
1. Introduction
Fine-grained Vertisols are globally distributed and occupy approximately 2.4% of the earth's non-ice-cov-
ered surface (USDA-NRCS, 1999). Vertisols and related vertic intergrades are distinct because the smectitic 
clays that compose them impart shrink-swell properties that are a function of soil moisture (Das Gupta 
et al., 2006; Groenevelt & Bolt, 1972). At low moisture content the soil matrix shrinks, resulting in a hetero-
geneous network of cracks that readily transmit water in macropores. At high moisture content the matrix 
swells, partially closing the crack network and greatly reducing permeability. Thus, water flow paths are 
dynamic in both space and time (Stewart et al., 2015).

In Vertisols, the cracks and slickensides that form the boundaries of soil peds are macropores that conduct 
the majority of water, though not all macropores are connected and carry flow (Bouma et al., 1977; Yas-
uda et al., 2001). Vertic soils can become episaturated in some cases, meaning saturation of a surface- or 
near-surface layer and unsaturated below (Kishné et al., 2010). They can also develop local and discontin-

Abstract Vertisols shrink and swell with changes in soil moisture, influencing hydraulic properties. 
Vertisols are often in floodplains, yet the importance of flooding as a source of soil moisture remains 
poorly understood. We used blue dye and deuterated water as tracers to determine the role of the 
macropore network in matrix recharge under artificial flood durations of 3 and 31 days in large soil 
monoliths extracted from a forested soil. Gravimetric soil moisture content increased by 47% in the 
first three days, then increased only 3.5% from day 3–31. Post-flood moisture content was greatest in 
the organic-rich, top 10 cm and was lower at 10–75 cm where organic matter was less. Deuterium 
concentration revealed that soil moisture in the top 10 cm was quickly dominated by artificial flood water, 
but at depth remained <80% floodwater even after 31 days. Pervasive dye staining of ped surfaces in the 
top 4 cm indicated connectivity to flood waters but staining at depth was less and highly variable. The 
isotopic composition of soil water at depth continued to shift toward flood water despite no differences 
in dye staining between days 3 and 31. Results indicate flooding initially but incompletely recharges 
matrix water via macropores and suggest the importance of flooding as a source of matrix recharge in 
vertic floodplain soils may depend more on flood frequency than duration. Isotopic composition of matrix 
water in vertic soils depends on both advective and diffusional processes, with diffusion becoming more 
dominant as porosity decreases.

Plain Language Summary Shrink-swell clay soils are common in floodplains but their 
behavior during flooding, particularly how much flood water they take up, is not well understood. We 
flooded large blocks of shrink-swell soil with artificial floodwater spiked with dye and chemically labeled 
water, and found that water moved rapidly into soils via cracks and large soil pores, but swelling closed 
those pathways and prevented floodwater from spreading throughout the soil blocks. Only near the 
surface, where there is more organic matter, did floodwaters completely dominate soil moisture after 
flooding. Results indicate that flow into cracks in shrink-swell soil is important early in a flood, but not 
enough water flows this way to allow floodwater to reach throughout the soil before the clays swell and 
close those pathways. Because the amount of water that the soil can take up is limited in each event, the 
importance of flooding for soil moisture in shrink-swell clay soils in floodplains depends on how often 
flooding occurs rather than how long it persists.
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uous zones of saturation, affiliated with macropores, that do not necessarily connect to each other (Arm-
strong, 1983; Booltink & Bouma, 1991; Bouma et al., 1980). Upon wetting, cracks can close within hours 
(Favre et al., 1997) and shift hydraulic conductivity (Ksat) from predominantly macropores flow to diffu-
sional matrix flux (Bronswijk et al., 1995; Stewart et al., 2016b).

