevalence or absence of specific runoff mechanisms.

11



233
234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

2.5 Soil-geology—hydrogeology co-occurrence network

To examine associations between dominant runoff generation mechanisms and subsurface
characteristics, we conducted a soil-geology—hydrogeology keyword co-occurrence analysis. This
analysis identifies combinations of soil, geological, and hydrogeological attributes that frequently
co-occur with specific runoff mechanisms across catchments. For each catchment, soil- and
geology-related descriptors from the literature were extracted and standardized into a consistent
keyword set, including soil depth, texture, permeability, bedrock type, and structural features like
fracturing. Only reported attributes explicitly linked to runoff generation (e.g., soil depth, texture,
permeability contrasts, lithology) were included.

To ensure consistency across studies, extracted descriptors were standardized using a
synonym normalization table (Table S2), which merged similar terms into unified descriptors (e.g.,

“shallow regolith,” “thin soils,” and “shallow soils” were combined as “shallow soil”). This

normalization focused on preserving the hydrological meaning while reducing linguistic
variability. Keyword extraction and standardization were independently reviewed by two
researchers to ensure consistency. Discrepancies were resolved through discussion and reference
to original study descriptions.

The resulting standardized descriptors were used to construct mechanism-—descriptor co-
occurrence networks. In this analysis, co-occurrence refers to the presence of a given runoff
generation mechanism and a standardized soil-geology—hydrogeology descriptor within the same
catchment record. For each mechanism-descriptor pair, the co-occurrence frequency was
calculated as the number of independent catchments in which both the mechanism and descriptor
were reported. Repeated mentions for the same catchment, or multiple publications describing the

same catchment, were counted only once. To reduce the influence of isolated case studies, only

12
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mechanism—descriptor links reported in at least two independent catchments were retained in the
main network.

2.6 Software

Data extraction and initial standardization were performed in Microsoft Excel, followed by
data processing and visualization in Python using the PyCharm integrated development
environment [2024.2]. Data cleaning, frequency analysis, and transition-matrix construction were
conducted using pandas and NumPy. Sankey diagrams were generated with Plotly, co-occurrence
networks were constructed using NetworkX and visualized with Matplotlib, and transition-
probability heatmaps were produced using Seaborn. Global catchment maps were generated with

Cartopy, using Natural Earth base layers to display coastlines, national borders, and land features.

3. Results

3.1 Reported dominant mechanisms, state variables, and threshold indicators

Across the 138 reviewed catchments, subsurface- and saturation-related mechanisms were
most frequently reported (Fig. 2). SSF was the most common mechanism, accounting for 41% of
all catchments, followed by combined SOF-SSF mechanisms (21%) and SOF alone (19%).
Together, SSF, SOF, and their combinations represent the majority of reported cases. In contrast,
HOF accounts for less than 10% of the reviewed catchments. GWF and categories involving

groundwater represent a smaller fraction of the dataset.
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Figure 2. Frequency of the reported dominant runoff generation mechanisms in the reviewed
catchments. Percentages are calculated relative to all reviewed catchments (n = 138), with each
catchment counted once.

Figure 3 summarizes how reported threshold indicators vary among these runoff mechanism
classes. Researchers working in HOF-dominated catchments more often used rainfall-based
descriptors, particularly event rainfall amount or rainfall intensity, whereas for SOF-, SSF-, and
GWEF-dominated catchments, antecedent wetness, soil moisture, storage-related variables,
groundwater level, or composite rainfallstate indicators were used more often.

Across the 138 reviewed catchments, a standardized threshold indicator could be identified
for 98 catchments (71.0%). Among these, 40 catchments (40.8%) used rainfall-only indicators, 35
(35.7%) used hydrological-state indicators, and 23 (23.5%) used composite rainfall-state
indicators. Hydrological-state and composite indicators therefore accounted for 59.2% of
catchments with an identified threshold indicator. The specific indicators P, Pi, API, SWC, GWL,

storage metrics, and composite rainfall-state metrics (Table S4). Because these indicators
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pooled across indicator types.

