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16  Abstract
17
18 In semiarid karst systems, the hydrologic budget is regulated by strong interactions among
19 the water fluxes of precipitation, soil water dynamics, evapotranspiration, runoff, and
20  groundwater recharge. In this study, we evaluated the temporal coupling among these fluxes
21  in the Edwards Plateau Balcones Fault Zone (Texas, USA) using five years (2021-2025) of
22 daily observations of precipitation (P), soil water content (SWC), evapotranspiration (ET),
23 runoff (Rf), and groundwater (GW). Soil water content responses to precipitation exhibited
24  threshold-dependent behavior under both dry and wet antecedent conditions, with
25  breakpoints at 66.9 and 32.6 mm, respectively. Evapotranspiration dynamics were jointly
26  controlled by SWC and temperature, with strong limitations under dry soil conditions and
27  maximum ET values occurring only under warm and wet conditions. In contrast, Rf and GW
28 responses were highly episodic and associated with the relatively rare large precipitation
29  events. Although both fluxes increased rapidly following rainfall inputs, Rf responses were
30 short-lived whereas GW responses persisted for several weeks to months. Groundwater
31 recharge exhibited a clear threshold response, occurring only after precipitation events
32 greater than 78 mm and never following events smaller than 62 mm. On the basis of these
33  findings, we have developed a conceptual model for semiarid karst ecosystems whereby
34  hydrological connectivity is activated during short-lived windows created only when
35  precipitation pulses exceed both atmospheric demand and internal storage thresholds.
36
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42
43 1. Introduction

44  Water fluxes in semiarid ecosystems are characterized by strong temporal variability in
45  atmospheric inputs and tight coupling between climate, vegetation, and soil processes
46  (Berdugo et al., 2020; Seneviratne et al., 2010; Reynolds et al., 2004). In these systems,
47  precipitation (P) is highly variable, occurring as discrete pulses that must be rapidly
48  partitioned among different fluxes, including evapotranspiration (ET), soil water content
49  (SWC), runoff (Rf), and groundwater recharge (GW) (Magliano et al., 2026; Jobbagy et al.,
50 2008; Huxman et al., 2004). Because potential ET exceeds rainfall, a large fraction of
51 incoming water is returned to the atmosphere, limiting the amount of water available for
52  subsurface fluxes (Olariu et al., 2025; Nosetto et al., 2020). As a result, SWC operates as a
53 transient storage that mediates the redistribution of rainfall inputs over time (Chamizo et al.,
54  2012; Vanderlinden et al., 2012; Zhao et al., 2007). Vegetation further modulates soil water
55 dynamics by controlling ET rates and influencing infiltration through root structure and soil—
56  plant interactions (Van Stan and Pinos, 2023; Whitworth-Hulse et al., 2023; Magliano et al.,
57 2016). These dynamics can be interpreted through the lens of hydrological connectivity,
58 whereby water fluxes are activated intermittently as thresholds are exceeded, rather than
59  operating as continuous processes (Wilcox et al., 2022; Moreno-De-Las-Heras et al., 2020;
60  Schwinning et al., 2004).

61 The Edwards Plateau of central Texas is a complex semiarid landscape wherein climatic
62  variability, karst geology, and land management practices interact to shape hydrological
63  processes (Heilman et al., 2014; Schwartz et al., 2013). The region is characterized by
64  shallow, rocky soils overlying fractured limestone, which promotes rapid infiltration through
65  preferential pathways while limiting soil water storage capacity (Leite et al., 2023, 2018;
66 Heilman et al, 2009). The vegetation consists of mixed woody and herbaceous
67 communities, including oak and juniper species, which exert strong control over infiltration
68 rates (Leite et al., 2020), ET dynamics (Litvak et al., 2011; Heilman et al., 2009), and water
69 use efficiency (Elkington et al., 2014). Over the past century, land use changes —particularly
70  grazing practices— and woody plant encroachment have altered the region’s vegetation
71  structure and potentially modified the partitioning of rainfall between ET and Rf (Wilcox and
72 Huang, 2010; Huxman et al., 2005). These biophysical alterations have resulted in a system
73 in which water fluxes are highly sensitive to both atmospheric forcing and internal structural
74  controls (Asbjornsen et al., 2011; Baldocchi et al., 2002). In particular, the combination of
75 limited soil storage and high evaporative demand enhances the likelihood that rainfall from
76  small events will be rapidly lost to ET, whereas larger events may trigger distinct hydrological
77  responses (e.g., Rf generation, groundwater recharge) (Niborski et al., 2026; McMillan,
78  2020). Understanding how these factors interact is essential for interpreting water fluxes in
79  semiarid karst regions and, in turn, for assessing the impact of various land management
80  practices on hydrological functioning.
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81 The Edwards Aquifer is one of the most important groundwater bodies in North America,
82  supplying water to two millions people and supporting critical ecological and economic
83  activities in central Texas (Sharp and Banner, 2018; Chen et al., 2001). Recharge to the
84  aquifer occurs primarily within the Edwards Plateau Balcones Fault Zone, where surface
85  water and infiltrating rainfall enter the karstic subsurface through fractures, conduits, and
86  other preferential flow structures (Huang and Wilcox, 2005; Ferrill et al., 2004). However,
87 recharge is highly variable in time and space, reflecting the episodic nature of rainfall and
88 the complex interactions among surface and subsurface processes (Gregory et al., 2009;
89  Scanlon et al., 2006). Historical droughts, particularly the severe drought of the 1950s, have
90 demonstrated the wvulnerability of the aquifer to prolonged deficits in recharge, with
91 significant consequences for water availability and ecosystem functioning (Nielsen-
92 Gammon et al.,, 2020; Loaiciga et al., 2000). Despite its importance, the processes
93 governing when and how recharge occurs remain poorly understood. Addressing this
94  knowledge gap is essential for improving predictions of aquifer response under changing
95 climatic and land use conditions.