Despite numerous studies and models devoted to quantifying matrix and macropore flow (e.g., Flury 
et al., 1994; Hardie et al., 2013; Stewart et al., 2016a), many hydrological processes in vertic clay soils remain 
poorly understood. For example, research to quantify vertic soil matrix recharge by precipitation has been 
extensive (e.g., Hoogmoed & Bouma, 1980; Römkens & Prasad, 2006), but the role of flood duration and 
ponding in soil moisture recharge has not been extensively investigated. Many vertic soils occur in current 
or former floodplains and lake bottoms, where landforms and topographic position are often conducive to 
flooding or ponding. Flooding plays a crucial role in influencing floodplain ecosystems through flood stress 
on plants, but it may also recharge soil moisture later used by plants (e.g., Allen et al., 2016; Lamontagne 
et al., 2005). Most field investigations of Vertisol hydrology under flooded conditions have focused on flux 
through macropores, focusing on the crack network (e.g., Bouma & Wösten, 1984) or on how the crack 
network is modified by soil swelling upon ponding (e.g., Favre et al., 1997). There are reasons to expect 
the consequences of flooding for matrix moisture recharge may be larger than rainfall because flooding 
provides near-infinite water supply at high pressure potential, which can drive rapid infiltration through 
crack networks perhaps more rapidly than they can close. Alternatively, flooding may only induce limited 
recharge if matrix swelling closes cracks after infiltration of relatively small volumes of water. In the latter 
case, pre-event soil moisture may still dominate even after flooding.

The enigmatic and poorly understood mechanisms controlling recharge of vertic soils have important im-
plications for ecosystems. Soil moisture recharge, retention, and depletion are some of the most important 
processes governing ecosystem function. Most precipitation over land returns to the atmosphere as tran-
spiration (Good et al., 2015; Jasechko et al., 2013), with the soil matrix acting as the primary temporary 
store for this water. Water residence times in soil vary over many orders of magnitude, and transpiration 
tends to draw on older, rather than the most recently infiltrated, water (Berghuijs & Allen,  2019). This 
process creates a temporal decoupling between matrix recharge and uptake by plants, which can obscure 
sources of this important water store. Isotopic tracers have indicated separation between transpired water 
and younger water draining from soils in some cases (e.g., Allen et al., 2019; Brooks et al., 2010; Goldsmith 
et al., 2012), but mixing and isotopic exchange can complicate interpretations (e.g., Bowling et al., 2017; 
Oshun et  al.,  2016; Vargas et  al.,  2017). Thus, considerable uncertainty remains about the hydrological 
sources of water available to plants in all soils, let alone in hydrologically complex, vertic soils.

The goal of this research was to empirically quantify flood recharge of soil matrix water in a forested Ver-
tisol, focusing on the role the macropore network plays in delivering water to the matrix. To do this, we 
conducted an artificial flooding experiment on soil monoliths transported intact to the laboratory. We used 
two tracers in our floodwater: (a) a sorbing, dye tracer to estimate connectedness of individual soil peds to 
the macropore network at multiple depths in the soil profile; and (b) a conservative tracer (deuterium) to 
estimate mass flux into peds. We hypothesized that soil peds most connected to the macropore network, as 
evidenced by dye-staining, would also attain the greatest isotopic enrichment.

2. Materials and Methods
2.1. Experiment Overview

We imposed artificial flooding on soil monoliths excavated intact from a forested Vertisol. The treatment 
monoliths were submerged in dyed and isotopically spiked water in short (3–4 days) versus long (31–32 days) 
artificial floods. After treatment, the monoliths were deconstructed to extract individual peds that were then 
analyzed for dye coverage, stable isotopic composition of soil water, moisture content, and organic matter 
content. Control monoliths were also deconstructed and analyzed for the same variables to quantify condi-
tions prior to the artificial floods.
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2.2. Field Sampling

The study site is in the floodplain of the Mississippi River near St. Gabriel, Louisiana (30°16'54" N, 91°05'21" 
W). Levees have prevented overbank flooding from the Mississippi River for more than 200 years but the 
site is frequently inundated by ponded precipitation from late winter through spring. The mean annual 
precipitation is 158 cm and the mean annual temperature is 20°C. The site is occupied by a mixed-species 
floodplain forest dominated by sugarberry (Celtis laevigata), American elm (Ulmus americana), and green 
ash (Fraxinus pennsylvanica), with the last logging more than 60 years in the past.