Mechanism-dependent expression of state variables and threshold reporting
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Figure 3. Sankey diagram summarizing reported indicators used to identify nonlinear runoff
threshold behavior related to different dominant runoff generation mechanisms. Node height and
band width are proportional to the number of reviewed catchments. The “None reported” category
indicates catchments where source studies did not specify the corresponding state variable or
threshold indicator. Specifically, 29 catchments did not report an explicit state variable, and 41
catchments did not report an explicit threshold indicator.

Overall, Figs. 2 and 3 show that subsurface- and saturation-related mechanisms are most
frequently represented in the reviewed dataset, while the indicators used to characterize threshold-

like behavior differ substantially among mechanism classes. These frequencies describe reporting
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patterns in the reviewed literature and do not constitute a comparison of the predictive or
explanatory performance of individual indicators.
3.2 Distribution of reported dominant mechanisms across aridity and vegetation classes
Figure 4 summarizes the distribution of reported dominant runoff generation mechanisms
across aridity and vegetation categories within the reviewed catchment sample. These counts
describe the composition of the compiled literature dataset and should not be interpreted as
estimates of the global prevalence of runoff mechanisms across climate or land-cover classes. The
spatial distribution of reviewed catchments is also uneven (Fig. 1), reflecting both where runoff-

process studies have been conducted and broader biases in hydrological monitoring networks.
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Figure 4. Distribution of catchments with reported dominant runoff generation mechanisms across
aridity and vegetation categories. Bars show the number of catchments in each aridity or vegetation
class, with each catchment counted once. Single and combined mechanisms are shown separately.

Within the reviewed dataset (Fig. 4a), humid catchments constitute the largest subset and

therefore include the widest range of reported runoff generation mechanisms. Among these humid
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catchments, SSF is the most frequently reported mechanism, followed by SOF and combined
SOF-SSF mechanisms. Groundwater-related mechanisms (GWF and SSF-GWF) are represented
mainly by humid catchments in this dataset. Semi-humid catchments are fewer in number and most
commonly report SOF, with additional cases of SSF and GWF. In the semi-arid subset, the total
number of catchments is smaller; SSF and SOF are still represented, while HOF accounts for a
larger proportion of the reviewed semi-arid cases. The single arid catchment included in the dataset
was classified as HOF-dominated.

Forested catchments are overrepresented in the dataset and dominated by a mix of SSF, SOF,
SOF-SSF combinations, and groundwater-related mechanisms (Fig 4b). Grassland catchments
show a mixture of reported SSF, SOF, and HOF. Cropland catchments, less frequently reported,
are mainly associated with SOF. Shrubland and wetland catchments are underrepresented; the
reported runoff generation mechanism for shrubland catchments is mostly HOF, while the included

wetland catchments are mostly SOF and SOF-SSF dominated.
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Figure 5. Aridity-class composition of catchments reporting each dominant runoff generation
mechanism, together with the aridity distribution of the full reviewed database. Numbers in
parentheses indicate the number of catchments included in each category (n). Labels within bars
indicate percentages of catchments within the corresponding category; therefore, each bar sums to
100%.

Among the reviewed catchments classified as SSF or SOF-SSF, most are located in humid
climates, with smaller numbers from semi-humid and semi-arid regions. Reviewed SOF-
dominated catchments are distributed across humid and semi-humid climates, with some
occurrences in semi-arid environments. HOF-dominated catchments occur across the climatic
wetness classes represented in the dataset, with the largest proportion in the semi-arid cases.
Reviewed GWF-dominated catchments are all humid and semi-humid catchments; this absence
from the semi-arid and arid subsets should not be interpreted as evidence that groundwater-related

runoff responses cannot occur in drier regions.
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Compared with the overall aridity composition of the reviewed database, HOF is relatively
more represented in drier catchments, whereas SSF-, SOF-SSF-, and GWF-related responses are
more strongly represented in humid and semi-humid subsets..