96 A key challenge in understanding recharge dynamics in karst systems lies in the coupling

97  between ecohydrological fluxes operating across different temporal and spatial scales. P

98 inputs are partitioned into different water fluxes (i.e., ET, Rf, and GW recharge) (Baker et

99 al, 2021; Villegas et al., 2010; Hartmann et al., 2014). This partitioning is dynamically
100  coupled through shared controls, including rainfall magnitude, antecedent soil moisture, and
101  temperature (Morrissey et al.,, 2021; Canton et al., 2011). In this context, Rf and GW
102  responses reflect episodic hydrological connectivity, whereby lateral and vertical fluxes are
103  activated by rainfall events that exceed infiltration and/or storage capacity (Burquez et al.,
104  2024; Basant et al., 2020; Magliano et al., 2015; Chappell and Tych, 2012). For this reason,
105 Rf and recharge arise from transient hydrological connectivity across spatial scales, from
106  the soil profile to the catchment (Niborski et al., 2026; Castelli et al., 2019; Mayor et al.,
107  2011). Capturing these dynamics requires moving beyond steady-state or averaged
108 representations of the water cycle and focusing instead on event-scale processes and non-
109 linear interactions (Figure 1).
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112 Figure 1. Conceptual model of hydrological fluxes and storage components in the Edwards
113 Plateau: precipitation (P), soil water content (SWC), evapotranspiration (ET), surface runoff
114  (Rf), and groundwater (GW). Black arrows show the movement of water through the
115 fractured karstic bedrock (unsaturated zone; vertical movement) towards the unconfined
116  groundwater level (saturated soil; lateral movement).

117

118

119  This study aims to characterize the ecohydrological coupling of water fluxes in the Edwards
120 Plateau Balcones Fault Zone, with emphasis on the emergence of threshold-dependent
121 vertical connectivity. Our specific objectives are to (i) identify the temporal coupling between
122 water fluxes; (i) evaluate how P inputs translate into SWC responses under contrasting
123  antecedent moisture conditions; (iii) assess the controls of SWC and temperature on ET, to
124  determine how atmospheric demand regulates water loss and modulates near-surface
125  coupling; (iv) explore the temporal dynamics of Rf and GW recharge, focusing on its episodic
126  nature and rapid activation; and (v) identify the P events that generate GW recharge
127  processes. By integrating these components, we aim to determine how coupling strength
128 varies across fluxes and conditions, and under which circumstances hydrological
129  connectivity emerges in this karst system.

130

131

132 2. Methods

133

134 2.1 Study area

135
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136  The study was conducted in the Field Research Park (29.66, —98.38), a 150-acre research
137 and educational property managed by the Edwards Aquifer  Authority
138 (https://www.edwardsaquifer.org/aquifer-science/sustainability/frp/). It is located adjacent to
139  Cibolo Creek on the Balcones Fault Zone of the Edwards Aquifer in northeast Bexar County,
140 Texas, USA (Figure 2). The region is semiarid, characterized by strong climatic seasonality,
141  shallow soils, and heterogeneous carbonate substrates, with spatially variable permeability
142 and rapid infiltration occurring through fractures and other karst features (Fowler, 2005;
143  Toomey lll etal., 1993; Smeins, 1976). The mean annual precipitation is 767 mm, distributed
144  irregularly throughout the year and dominated by high-intensity convective events,
145  particularly during spring and early fall (Hernandez et al., 2014; Estaville and Earl, 2008).
146  Potential ET generally exceeds rainfall, resulting in a water-limited system wherein
147  atmospheric demand exerts a strong control on water fluxes (Heilman et al., 2009; Estaville
148  and Earl, 2008). The soils, developed over Cretaceous limestone formations, are typically
149  shallow, stony, and discontinuous with limited storage capacity and high spatial
150 heterogeneity (Schwantes et al., 2017). The underlying karst geology is characterized by
151  fractures, joints, and solutional features that facilitate rapid infiltration and preferential flow
152  toward the subsurface, enhancing vertical and lateral connectivity during intense rainfall
153  events (Toomey lll et al., 1993; Smeins et al., 1976; Wilcox et al., 2008). The vegetation is
154  dominated by a mosaic of oak—juniper woodlands and grasslands, where species such as
155  Juniperus ashei and Quercus spp. play a key role in regulating ET and soil moisture
156  dynamics (Wilcox et al., 2007, 2008). Land use in the region reflects a transition from
157 historical overgrazing in the late 19th and early 20th centuries to recreation, real estate, and
158  conservation. Beginning around the mid-20th century, reduced grazing pressure facilitated
159  the expansion of juniper and oak woodlands (Archer et al., 2017; Wilcox et al., 2012). Today,
160 much of the landscape, especially near urban areas, is dominated by woody vegetation, with
161 likely consequences to hydrologic partitioning (Leite et al., 2025; Thurow & Hester, 1997;
162  Wilcox et al., 2022).
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165 Figure 2. Location of the study area within the Edwards Plateau Balcones Fault Zone in
166 central Texas. The upper panels show the location of the aquifer and its hydrogeologic
167  subdivisions (artesian, drainage, and recharge zones), with the study site indicated. The
168 middle panel presents a high-resolution aerial view of the study area (the Field Research
169  Park is outlined in yellow with the monitoring locations denoted by colored circles). Aerial
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170 imagery © 2026 Google; imagery © 2026 Landsat/Copernicus. The lower panel shows
171  representative field installations for each flux measured: precipitation (P), soil water content
172 (SWC), evapotranspiration (ET), runoff (Rf), and groundwater (GW).