The soil met the criteria for a Sharkey clay, classified as a very-fine, smectitic, thermic Chromic Epiaquert 
in the Soil Taxonomy system, and as a Pellic Vertisol (Gleyic, Hypereutric, Ochric, Stagnic) in the World 
Reference Base system. At the surface is an organic-rich horizon where there is little structure except for 
common, small, granular, “buckshot” (Broadfoot, 1962) aggregates. Below, the soil is composed of weak, 
medium (<30 mm) peds that are subangular and blocky or wedge-shaped with slickenside boundaries typ-
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Figure 1. Sampling and experimental setup: (a) initial excavation of a trench; (b) manual excavation of a monolith 
adjacent to the trench; (c) lowering a monolith into a tank of artificial floodwater; (d) schematic of the paired moniliths 
in perforated containers submerged in artificial floodwater, omitting the thin, open-weave, cotton cloth wrappers 
around each ped.
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ical of Vertisols—the latter increasing below 20 cm. At the time of sampling in September 2018 (Figure 1), 
the soil was relatively dry and visibly cracked on the surface. Many fine-to medium-sized roots were present, 
especially in the top 40 cm; the largest root in any of the monoliths was ∼1 cm diameter. Ped boundaries 
tended to be formed on sides of medium-sized roots, and there were no peds formed completely around 
medium roots. Fine roots (≤2 mm) were found within peds.

The monoliths were cylinders pairs, each 46 cm diameter and 35 cm tall, excavated from depths of 0–35 cm 
and 40–75 cm. Care was taken to ensure monoliths remained intact with as little disturbance as possible by 
gently excavating the surrounding soil, avoiding smearing (Figure 1b). The monoliths were transferred to 
metal containers (each was one half of a 114 L steel drum, open on the top and pre-drilled with 1 cm holes 
spaced 5–8 cm apart on the bottom and sides to allow relatively free movement of water) and temporarily 
wrapped in plastic and cushioned to prevent evaporation and stabilize the monoliths for transportation to 
the laboratory. Monoliths were transferred into the metal containers using thin, open-weave, cotton cloth, 
which remained in place for the duration of the experiment to improve soil stability during handling.

The intent of the perforated containers was to simulate conditions of flooding a forest soil that contains root 
channels and other biogenic macropores. By necessity, the monoliths were excavated to avoid large roots, 
and did not include all heterogeneities present at the field scale. The experimental design approximates 
conditions near macropores, under the assumption that the macropore network allows rapid flux of flood-
water to depth and lateral gradients away from macropores are as relevant for soil moisture as are vertical 
gradients (Greve et al., 2010).

Two smaller control monoliths, 26 cm diameter, were also excavated from 0–35 cm and 40–75 cm depths 
and wrapped in plastic prior to transport to the laboratory. These two monoliths were used to assess pre-
flood soil properties, separately from the two artificially flooded pairs of monoliths.

2.3. Artificial Flooding With Tracers

In the laboratory, the soil monoliths were placed inside 208 L steel drums, with those excavated from 40–
75 cm depth placed on the bottom of the drums and the shallower monoliths placed on top of them. Two 
5 cm tall wooden spacers were used to separate upper and lower monoliths (Figure 1d). This arrangement 
allowed for relatively high exposure to floodwaters of the external portions of all monoliths, simulating 
networks of large macropores encompassing each monolith. Also, the perforated metal containers used to 
hold the monoliths constrained lateral expansion of the monoliths but allowed for vertical swelling at the 
surface of each monolith.

To determine macropore-matrix connectivity and water exchange during flooding, two tracers were add-
ed to the flood treatment tanks prior to submerging the monoliths. Each tank contained 1 g L−1 blue dye 
(variously known as FD&C Blue #1, C.I. 42090, Brilliant Blue FCF, and C.I. Food Blue 2) as a semi-quan-
titative, sorbing tracer of advective flux (Flury & Flühler, 1995; Ketelsen & Mayer-Windel, 1999; Ӧhrstrӧm 
et al., 2004). This dye is commonly used in soil water flux tracing (Flury et al., 1994; Hardie et al., 2013; Weil-
er & Flühler, 2004), although we used a lower concentration due to a smaller ratio of soil volume to water 
volume as compared to most field experiments. Each tank was also spiked with deuterated water (98 atomic 
%) as a non-sorbing, conservative tracer of water movement. The initial soil water isotopic composition was 
δD = +3‰ at the surface, −5‰ at 25 cm depth, and −15‰ at 65 cm depth. The added floodwaters isotopic 
composition was δD = +68‰ (tank with short-duration flooding) and δD = +70‰ (tank with long-duration 
flooding). All isotopic values are reported per mil (‰) as δD = (Rsample/Rstandard – 1)*1,000, where R = D/H 
and the standard is Vienna Standard Mean Ocean Water (VSMOW).