3.3 Reported event-scale transitions in dominant runoff generation mechanisms

For 23 experimental catchments studies explicitly reported changes in the dominant runoff
generation mechanism during storm events or across event sequences as catchment wetness
increased. These transitions do not imply that the catchment’s structural runoff potential changes
during an event; rather, they indicate that different pre-existing runoff pathways become activated
and dominate stormflow as functional connectivity develops. The most frequently reported initial
mechanisms were HOF and SOF, but the subsequent transition pathways differed among
catchments (Figs. 6 and 7).

Among the 23 catchments with explicitly reported wetness-dependent mechanism transitions,
nine transitions originated from HOF, twelve from SOF, and two from SSF. Of the HOF-
originating transitions, six shifted to SOF (66.7%), two to combined SOF-SSF responses (22.2%),
and one to GWF (11.1%). Of the SOF-originating transitions, seven shifted to SSF (58.3%), three
to GWF (25.0%), and one each to SOF-SSF and SSF-GWF (8.3% each). The two SSF-originating
cases shifted to SOF-SSF and SSF-GWF, respectively. A standardized threshold indicator was
available for 19 of these 23 catchments: hydrological-state indicators were reported for nine
catchments (39.1% of the transition subset), rainfall-only indicators for five (21.7%), and
composite rainfall-state indicators for five (21.7%). The remaining four catchments did not have
an explicitly standardized threshold indicator. These frequencies describe the reported transition

subset and should not be interpreted as a universal sequence of pathway activation.
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Figure 6. Sankey diagram illustrating reported runoff-mechanism transition pathways with
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proportional to the number of catchments reporting each transition. Colored self-loop bands around
a node indicate cases where the reported dominant mechanism remained unchanged.
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Figure 7. Conditional transition probabilities between dominant runoff generation mechanisms
under increasing wetness. Values represent the proportion of catchments with a given initial
mechanism (rows) that transitioned to each subsequent mechanism (columns). Transition
probabilities were calculated using catchments as the unit of analysis, with each row normalized
by the number of catchments with the corresponding initial dominant mechanism.

Within the transition subset, shifts from surface-dominated responses toward subsurface- or
groundwater-influenced responses were reported more frequently than in the reverse direction. To
evaluate whether this directional tendency differs from random reorganization, we used a one-
sided Monte Carlo randomization test under a uniform transition-probability null model, in which
later mechanisms were randomly assigned with equal probability. The observed number of
surface-to-subsurface or groundwater-influenced transitions was significantly higher than
expected under the null model (p < 0.05).

3.4 Soil-geology fingerprints of runoff generation mechanisms

Figure 8 summarizes mechanism—descriptor co-occurrence patterns, where links indicate that
a runoff mechanism and a standardized soil-geology—hydrogeology descriptor were reported for
the same independent catchment. Here, “structural fingerprints” refer to mechanism-specific co-
occurrence patterns between reported dominant runoff mechanisms and standardized soil,
geological, and hydrogeological descriptors, rather than deterministic soil-geology controls. These
descriptors should be interpreted as co-occurring structural settings rather than as individual causal
controls. HOF-dominated catchments in the reviewed literature were frequently associated with
rock outcrops, shallow soils, gravel, sandy loam, and, in fewer cases, deep soils. In particular,
shallow soils and rock outcrops likely represent thin or discontinuous soil cover and limited
effective near-surface storage, whereas the occurrence of deep soils in some HOF cases indicates

that HOF cannot be attributed solely to limited soil depth or storage.
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Figure 8. Soil-geology—hydrogeology fingerprints of dominant runoff generation mechanisms.
Panels show co-occurrence relationships with (a) soil texture, (b) soil structural properties, (c)
lithology, and (d) geological and hydrogeological features. Colored nodes represent dominant
runoff mechanisms—HOF, SOF, SSF, and GWF—while gray nodes represent soil or geological
descriptors extracted from the literature. A co-occurrence means that a given mechanism and
descriptor were reported for the same independent catchment. Node size reflects the number of
independent catchments in which a mechanism or descriptor was reported. Link thickness
represents the number of independent catchments in which a given mechanism—descriptor pair co-
occurred; repeated publications on the same catchment were counted only once. Networks were
constructed from the subset of catchments with clearly reported dominant mechanisms and
sufficient soil-geology—hydrogeology descriptors (n = 103).