173

174

175

176 2.2 Field measurements and data calculation

177

178  To address the specific objectives, we used data from the Edwards Aquifer Authority and
179  the FLUXNET network. The time series ranged from 8 to 60 months, depending on the flux
180 and the sensor. All raw data were recorded at sub-hourly intervals and subsequently
181 aggregated to daily values. Precipitation data were summed, whereas air temperature,
182 SWC, ET, Rf, and GW were averaged. The resulting daily time series exhibited overlap
183  among fluxes, depending on sensor operation periods.

184

185  The P record spans 1,750 days, from 1 March 2021 to 15 December 2025. Precipitation
186  (mm) was measured by means of electronic tipping-bucket rain gauges connected to Lufft
187  WS502 weather stations. Measurements were recorded every 5 min and aggregated to daily
188  totals by summation of the 288 readings taken per day. The P series was computed as the
189  daily average of three rain gauges (Figure 2). Pairwise linear correlations among gauges
190 were evaluated via Spearman correlation coefficient; all correlations were positive and
191  statistically significant (p < 0.01). Air temperature (°C) was processed analogously by
192  computing daily averages from 5-min observations.

193

194  The SWC record spans 1,750 days, from 1 March 2021 to 15 December 2025. Soil water
195 content (%) was measured with soil moisture sensors RXW-T12-900 (Hobo Onset) at two
196  sites (one profile of 0—30 cm deep per site). Data were recorded every 5 min and aggregated
197  to daily values by averaging the 288 measurements per day. The SWC series corresponds
198 to the daily mean of the two sites. Spearman correlation analysis indicated a positive and
199  significant relationship between both sites (p < 0.01).

200

201 The ET record spans 1,502 days, from 4 March 2021 to 14 April 2025. Evapotranspiration
202  (mm) was quantified by means of an eddy covariance tower installed at the Field Research
203  Park. The system consists of a three-dimensional sonic anemometer (CSAT-3, Campbell
204  Scientific, Logan, UT, USA) and an open-path infrared gas analyzer (LI-7500, LI-COR,
205 Lincoln, NE, USA), mounted 4 m above the dry forest canopy. The instruments measure
206  wind velocity components, sonic temperature, and CO, and H,O vapor concentrations. Data
207  were sampled at 20 Hz and logged via a CR1000 datalogger (Campbell Scientific, Logan,
208  UT, USA). High-frequency data were processed and aggregated to daily ET totals. Analyses
209 involving ET were restricted to periods with available data. The LI-7500 sensor was non-
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210  operational between 20 January and 8 March 2022, and between 24 January and 26 March
211 2024.

212

213 Runoff was measured in one watershed (Cibolo Creek, lat-lon: 29.6626340, -98.3787590)
214  and spans 1,750 days (1 March 2021 to 15 December 2025). Stream stage was recorded
215  every 15 min with a pressure transducer (HOBO U-20-L, Onset). Daily discharge (see below)
216  was computed as the mean of sub-daily discharge estimates, which approximates the time-
217  integrated flux under quasi-steady daily conditions (96 measurements per day). Stream
218  discharge (i.e., Rf) at Cibolo Creek was estimated with the velocity—area method, based on
219  continuous stage measurements (Rantz et al., 1982; Turnipseed and Sauer, 2010). Water
220 level was recorded by a fixed sensor located at the lowest point of a surveyed cross section.
221  To capture the irregular geometry of the channel, the cross section was surveyed in the field
222 via a series of discrete elevation measurements along the channel transect. The resulting
223 survey points were then used to numerically derive the stage—area relationship. Stage
224  values were converted to flow depth relative to the channel thalweg. The wetted cross-
225 sectional area (A(h)) corresponding to each stage value was computed by numerical
226  integration of the submerged portion of the surveyed elevation profile, by means of the
227  trapezoidal rule:

228

229 A(h) = Z[(yi + Yier) [ 2] * (Xie1 = Xi) @
230

231 where y; is the maximum height (0, h - z—z; being the bed elevation at horizontal
232 coordinate), x; is the horizontal position along the surveyed cross section, and h is the
233 instantaneous water level relative to the channel thalweg.