On the same day as excavation, the monoliths were fully submerged in the spiked floodwater, simulating a 
flood of ∼3 cm depth above the soil surface. The large drums were sealed to prevent evaporation and iso-
topic fractionation. After 3 days, one shallow monolith was removed from the floodwaters, and the paired, 
deeper monolith was removed one day later. Monoliths for the long-duration artificial flooding treatment 
were removed after 31 (upper monolith) and 32 (lower monolith) days. These flood durations are represent-
ative of typical flood events in floodplains of the southeastern U.S. The lower monoliths were removed one 
day after the upper monoliths to avoid isotopic fractionation while waiting for deconstruction of the upper 
monolith (Section 2.4).
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2.4. Soil and Water Sampling

Upon removal from the drums, monoliths were each allowed to freely drain for 20 min to remove gravita-
tional water from macropores. Next, the thin (<1 cm) layer of litter at the surface and exterior soil, ∼2 cm 
on top, bottom, and sides was discarded as disturbed (except no soil was discarded from the top of the 
surface monolith). The remaining material was manually deconstructed by separating peds along natural 
lines of fracture to obtain treatment peds for analysis of dye coverage and δD (Figure 2). Ped excavation was 
performed using a knife tip and gently plucking out naturally structured peds. Peds that broke or appeared 
disturbed were discarded. Care was taken not to smear the soil or otherwise alter the ped surface. Also, 
care was taken to reduce evaporative fractionation of soil water by keeping the samples covered as much as 
possible and completing manual deconstruction within 11 h.

Peds were obtained from depth classes 0–4, 4–10, 10–20, 20–35, 40–55, and 55–75 cm. Soil properties in the 
upper 20 cm varied in structure more than below 20 cm, and smaller depth classes were designated there to 
account for this variability. Obtaining structured peds was also more difficult in the upper 20 cm due to high 
organic matter, and soil aggregates were smaller and more granular than the soil from deeper depths. Con-
trol peds were processed using the same methods as flood peds except depth classes were 0–4 cm, 4–35 cm, 
and 40–75 cm. Note that the methodology required peds of at least 3 g wet mass to provide sufficient water 
for isotopic analysis, so samples that did not meet this criterion were discarded. A total of 392 usable peds 
were collected, including 53 control peds, 162 short flood duration peds, and 177 long flood duration peds. 
Sampled ped size varied little by depth.

Once a ped was separated from a monolith, it was visually inspected for coverage of blue dye and assigned 
to a class of 0–20, 21–40, 41–60, 61–80, or 81–100 percent dye coverage. Classification was done by the same 
person throughout the experiment to ensure consistency. We used this simplified classification scheme 
because subsequent analysis for isotopic composition required us to work quickly to avoid fractionation 
during sample processing.

After dye coverage estimation, each ped was immediately placed into a sample bag for analysis of isotop-
ic composition by equilibration with vapor (Wassenaar et al., 2008). Each bag was a 10 L, side-gusseted 
metalized plastic coffee bag (PBFY Flexible Packaging; Gralher et al., 2018) that was inflated with ambient 
air, heat sealed, and incubated for isotopic equilibration between soil water and vapor for 2–3 days before 
analysis of the vapor by laser ablation spectroscopy (Los Gatos Research IWA–45–EP). Equilibration was in 
the same room as the isotope analyzer and recording thermometers (Onset HOBO) recorded the room tem-
perature every 15 or 30 min during this period to ensure consistency of temperature and thus equilibration 
between water and vapor. Bags containing liquid water standards for calibration were made on the same 
day as monolith deconstruction and equilibrated and analyzed following the same method as the ped bags. 
Precision of the δD in this experiment was ±1‰, estimated as the variance in values obtained by analyzing 
bags containing standards analyzed as samples.