There are strong co-occurrence links between SOF and clay and loam textures, deep soils,
and low permeability. It is also frequently associated with granite, limestone, and dolostone, as
well as with shallow groundwater conditions. SSF has the most diverse co-occurrence structure of

the four mechanisms. It is commonly associated with shallow soils, fragipans, macropores, and
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high permeability. Additional links connect SSF to silt loam and sandy loam textures, and to
fractured or weathered bedrock types, including granite and shale. GWF, while having a more
compact but distinct co-occurrence pattern, is most strongly associated with shallow groundwater
levels as a hydrogeological condition, and with structurally conductive geological settings such as
schist, faults, and fractured formations.

In contrast, GWF shows weak and non-specific associations with soil textures, and soil
structural properties. The absence of strong GWF links to limestone or granite in this network
should not be interpreted as evidence that groundwater or shallow bedrock flow does not contribute
to storm runoff in those lithologies. Rather, it indicates that event-scale groundwater flow was not
reported as a dominant or combined mechanism in enough independent catchments with those
descriptors to form a retained network link. In limestone or granite catchments, groundwater
contributions may depend strongly on additional structural and hydrogeological features, such as
karst development, fractures, weathered zones, shallow water tables, and hillslope—stream
connectivity. A sensitivity check to the minimum co-occurrence threshold, we reconstructed the
networks using thresholds of three, four, and five independent catchments. The main mechanism-
specific associations remained qualitatively similar, indicating that the identified fingerprints are
not driven by isolated cases.

Overall, the four co-occurrence networks (Fig. 8) summarize the soil-geology—hydrogeology
descriptors reported in association with different dominant runoff-generation mechanisms. The
identified associations show partially overlapping distributions among mechanism classes across

the reviewed catchments.
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4. Discussion
4.1 What do runoff thresholds represent across studies?

Across the reviewed literature, "runoff threshold" is consistently used to describe nonlinear
stormflow responses (Meerveld and McDonnell, 2017; Nanda and Safeeq, 2023; Nanda and Sen,
2021; Ross et al., 2021; Wang et al., 2022), yet Section 3.1 shows that these thresholds are reported
for a range of rainfall-based, state-based, storage-based, groundwater-based, and composite
indicators. This heterogeneity reflects differences in monitoring design, available data, and process
interpretation, and it limits direct comparison of threshold values across catchments. Antecedent
soil moisture, catchment storage, and groundwater level were among the most commonly reported
state descriptors for SOF-, SSF-, and groundwater-influenced responses (Farrick and Branfireun,
2014; Nanda and Safeeq, 2023; Oswald et al., 2011; Penna et al., 2010; Saffarpour, 2016; Scaife
et al., 2020). In HOF-related cases, rainfall intensity was more often reported as the immediate
trigger, but connected surface runoff also depends on soil-vegetation-root systems, surface
condition, crusting or compaction, macroporosity, microtopography, and vegetation cover(Gao et
al., 2024).

The review does not show that rainfall-only indicators are inherently insufficient; rather, it
shows that antecedent-state and composite indicators were more frequently reported than rainfall-
only metrics. Many source studies interpreted threshold-like responses as rainfall interacting with
soil wetness, storage, groundwater rise, saturation expansion, lateral subsurface flow, or hillslope—
channel coupling (Ali et al., 2015; Ross et al., 2021; Scaife et al., 2020; Tromp-van Meerveld and
McDonnell, 20064, b). Ross et al. (2021) emphasized the widespread occurrence and typology of
threshold behavior across contrasting environments, whereas McDonnell et al. (2021) used the fill-

and-spill concept to organize runoff generation observations around storage activation and flow-
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path connectivity. The present synthesis builds on these perspectives by linking reported threshold
indicators to dominant runoff mechanisms, event-scale mechanism transitions, and soil-geology—
hydrogeology settings across the reviewed catchments.