234

235  Daily discharge was computed as the mean of sub-daily discharge estimates, which
236  approximates the time-integrated flux under quasi-steady daily conditions. Specifically,
237  discharge was calculated as:

238

239 Q) =A(h) *V, 2

240  where V represents a characteristic mean flow velocity. In the absence of contemporaneous
241  velocity measurements, a representative constant velocity was adopted based on the range
242  of reported mean velocities for streams under moderate flow conditions observed in
243  limestone-bed rivers of the Edwards Plateau (Gustavson 1978). Daily Rf yield (m3 day™
244  ha™) was calculated by normalizing discharge from the contributing watershed area:

245 Rfyield=Qd/A, 3)

246 where Qd is daily discharge (m3 day™) and A is the watershed area (11,576 ha)
247
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248  Groundwater level (m a.s.l.) was measured at four monitoring wells for periods ranging from
249 669 to 1,729 days, depending on date of installation, with all records ending on 15 December
250 2025. Each well was instrumented with an OTT PLS500 pressure transducer that records
251  water level every 15 min. Daily groundwater levels were calculated by averaging the 96
252  measurements per day. Then, daily values of the four wells were averaged to obtain a single
253 robust temporal series, and values were referenced to the surface (m from the surface level).
254

255 2.3 Statistical analysis

256

257  We determined the temporal dynamics pattern of each flux and the coupling between them
258 by constructing cumulative distributions of P, ET, SWC, runoff, and GW. We first normalized
259  daily time series of each flux by its total cumulative sum over the study period (2021-2025),
260  which yielded dimensionless values ranging from 0% to 100%. Then, to preserve the
261  discrete nature of the observations and highlight episodic contributions, we converted the
262 normalized series to cumulative percentages and plotted them day by day. In the case of
263  ET, missing data (less than 7% of the complete series) was filled by the average of ET data
264  for the same calendar days of the other years.

265

266  We determined relationships between P events and changes in SWC (SWC increment, %)
267 by separating observations according to antecedent moisture conditions: dry soil (SWC <
268  15%) and wet soil (SWC > 15%). For each subset, we modeled the relationship between P
269  event size (mm) and SWC increment (%) using a piecewise linear regression constrained
270 to pass through the origin (Niborski et al., 2026; Gnatowski et al., 2018). The model
271  consisted of a first segment with a positive slope up to a threshold value, followed by a
272 second segment with zero slope, representing a plateau. We estimated the breakpoint
273  (threshold) by minimizing the residual sum of squares of candidate values (those within the
274  central range of observed P events) (Shao et al., 2022). To evaluate the model's
275 performance, we used the coefficient of determination (R2?) and assessed statistical
276  significance at p < 0.01.

277

278  We determined the response of ET as a function of mean air temperature (T) and SWC by
279  fitting a generalized additive mixed model (GAMM) to ET actual data (Zuur 2009). This
280  model takes into account non-linear effects and temporal dependence, as follows:

281

282  ETi=s1(Ty) + s2 (SWCy) + s3 (Timey) + &, (4)
283

284  where ETis daily ET at time t; s1, Sz, and sz are cubic regression splines for T, SWC, and
285  time, respectively; T:is daily air temperature at time t; SWC: is daily SWC at time t; Time; is
286  the number of days since the beginning of the record, included to capture seasonal variability
287 and long-term trends; and ¢ is the residual error term, modeled as a first-order
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288  autoregressive process, &=pg.1)+U, Where p is the lag™? autocorrelation parameter and u; is
289  an independent error term.

290

291  We fitted the model assuming a gaussian error distribution with identity link and selected
292  spline basis dimensions that would provide sufficient flexibility to capture non-linear
293  responses while avoiding overfitting. Finally, we evaluated the adequacy of the model using
294  residual diagnostics, including inspection of autocorrelation functions, and applied Durbin—
295  Watson statistics and Ljung—Box tests to whitened residuals. The smoothed temporal term
296 effectively captured seasonal variability, while the AR(1) structure reduced residual
297  autocorrelation (Durbin-Watson = 2 for whitened residuals), indicating that the estimated
298 relationships represent process-level controls rather than artifacts of shared seasonal
299 structure.

300

301  For Rf (mm) and GW (m from surface), we analyzed dynamics using continuous time series.
302 To facilitate comparison, we normalized both fluxes to a relative scale (0—100) using min—
303 max transformation. Then, to explore event-scale dynamics, we selected four representative
304  situations of P-Rf—GW events on the basis of their magnitude and temporal isolation within
305 the full record. For each situation, we defined time windows that would capture the complete
306  hydrological response, including rising limb, peak discharge, and recession phase.