To infer soil water δD from vapor δD, we used free-liquid α (i.e., the temperature-dependent equilibration 
factor between vapor and liquid in a closed system), using recorded laboratory temperature and constants 
reported by Majoube (1971). We also performed an empirical control by analyzing vapor in the bags con-
taining liquid water standards of known isotopic composition. We did not correct for fractionation known 
to occur by water sorbing onto surfaces (Lin & Horita, 2016; Lin et al., 2018; Oerter et al., 2014), by hydra-
tion spheres formed around solutes (Oerter et al., 2014), or by wetting of organic matter (Gaj et al., 2019). 
Comparing maximum measured soil-water δD (+79‰) to liquid δD in the submersion tanks after the ex-
periment (+68‰ or +70‰), we estimated that ignoring effects of soil-surface and solute chemistry on our 
measurement may have caused error up to maximum 9‰, which is an order of magnitude smaller than the 
difference between pre-experiment water and the spiked floodwater (65–85‰). Errors likely vary through-
out the data set because of varying mineralogy, solutes, and organic matter, so we report raw measurements 
instead of attempting corrections.

It is possible that isotopic equilibration between water in peds and in the vapor in the bags preferential-
ly involved water near the surfaces of peds. If that were the case, the isotopic composition of the vapor 
may not have reflected the isotopic composition of the liquid in the entire ped. To assess this possibility, a 
separate experiment was conducted to test (a) whether the peds were fully equilibrating in the vapor bag 

MORALES ET AL.

10.1029/2021WR029675

5 of 15



Water Resources Research

MORALES ET AL.

10.1029/2021WR029675

6 of 15

Figure 2. Dye staining revealed during deconstruction of monoliths: (a) stained root and adjacent ped boundary illustrating preferential flow along roots; (b) 
top-down view of a monolith after the removal of the surface 10 cm, illustrating preferential infiltration via a small proportion of the cross-section; (c) manually 
removed ped illustrating partial dominance of slickensides and incomplete staining of ped surface; (d) top-down view of a monolith after the removal of the 
surface 20 cm, illustrating a zone of strong staining by preferential flow (center right) and common, but not ubiquitous, staining of the rhizosphere; (e) top-
down view of a monolith after partial removal of the top 4 cm, illustrating the rapid transition to highly preferential flow (top half of the image).
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during isotopic analysis and (b) whether any disequilibrium was related to ped size. Additional control and 
artificially flooded peds were processed using the same vapor bag equilibration methods as the main exper-
iment, but with the exception that some peds (16 control and 22 treatment peds from soil soaked 24 h) were 
crumbled before being placed inside of the vapor bag and some (15 control and 22 treatment peds from soil 
soaked 24 h) were left whole and placed inside the vapor bags as for the main experiment. In the control 
group, there was no significant difference between the crumbled and whole peds (t-test p = 0.8, crumbled 
δD = −16 ± 1‰ s.d., whole δD = −16 ± 1‰). In the treatment group, there was high variance but no sig-
nificant difference between the crumbled and whole peds (t-test p = 0.3, crumbled δD = +6 ± 20‰, whole 
δD = 0 ± 18‰). The high variance in the treatment batch likely reflected the varying positions of the peds 
within the soaked soil monolith. Given these results, we concluded that sampling vapor equilibrated over 
whole, non-crumbled peds did not predictably bias the isotopic results, and that any plausible methodo-
logical effects were small relative to the difference between spiked, artificial floodwater and pre-treatment 
water.

To infer the contribution of floodwater to ped moisture, we compared moisture content and δD in con-
trol and post-flood peds. For isotopic composition, we used a two-member mixing model as flood contri-
bution = (δDped, post-flood–δDped, pre-flood)/(δDfloodwater–δDped, pre-flood). There is uncertainty in pre-flood moisture 
content and δD because we used control peds to estimate those values rather than measuring the treated 
peds themselves, and there was additional, analytical uncertainty in δD, so we could make only coarse esti-
mates of flood contributions. In the case of δD, apparent flood contributions potentially included mass flux 
of floodwater into peds as well as diffusional mixing of floodwater with pre-flood water.