Although recent work has advanced process-based quantification of subsurface hydrological
connectivity and its coupling with structural connectivity (Tromp-van Meerveld and McDonnell,
2006b; Zhang et al., 2026), most studies included in this review inferred connectivity-related
threshold behavior from observable proxies such as antecedent precipitation, soil moisture, storage
state, groundwater level, saturated-area expansion, or reported mechanism changes (Detty and
McGuire, 2010; Penna et al., 2011; Scaife et al., 2020; Tromp-van Meerveld and McDonnell,
2006a). This distinction also separates event-scale runoff thresholds from relatively stable
catchment storage-capacity parameters used in conceptual models. Catchment storage architecture
may be treated as a structural property, whereas the rainfall amount or intensity required to trigger
nonlinear runoff depends on antecedent storage deficit, soil moisture, groundwater level, API, and
event rainfall characteristics, as shown for humid forest stormflow responses by Zhang et al.
(2021).

The lower reporting frequency of rainfall intensity in SOF- and SSF-related studies should
not be interpreted as evidence that rainfall intensity is hydrologically unimportant. Figure 3 records
the variables used to identify or describe threshold-like behavior, rather than all controls on runoff
magnitude or flood peaks. In HOF-related studies, rainfall intensity provides a direct diagnostic of
infiltration-excess conditions. In contrast, thresholds associated with SOF, SSF, or shallow-
groundwater responses are more often described by the storage or wetness state at which saturated
areas, lateral subsurface pathways, or groundwater connections become active. Rainfall intensity

can still influence the rate of storage filling, percolation, and event runoff magnitude, and its lower
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reporting frequency may additionally reflect monitoring design and the variables available in
individual studies. Therefore, the lower reporting frequency of rainfall intensity in SOF- and SSF-
related studies reflects the way threshold conditions are characterized in the literature rather than
a lack of rainfall influence on event runoff responses.

The quantitative synthesis therefore does not reveal a single numerical threshold that changes
systematically across climatic wetness classes. Rather, numerical thresholds are reported for
different physical domains—including rainfall, soil moisture, storage, and groundwater—and are
directly comparable only within equivalent indicator types. Cross-catchment comparison is
therefore more meaningful in terms of comparable threshold-indicator domains and their
associated runoff mechanisms than by pooling raw threshold values across fundamentally different
metrics.

4.2 Why do thresholds differ across mechanisms and catchments?

Differences in reported threshold behavior across runoff generation mechanisms and
catchments reflect interactions among rainfall forcing, antecedent state, and structural connectivity.
Structural connectivity is shaped by vegetation cover and roots, soil texture and structure,
macroporosity, soil depth, permeability contrasts, lithology, weathering, fractures, topographic
convergence, and groundwater setting (Zehe and Sivapalan, 2009); these properties define
potential storage and flow paths (Spence, 2010), whereas event wetness determines which
pathways become functionally connected (Blume and VVan Meerveld, 2015).

The soil-geology-hydrogeology fingerprints identified in Section 3.4 should be read as
mechanism-specific co-occurrence patterns rather than deterministic controls. Shallow rocky or
discontinuous soils may reduce effective near-surface storage and support rapid surface runoff

under intense rainfall, while fine-textured soils, peat, low-permeability layers, shallow
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groundwater, or convergent topography may promote near-surface saturation and SOF (Devito et
al., 2023; Jencso and McGlynn, 2011; de Moraes et al., 2006; Penna et al., 2010). Permeability
contrasts, macropores, fractured or weathered bedrock, and soil-bedrock interfaces may support
SSF or shallow-groundwater-influenced stormflow when sufficiently connected (Blume and Van
Meerveld, 2015; Detty and McGuire, 2010; Sidle et al., 2000; Zhang et al., 2021). These
associations are context dependent. Coarse materials do not inherently imply low infiltration
(Dunne and Black, 1970), and low-permeability conditions can contribute to either HOF or SOF
depending on whether the limitation occurs at the surface or below a more permeable layer (de
Moraes et al., 2006). Thus, Fig. 8 provides structural contexts for interpreting reported mechanisms,
not one-to-one causal assignments.