307

308 To identify which P events from the continuous time series were able to generate GW
309 recharge, we defined an event as one separated from other events by at least 24 h without
310 precipitation (Dunkerley, 2021). For each event, total P depth (mm) was calculated as the
311  cumulative precipitation over its duration. All events were ranked by magnitude and plotted
312 as a function of event size. They were then classified according to their hydrological
313  response, distinguishing between those that generated a detectable increase in the water
314  table (AGW > 0) and those that did not. Lastly, a transition zone was defined empirically as
315 the interval during which an overlap in rainfall event size (both response classes occurring)
316  was observed. Specifically, the lower limit was set as the smallest P event that generated a
317 GW response, and the upper limit as the largest P event that did not generate a GW
318  response.

319

320

321 3. Results

322

323 The analyzed fluxes exhibited contrasting temporal dynamics over the study period,
324  reflecting differences in the timing, magnitude, and persistence of ecosystem water
325  responses (Figure 3). Precipitation events of highly variable magnitude occurred throughout
326  the record and were superimposed on a marked seasonal cycle in air temperature, with
327  warm conditions concentrated during summer months and cooler conditions during winter.
328  Soil water content responded rapidly to P pulses, with abrupt increases frequently reaching

10
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329  25%-30%, followed by relatively rapid declines during dry periods. Evapotranspiration
330 values displayed a pronounced seasonal pattern closely associated (with a two-month
331 delay) with temperature and generally ranged from near zero during winter to peaks
332  approaching 6 mm day™ during warm periods. In contrast, Rf dynamics were strongly
333  episodic, characterized by infrequent but pronounced peaks separated by extended periods
334  of negligible flow. The largest Rf events occurred during 2021 and 2025, whereas most of
335 the record remained near baseline conditions. Groundwater levels exhibited substantially
336 smoother and more persistent dynamics than surface fluxes—with abrupt rises following
337  major hydrological events and recession phases extending over weeks to months—but
338 displayed synchronous temporal behavior with Rf in terms of baseline levels, peak
339 magnitudes, and recession trajectories. Overall, the time series reveal the coexistence of
340 relatively continuous near-surface dynamics (SWC and ET) and highly episodic Rf and GW
341  responses, suggesting distinct but temporally coupled hydrological pathways within the
342  Balcones Fault Zone.

11
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Figure 3. Time series of water fluxes in the Edwards Plateau. From top to bottom, panels
show daily precipitation (P; left vertical axis) and mean daily air temperature (T; right vertical
axis); soil water content (SWC); evapotranspiration (ET); Rf; and groundwater (GW) level.

Alternating shaded and white bands indicate 12-month periods.

There were also clear differences in the temporal progression of the analyzed fluxes (Figure
4). Precipitation exhibits a relatively smooth and continuous increase over the study period,
reaching 50% of its cumulative total by mid 2023 and approaching 100% in late 2025. In

12
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353  contrast, Rf and GW display step-like patterns characterized by abrupt increases associated
354  with discrete events, followed by extended periods with little or no change. Rf shows major
355 increments early in the record (2021-2022), reaching approximately 65% of its cumulative
356 total within the first year, then remains nearly constant until a second increase in early 2024
357 and another rise in 2025. Groundwater follows a similar but more delayed pattern, with
358 marked increases occurring after Rf steps, particularly around early 2022, early 2024, and
359  mid 2025. Soil water content and ET exhibit intermediate behavior: cumulative increases
360 are more gradual than those of Rf and GW but accelerate noticeably during specific periods.
361 The two fluxes track each other closely throughout the record, with SWC generally
362 exceeding ET during the latter half of the study period. In sum, the timing and shape of the
363 cumulative curves highlight distinct temporal patterns among fluxes, with continuous
364  accumulation for P, SWC, and ET, and more episodic contributions for Rf and GW.
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367  Figure 4. Cumulative daily increment curves for precipitation (P), soil water content (SWC),
368  evapotranspiration (ET), runoff (Rf), and groundwater (GW) over the study period (2021
369  2025). Each time series was normalized by its total cumulative sum over the study period,
370  which yielded dimensionless values ranging from 0% to 100%.

371

372

373  The relationship between P event magnitude and SWC increment differed markedly
374  between dry and wet antecedent soil conditions (Figure 5). In both cases, the piecewise
375 linear model constrained through the origin provided significant fits (p < 0.01), revealing
376  threshold-dependent responses in SWC dynamics. Under dry soil conditions, SWC
377  increment increased linearly with P up to a threshold of 66.9 mm, with a slope of 0.24%

13
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378 SWC increase per mm of precipitation. Beyond this threshold, responses approached a
379  plateau near 16.5% SWC increment. The overall model fit yielded an R2 of 0.67. Under wet
380  soil conditions, SWC increment also increased linearly with P, but the threshold occurred at
381 a substantially lower P magnitude (32.6 mm), with a similar slope (0.25% per mm of
382  precipitation). In this case, the response rapidly approached a lower plateau of
383  approximately 7.9% SWC increment, and the model fit was stronger (R? = 0.89). Both
384  antecedent moisture conditions exhibited non-linear and threshold-dependent responses,
385 although dry soils required larger P events to reach saturation and displayed greater
386 maximum SWC increments than wet soils.
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389  Figure 5. Soil water content (SWC) increment as a function of P event magnitude under
390 contrasting antecedent moisture conditions. Data were fitted by means of piecewise linear
391  models constrained to pass through the origin, with a positive slope up to a threshold and a
392  zero slope (plateau) thereafter.