2.5. Physical Properties of Peds

After measuring dye coverage and stable water isotopes, each ped (treatment and control) was measured for 
gravimetric moisture content (mass loss upon drying at 105°C as a proportion of oven-dry mass) and organ-
ic matter content (percent mass loss on ignition at 550°C). Because of the high clay content, loss-on-ignition 
is an overestimate organic matter by likely 4%–6% for our soils (Ball, 1964). We quantified the size of peds 
by mass and moisture content gravimetrically because void ratio varies by moisture content in vertic clays 
and usurps the meaning of properties based on soil volume. Particle size analysis was performed on a 20 g 
mixed sample from each soil depth class. Samples were prepared using mechanical and chemical defloccu-
lation using sodium hexametaphosphate and removal of organic matter using H2O2. Prepared samples were 
then run through a laser diffraction particle size analyzer (S3500, Microtrac) assuming irregular particle 
shapes, transparent absorption coefficient, and a preset refractive index for clay (Jena et  al.,  2013; Özer 
et al., 2010). Soil texture was approximately 2% sand, 60% silt, and 38% clay, using the USDA texture size 
classes of clay ≤2.00 μm. The silt was very fine and most bordered on clay size: 15 percent of the particles 
were between 2 and 3 μm. Because particle size analysis using the laser diffraction method overestimates 
the size of particles as compared to the traditional sieve-pipette method (Beuselinck et al., 1998), it is likely 
that the clay fraction was underestimated. Organic matter decreased with depth across all peds (Figure 3a).

3. Results
Flooding caused gravimetric moisture content to increase across all depths from 0.40 ± 0.05 g/g (mean ± SD) 
in the control peds to 0.59 ± 0.07 g/g after the first 3–4 days, and then to 0.62 ± 0.08 from 3–4 to 31–32 days 
(Figure 3b). Thus, artificial flooding contributed much more (47% increase) at the onset of artificial flooding 
(i.e., the initial 3–4 days) than it did over the rest of the flood period (5% additional increase). Gravimetric 
moisture content in the control soil increased with depth but moisture content in the flooded peds de-
creased with depth after both flood durations. Gravimetric moisture content increased for all depth classes 
from short to long flood durations, although not statistically significantly at 0–4  cm (two-sample t-test; 
p = 0.166) or 40–55 cm (p = 0.084) depths. Due to experimental design, the surfaces of depth classes 0–4 cm 
and 40–55 cm both received greater exposure to treatment water and less confining pressure from the sur-
rounding soil than the other depth classes, thus providing more room for those peds to expand and increase 
moisture. Gravimetric moisture in the control peds decreased with organic matter content because the soil 
was drier at the surface, while water increased with organic matter content after both flood durations be-
cause the soil was wetter at the surface (Figure 3b).
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In general, dye coverage on ped surfaces declined with depth for both flood durations (Figure 4). Dye pen-
etration did not occur more than a few mm into the soil matrix. For both artificial flood durations, dye 
coverage on surface peds was greatest in the 0–4 cm depth class and least in the 40–55 cm depth class (Fig-
ures 4a and 4b). There was no distinct pattern in differences of dye coverage with depth between flood du-
rations, but many depths showed no change or even relatively less dye coverage for the long flooding event 
compared to the short (Figure 4c). There was generally greater dye coverage near the lateral boundaries of 
the monoliths but those peds were omitted because of sampling disturbance.

In some peds, particularly those near the surface, deuterium concentration indicated pre-event water was 
almost completely replaced by flood water, but even after 32 days there was incomplete replacement of pre-
event water at depth (Figure 5). After the short-duration flood, apparent isotopic contribution of the artifi-
cial flood water ranged from ∼60%–115% within 10 cm of the surface and mostly ∼20%–40% at depth. After 
the long-duration flood, apparent isotopic contribution of the artificial flood water exceeded ∼90% within 
10 cm of the surface and ∼60%–80% at depth. Ped water was more enriched in δD for the long flood dura-
tion (mean +59‰, compared to artificial floodwater of +70‰) than the short flood duration (mean +41‰, 
compared to artificial floodwater of +68‰) across all depth classes, indicating increasing content of artifi-
cial flood water in the ped matrix over time. The short-duration flooding was also associated with greater 
ranges of ped δD, indicating spatial variability in the absorption of flood water and diffusional exchange of 
deuterium. The smallest difference in δD between durations was at depth class 0–4 cm, where flood water 
dominated matrix water for both durations. In general, the differences in flood-water dominance between 
durations increased with depth. Ped water δD decreased with depth in the control peds (from +3‰ at the 
surface to −15‰ at 65 cm depth), yet those variations were small relative to the effects of the tracer addition.