The climatic and vegetation patterns in Section 3.2 should also be interpreted cautiously
because the reviewed catchments are not a representative sample of the global land surface. Humid
and forested experimental catchments are overrepresented in our database, whereas dryland,
cropland, urban, and suburban systems are underrepresented or absent. This imbalance may reflect
both the geographical distribution of runoff-process research and broader spatial biases in
hydrological monitoring networks (Sando et al., 2026). In SOF-related settings, rainfall intensity
and profile structure can also modify storage behavior and the onset of saturation-excess runoff
(Zhang et al., 2022). The results nevertheless align with recent global syntheses showing that
runoff processes are shaped by environmental context. McMillan et al. (2025) emphasized the
roles of aridity, terrain, and biomes in organizing flow pathways, and Penna (2026) highlighted
interacting climatic, hydrological, pedological, vegetational, geological, and geomorphological

controls on runoff generation in forested catchments. Our contribution is narrower and threshold-
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focused: it links reported threshold indicators to dominant mechanisms, event-scale mechanism
transitions, and repeated structural associations.

Climate, vegetation, soil development, and rock weathering should therefore be interpreted
as coupled controls. Climate influences long-term vegetation cover, weathering intensity, regolith
thickness, soil structure, and groundwater storage (Zehe and Sivapalan, 2009); these properties
shape structural connectivity (Devito et al., 2023), while event rainfall and antecedent wetness
regulate functional connectivity during storms (Blume and VVan Meerveld, 2015). Compared with
the overall climatic composition of the reviewed database, HOF is relatively more represented in
drier catchments, whereas SSF-, SOF-SSF-, and GWHF-related responses are more strongly
represented in humid and semi-humid subsets. At the same time, HOF, SOF, SSF, and their
combinations are reported across more than one climatic wetness class, indicating that these
mechanisms are not restricted to a single climate type. Given the strong overrepresentation of
humid catchments and the limited dryland sample, these patterns should be interpreted as climatic
tendencies within the reviewed literature rather than estimates of global mechanism prevalence.
They therefore provide evidence that threshold-related runoff mechanisms occur across
contrasting climatic settings represented in the database, but not that their relative frequencies are
globally representative.

4.3 A revised conceptual framework for storm runoff generation

Building on these results, Fig. 9 presents a conceptual, non-metric framework for event-scale
transitions in the dominant runoff mechanism within catchments.
Within this framework, runoff thresholds are response conditions arising from interactions

among rainfall forcing, catchment state, and structural constraints (Sidle et al., 2000). This
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framework should be interpreted as a synthesis of reported indicators, mechanisms, and structural

contexts rather than a quantitative model.
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Figure 9. Conceptual framework of event-scale runoff mechanism transitions across gradients of
wetness and flow-path depth. The x-axis represents increasing antecedent and within-event
wetness or storage state, whereas the y-axis represents increasing depth of activated flow pathways,
from surface and near-surface pathways at the top to deeper subsurface and shallow-groundwater
pathways at the bottom. The red dashed line indicates an approximate field-capacity reference, not
auniversal runoff-initiation threshold. The SSF box spans both sides of the field-capacity reference
to indicate that subsurface stormflow may occur below field capacity where preferential or
interface flow pathways are active. Solid arrows indicate commonly reported within-catchment
transition pathways as event wetness increases, with arrow thickness representing relative
reporting frequency. Dashed arrows denote less frequent or context-dependent pathways, including
SSF-to-SOF transitions where lateral subsurface flow exfiltrates in footslopes, valley floors, or
riparian zones, and SSF-to-GWF transitions where continued wetting connects lateral subsurface
flow with shallow groundwater, weathered regolith, or fractured bedrock pathways. The soil-depth
arrow represents a non-monotonic structural control: very shallow soils or rock outcrops may favor
HOF because of limited effective storage, whereas very deep and dry profiles may also be HOF-
dominated during extreme rainfall because subsurface storage and groundwater connectivity
thresholds are difficult to reach.