393

394

395  Both mean daily air temperature (T) and SWC exerted non-linear controls on daily ET
396 dynamics (Figure 6). The response surface showed that predicted ET values ranged from
397 near 0 mm day™t under dry (<8% SWC) conditions to more than 4 mm day™* under warm
398  (15°-20°C) and wet (>25% SWC) conditions. Across the observed range of soil moisture,
399  ET increased monotonically with SWC, displaying a pronounced inflection around 8%—-10%
400 SWC followed by a marked increase at higher moisture levels—indicating strong limitations
401  on ET under dry soil conditions. The temperature response was also non-linear and positive,
402  with ET remaining low at cooler temperatures and increasing progressively as temperatures
403 rose. Changes in response slope became evident around 15°-20°C, beyond which ET

14



https://doi.org/10.5194/egusphere-2026-6044
Preprint. Discussion started: 5 November 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

404  values increased more rapidly. The highest ET rates were observed under the combined
405  occurrence of medium-to-high temperatures and elevated SWC, indicating strong interactive
406  controls between atmospheric demand and soil water availability.
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409  Figure 6. Response surface of daily ET (mm) as a function of mean daily air (T; °C) and
410 SWC (%), as predicted by a generalized additive mixed model (GAMM). The green shading
411  surface indicates predicted ET, with darker green tones representing higher values.

412

413

414  With respect to Rf and GW, responses generated by P events were strongly coupled but
415  temporally asymmetric throughout the study period (Figure 7). In the four selected P—Rf—
416  GW situations described earlier, both Rf and GW increased rapidly following P inputs—a
417  near-synchronous onset of both responses within approximately one day of the main P
418 pulse—indicating that surface and subsurface fluxes were triggered by the same P event.
419 At the same time, the magnitude and persistence of the two responses differed markedly.
420 Rf exhibited sharp, short-lived peaks, frequently reaching high relative values but returning
421  rapidly toward baseline conditions within a few days. In contrast, while GW also increased
422  abruptly and often reached similarly high relative values, it receded much more slowly—over
423  several weeks to months—long after the Rf response had dissipated.

424

425  Figure 7 shows the Rf events in the four selected P-Rf-GW situations (representing the four
426 large-magnitude P events that generated the greatest responses). These Rf responses
427  displayed substantially greater variability in peak magnitude than the GW responses, whose
428  peak magnitudes were largely independent of P-event magnitude and consistently remained
429  within a relatively narrow range (~75%-100%). For example, Rf event (2) reached its
430 maximum within one day of peak P and declined rapidly thereafter, whereas GW peaked
431  shortly after peak P and remained elevated for 20—30 days. A similar pattern was observed

15



https://doi.org/10.5194/egusphere-2026-6044
Preprint. Discussion started: 5 November 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

432 for Rf event (3): a moderate Rf pulse (~30%) coincided with a broader GW response (~80%),
433  then receded gradually. Rf events (1) and (4) showed more complex, multi-pulse behavior,
434  with repeated Rf peaks associated with successive P inputs and corresponding step-like
435 increases in GW. In sum, Rf and GW are closely aligned in activation timing but differ
436  strongly in response duration: Rf behaves as a rapid, transient flux, whereas GW integrates
437  the event signal over longer timescales. This pattern supports the interpretation that large P
438  events simultaneously activate lateral Rf pathways and vertical subsurface connectivity, but
439 that GW storage dampens and prolongs the hydrological response.
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440
441  Figure 7. Normalized temporal dynamics of Rf and GW response from 2021 to 2025, as

442  derived from measurements of the four selected P-Rf—GW situations. The upper panel
443  shows the complete time series, with precipitation represented by the black vertical bars.
444  The middle and lower panels show detailed pictures of the temporal coupling between
445  precipitation, runoff generation, and groundwater response.
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446

447

448  The P events exhibited a highly asymmetric distribution of magnitudes, with most not
449  exceeding ~20 mm and only a limited number of large events (100-120 mm) (Figure 8).
450 Clear differences emerged between events that generated detectable GW responses and
451  those that did not. Most P events below 62 mm were not associated with measurable GW
452  recharge, indicating that small and moderate events were generally insufficient to activate
453  vertical hydrological connectivity. In contrast, all events exceeding 78 mm consistently
454  generated GW responses, suggesting the existence of an upper threshold above which
455  recharge systematically became activated. Between these two ranges (62—-78 mm), a
456  transition zone was observed in which both responsive and non-responsive behaviors
457  occurred; that is, under intermediate precipitation magnitudes connectivity may or may not
458  be activated. Recharge-generating events represented only a small fraction of the total
459  number of P events and corresponded almost exclusively to the upper tail of the event
460  magnitude distribution. The separation between responsive and non-responsive events was
461  visually distinct, with minimal overlap between classes, yielding a clear stratification of P
462  events into non-recharge-generating (<62 mm), transitional (62—78 mm), and consistently
463  recharge-generating (>78 mm) categories based on P event magnitude.