Ped water δD was generally higher (i.e., more apparent flood water) than the expected δD given mean 
moisture content differences between flooded peds and control peds (Figure 6). Isotopic equilibration with 
the flood water was essentially complete (isotopic composition >90% of flood water) for 30% of peds in 
the short-duration flood and 51% of peds in the long-duration flood. Soil water δD in 25% of peds from the 
short-duration flood was within the bounds of expected δD given the mass change imparted by flooding and 
thus showed no evidence of equilibration by diffusion beyond mass influx. These samples were clustered 
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Figure 3. (a) Organic matter estimated by mass loss on ignition (likely 4%–6% overestimated) and (b) gravimetric 
moisture of control and artificially flooded soil peds. Data were collected in depth classes and are presented with 
randomly jittered vertical positions for visibility. Differences in organic matter between short-flood and long-flood 
samples are coincidental.
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Figure 4. Probability of dye staining of ped surfaces by depth class in the (a) short and (b) long experimental floods 
and (c) the difference in frequency between the two durations of artificial flooding.
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at the low end of measured (and expected) δD values, indicating that these samples had limited wetting 
during the initial 3–4 days of flooding. In contrast, all peds from the long-duration flood contained more 
deuterium than expected given their increase in moisture content, indicating measurable equilibration with 
experimental flood water. Isotopic equilibration was greater at the tops of the monoliths—where expansion 
was least constrained—than it was at depth (Figure 5).

Much of the variance in ped-water δD was related to organic matter (Figure 7), likely because peds con-
taining more organic matter absorbed more flood water (Figure 3a). Ped-water δD increased with organic 
matter until loss-on-ignition reached approximately 9% (Figure 7). Above 9% loss-on-ignition, almost all 
peds were dominated by flood water and there was little variation of δD. The degree of equilibration (i.e., δD 
greater than expected given mass influx alone) was not clearly related to organic matter content (Figure 6).

Deuterium concentration increased with dye coverage for both flood durations, although variability among 
peds was high (Figure 8). Dye coverage was a poor predictor of δD, except that peds completely covered 
by dye tended to be dominated by flood-event water. In the short-flood treatment, water in 41% of peds re-
mained less than 50% derived from the flood event, including 10% of peds that were nearly completely cov-
ered by dye. Although dye coverage did not increase between the short and long flood durations (Figure 4), 
δD continued to shift toward flood event water with the longer flood duration. After the long-duration flood, 
92% of peds that were at least 80% covered by dye also contained more than 80% flood water.

4. Discussion
The vertic properties of our experimental soil had a strong apparent effect on moisture recharge by flooding: 
soil moisture increased relatively little at depth as compared to the surface and remained relatively constant 
after initial wetting even under continued inundation. The small changes in water content at depth we 
observed are consistent with general soil moisture patterns observed in other vertic clays in response to 
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Figure 5. Concentration of deuterium in soil water from peds subjected to short- and long-duration artificial flooding 
by water spiked with deuterium to the indicated concentrations. Data were collected in depth classes and are presented 
with randomly jittered vertical positions for visibility.
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both flooding and rainfall. For example, Miller and Bragg (2007) found 
relatively small differences in gravimetric moisture content at 100 cm be-
tween soil under extended ponding and soil in prolonged seasonally dry 
conditions. Slabaugh (2006) found relatively constant soil moisture with 
little apparent response to precipitation at depths of 25–200 cm for two 
Vertisols in Mississippi, USA, over a 6-month period. There, subsoil mois-
ture content varied by only ±4% annually, which is comparable to the 
3% increase found between the short and long artificial flood durations 
found in this experiment. Pettry and Switzer (1996) reported consistent 
soil moisture despite precipitation variation in four Vertisols in Mississip-
pi, USA, over a 5-year period. They found the greatest moisture content 
and 80% of the total variation in soil moisture in the upper 50 cm.