Mechanism transitions in this framework refer only to reported within-catchment changes in
the mechanism dominating stormflow during events or event sequences as wetness increases
(Chittolina et al., 2023; Detty and McGuire, 2010; Meyles et al., 2003; Penna et al., 2011; Tromp-

van Meerveld and McDonnell, 2006a, b). They do not imply that the vegetation-soil-geology
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structure changes during an event; rather, different pre-existing pathways become functionally
connected as storage fills, saturated areas expand, preferential pathways activate, or shallow
groundwater rises. The observed tendency toward surface-to-subsurface transitions should not be
interpreted as indicating that surface pathways are always activated before deeper flow pathways.
In humid and highly weathered catchments, preferential flow, soil-bedrock interfaces, or
groundwater-connected pathways may contribute to stormflow before surface saturation develops.
Therefore, the transition patterns identified here describe changes in the mechanism dominating
stormflow reported in the literature, rather than the chronological order in which all flow pathways
are activated. Thus, increasing event-scale wetness is associated with a reorganization of the
mechanism dominating stormflow in the reviewed transition subset, rather than with a single,
universally ordered sequence of pathway activation.

This distinction separates within-catchment event-scale transitions from cross-catchment
environmental patterns. Cross-catchment patterns describe differences in structural setting and
reported mechanism occurrence among climatic wetness classes and soil-geology-hydrogeology
contexts.

The framework also allows non-monotonic and context-dependent pathways. SSF can occur
below field capacity where macropores, pipes, perched zones, or soil-bedrock interfaces are active
(Detty and McGuire, 2010; Kim, 2009; Saffarpour, 2016; Scaife et al., 2020; Scaife and Band,
2017); SSF may feed SOF where lateral subsurface flow exfiltrates in footslopes or riparian zones
(M. Srinivasan et al., 2002; Penna et al., 2011; Saffarpour, 2016) , whereas continued wetting may
connect lateral subsurface pathways with shallow groundwater, weathered regolith, or fractured
bedrock. Conversely, very deep and dry profiles, such as some arid loess catchments, may remain

HOF-dominated during intense events because the storage or groundwater-connectivity conditions
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required for deeper pathways are difficult to reach (Scaife and Band, 2017). These alternatives
reinforce that the framework represents recurrent tendencies in the reviewed literature rather than

a deterministic progression among runoff-generation mechanisms.

5. Conclusions

This review synthesizes reported storm-runoff threshold behavior for 138 experimental
catchments by examining event-scale observations, threshold indicators, dominant runoff
mechanisms, mechanism transitions, and soil-geology—hydrogeology context. The reviewed
literature does not support a single universal threshold metric or directly transferable numeric
threshold values across catchments; instead, reported thresholds are best interpreted through
rainfall-state-structure combinations.

Antecedent wetness state and composite indicators were more frequently reported than
rainfall-only descriptors. In catchments with explicit event-scale transition evidence, the
mechanism dominating stormflow commonly shifted from surface-dominated responses toward
saturation-, subsurface-, or shallow-groundwater-influenced pathways as wetness increased within
the reported transition subset.

Mechanism-specific soil-geology-hydrogeology associations provide structural context for
these patterns by indicating potential storage and flow-path architecture, while event wetness

controls which pathways become functionally connected.

Data availability
The compiled catchment dataset and associated metadata used in this study are publicly

available through the Zenodo repository: https://doi.org/10.5281/zenodo.21915052. The
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