464
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466  Figure 8. Distribution of P event magnitude and their role in generation of groundwater
467  recharge. Each point represents an individual P event, classified according to whether it
468 generated a detectable groundwater response (blue) or not (black). The shaded band
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469  highlights the transition zone within which vertical hydrological connectivity may or may not
470  be activated.

471

472

473 4. Discussion

474

475 In this study, we developed a process-based framework for understanding GW recharge in
476  semiarid karst systems as an emergent property of pulse-driven ecohydrological dynamics.
477  The water flux dynamics and coupling found are consistent with those of conceptual models
478  developed for dryland ecosystems, wherein water movement is governed by non-linear
479  responses to discrete P events and constrained by strong losses via ET (Berdugo et al.,
480  2020; D’Odorico et al., 2013; Maestre et al., 2016; Wang et al., 2012; Ludwig et al., 2005).
481  Our framework extends those earlier findings by explicitly linking soil moisture thresholds
482  and ET dynamics to the activation of subsurface fluxes (Figures 5 and 6). In addition, it
483  indicates that hydrological connectivity in this system is not persistent but event-driven,
484  emerging only when climatic forcing and internal thresholds align (Figures 7 and 8). This
485  perspective moves beyond traditional interpretations of recharge as a function of mean
486  climate and instead emphasizes the role of event-scale processes and threshold behavior
487  in regulating water fluxes.

488

489  We identified two distinct hydrological pathways: one continuous and dominated by soil
490 water—atmosphere exchange, and another episodic and associated with Rf and recharge
491  (Figure 9). Precipitation represents the primary atmospheric input and is partitioned among
492  competing pathways depending on antecedent soil moisture, event magnitude, and
493  substrate permeability. A fraction of incoming water infiltrates the soil profile, increasing
494  SWC, which acts as a transient storage reservoir (Zhang et al., 2024; McDowell et al., 2023).
495  From this storage, water may return to the atmosphere through ET. When P intensity
496  exceeds infiltration capacity, or when SWC approaches saturation thresholds, lateral
497  connectivity is activated, generating surface Rf. At the same time, vertical preferential flow
498  associated with macropores, fractures, and karst features facilitate rapid percolation toward
499  GW depth, bypassing much of the soil and bedrock matrix (McDowell et al., 2023; Saco et
500 al., 2020). These preferential pathways enhance recharge efficiency by transmitting water
501 pulses directly to depth (Hervé-Fernandez et al., 2016; Gregory et al., 2009). Together,
502 these flux regimes are dynamically coupled and regulated by P inputs and T seasonality
503 (Calvo-Cases et al.,, 2021; Litvak et al.,, 2011)—reinforcing the idea that hydrological
504  connectivity in semiarid karst landscapes is both episodic and scale-dependent (McDowell
505 etal, 2023; Turnbull et al., 2008; Wilcox et al., 2008, 2003).

506

507 Importantly, water fluxes assessed in this study are connected not only at the landscape
508 scale but also at regional scales. Lateral connectivity within the contributing zone routes Rf
509 toward losing stream channels in the Balcones Fault Zone, where vertical connectivity is
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510 rapidly activated (Scanlon et al., 2006). In karst systems, this coupling operates over much
511  shorter timescales than in non-karst landscapes, enabling rapid transmission losses through
512  discrete recharge features (Green et al., 2014; Hervé-Fernandez et al., 2016). As a result,
513  local GW-level responses may be disproportionately large relative to rainfall depth, reflecting
514  integrated inputs over the entire contributing zone (Ford & Williams, 2007). Such regional-
515 scale coupling between lateral and vertical connectivity helps explain the magnitude and
516  timing of GW responses observed during our study.

517

518
519

520 Figure 9. Conceptual model of precipitation partitioning and hydrological connectivity in a
521  karst recharge system. Precipitation (P) is partitioned between surface runoff (Rf),
522  evapotranspiration (ET), soil water storage (SWC), and percolation toward groundwater
523  (GW). Dashed lines illustrate vertical and lateral preferential flow pathways activated under
524  threshold conditions.

525

526

527  Our results can be interpreted within the ecohydrological coupling framework proposed by
528  McDowell et al. (2023), which emphasizes that the degree of coupling among water fluxes
529  depends on the hydraulic connectivity between source water pools and their partitioning into
530 differentfluxes. In our study area, the coexistence of a continuous P-SWC-ET pathway and
531 an episodic P-Rf—GW pathway provides direct empirical evidence of variable coupling
532  states across events (Figure 9). Specifically, the threshold behavior observed in SWC
533  responses and the activation of recharge only during large precipitation events (>78 mm)
534  are consistent with the hypothesis that coupling is strengthened by increases in total water
535 availability and connectivity among soil and subsurface domains (McDowell et al., 2023;
536  Wilcox et al., 2022; Moreno-De-Las-Heras et al., 2020). Conversely, the absence of
537  groundwater response during smaller P events, despite measurable increases in SWC and
538 ET, indicates partial decoupling between near-surface water pools and deeper flow paths,
539  supporting the idea that these domains can remain hydraulically disconnected under low
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540  moisture conditions (Schwinning et al., 2004; Mayor et al., 2011). In addition, the rapid Rf
541  generation followed by immediate groundwater responses suggests that preferential flow
542  paths act as transient connectors between shallow and deep water pools, in line with the
543  hypothesis that macropore flow and event-scale infiltration dynamics regulate coupling
544  strength (McDowell et al. 2023; Castelli et al., 2019; Chappell and Tych, 2012). While
545  McDowell et al. (2023) primarily frame these processes in the context of disturbance-driven
546  changes in vegetation and energy balance, our results demonstrate that similar coupling—
547  decoupling dynamics can emerge in undisturbed karst systems as a function of P event
548  magnitude, antecedent SWC conditions, and subsurface structure. Thus, the framework
549  developed from our study’'s findings extends those of prior work by showing that
550 ecohydrological coupling is not only a function of disturbance and succession, but also an
551  intrinsic property of pulse-driven dryland systems governed by threshold-dependent
552  connectivity (Niborski et al., 2026; Magliano et al., 2023; Burquez et al., 2024).

553

554  From a water management perspective, the episodic nature of recharge in the Edwards
555  Plateau poses significant challenges for predicting GW sustainability under changing
556  climatic and land use conditions (Piemontese et al., 2020; Sadeghi et al., 2020; Huang and
557  Wilcox 2005; Chen et al., 2001; Lodiciga et al., 2000). Because recharge is controlled by a
558  small number of high-magnitude P events, variations in the frequency and intensity of such
559  events can have disproportionate effects on long-term water availability. This sensitivity is
560 particularly relevant in the context of projected climate change. Land management practices
561  further complicate this picture because they influence vegetation structure and soil
562  properties, which in turn regulate ET and SWC (Vivoni et al., 2021; Zhao et al., 2010). The
563  two major anthropogenic forcings that take place in the Edwards Plateau are: woody plant
564  encroachment and urbanization. Woody plant encroachment increases both canopy
565 interception (Gignac et al., 2025; Magliano et al., 2019) and ET (Wilcox and Huang 2010;
566  Huxman et al., 2005) and thereby reduces Rf generation (Londe et al., 2022; Huxman et al.,
567  2005; Wilcox et al., 2003)—the combination of these three processes resulting in the need
568  for more (and more frequent) large P events to sustainably recharge GW. Urbanization may
569  reduce SWC and increase Rf generation (Magliano et al., 2026; Guerra and Debbage 2021),
570  with the result that GW recharge may be activated by smaller P events.

571

572  In summary, our findings demonstrate that recharge processes in the Edwards Plateau—
573 and in karst systems more generally—is governed by episodic connectivity rather than
574  continuous fluxes. Under these conditions, a limited number of hydrologically effective P
575  events exert a dominant control on long-term water availability (see Figure 9). Consequently,
576  management approaches based on mean conditions or steady-state assumptions are
577  unlikely to capture karst system dynamics. Instead, for predicting aquifer status, it is critical
578 to anticipate changes in the frequency and magnitude of recharge-generating P events and
579  how these are modulated by land surface properties (Figure 9). This framework is directly
580 transferable to karst landscapes worldwide, in all of which vertical preferential flow and rapid
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581  subsurface connectivity amplify the sensitivity of recharge to event-scale processes. If
582  management practices are to adequately address karst-system recharge dynamics under
583  ongoing climatic and land use change, it will be essential to incorporate threshold behavior
584  and event-based connectivity into water resource planning.

585

586

587 5. Conclusions

588

589  Our study shows that water fluxes in the Edwards Plateau are dynamically coupled through
590 non-linear and threshold-dependent ecohydrological processes operating across different
591  temporal scales. Our findings showed that P inputs were partitioned between two contrasting
592  but interconnected pathways. The first pathway, linking P, SWC, and ET, behaves as a
593 relatively continuous and buffered system controlled primarily by atmospheric demand and
594  transient soil water storage. The second pathway, linking P, Rf, and GW, operates
595  episodically and is activated only during a limited number of large P events capable of
596  generating hydrological connectivity between surface and subsurface compartments. These
597 findings support a conceptual framework in which ecohydrological coupling in semiarid karst
598  systems is governed by intermittent windows of hydrological connectivity activated only
599  when P pulses overcome both atmospheric demand and internal storage thresholds. Under
600 this framework, Rf and GW recharge represent coupled expressions of the same
601  connectivity process, differing primarily in temporal persistence and storage integration.
602
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