Results indicate matrix recharge is a two-step process, beginning with 
rapid mass flux via macropores into peds during initial wet-up, followed 
by a period of isotopic equilibration between soil matrix and flood wa-
ters. The relatively unchanging moisture content and similarity of mac-
ropore connectivity (dye staining) between flood-duration treatments are 
consistent with many investigations of infiltration of rainfall into vertic 
soils, in which mass water flux declines rapidly because of crack closure 
(e.g., Favre et al., 1997). The subsequent increase in δD beyond expected 
concentrations from mass changes in our peds indicates that diffusion 
continued to be an important process after initial wet-up.

Many studies in floodplains and other low-lying agricultural soils have 
shown a longer-term swelling response when Vertisols become flooded. 
For example, Miller and Bragg (2007) found top-down, episaturation of 
field soil, with low moisture content variation at depth, similar to our 

experiment, in both ponded and non-ponded forested Vertisols in Texas, USA. They reported that, during 
ponded conditions, ped interiors were wet (≥50% gravimetric soil water content and soil glistened) down to 
30 cm during the first two weeks of ponding and down to 50 cm after 3 weeks. McIntyre et al. (1982) showed 
that swelling continued for several months as moisture slowly moved downward through the profile. These 

studies point to episaturation, in which near-surface layers become sat-
urated before deeper ones, acting as a restriction on downward water 
movement and recharge.

In our experimental design the monoliths were submerged into flood wa-
ters, meaning that water could infiltrate from all directions. This approach 
reduced episaturation, and as a result the wetting behaviors observed in 
our study (rapid saturation followed by little change in water content) 
were more similar to those observed in studies conducted in well-struc-
tured upland clay soils where macropores give access through more of 
the soil profile (e.g., Navar et al., 2002; Stewart et al., 2015). At the same 
time, most of the change in soil water content in our experiment occurred 
in the uppermost layers. This result has analogs in several field studies of 
Vertisols, which showed that near-surface soils (e.g., the upper 50 cm) 
experience the majority of moisture fluctuations under typical field con-
ditions (Miller & Bragg, 2007; Pettry & Switzer, 1996; Slabaugh, 2006).

Taken altogether, our results and results from previous experiments sug-
gest that flood duration may be an important factor in water recharge 
for soils that experience episaturation, because gradients apparently fa-
vor continued but slow downward flux. In contrast, flood duration ap-
pears to be less important in soils with persistent flow pathways (e.g., 
root channels), perhaps because gradients are weaker when they are not 

MORALES ET AL.

10.1029/2021WR029675

11 of 15

Figure 6. Deuterium concentrations in soil water compared to expected 
concentrations given deviation in sample peds from mean moisture 
content and δD of control peds by depth. Dashed lines indicate bounds of 
uncertainty, obtained by applying maximum or minimum observed δD and 
moisture content of control peds by depth.

Figure 7. Concentration of deuterium in soil water from peds subjected to 
short- and long-duration artificial flooding by water spiked with deuterium 
to the indicated concentrations, as a function of organic matter estimated 
by mass loss on ignition (likely 4%–6% overestimated).
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all vertical. For these soils, the frequency of flooding and drying cycles 
may instead represent a more important control on soil water recharge.

By inhibiting episaturation, our experimental design allowed us to isolate 
relative effects of clay swelling, confining pressures, and organic matter 
on water movement in Vertisols. Soil moisture in Vertisols is strongly in-
fluenced by confining pressures within the soil that resist swelling and 
thus limit moisture (Groenevelt & Bolt,  1972). Because the monoliths 
were divided into two pieces (0–35 and 40–75  cm), confining pressure 
was removed from the upper portion of the lower section. As a result, 
overburden pressure was low in both the 0–10 cm (i.e., 0–4 and 4–10 cm) 
and 40–55  cm depth increments, yet these layers differed in organic 
matter (Figure 3a). The lack of confining pressure likely allowed great-
er increases in water content and δD in the 40–55 cm depth increment 
compared to the 20–35 cm depth (Figures 3b and 5). Likewise, there was 
much less variability in δD in the 40–55 cm depth class during the long 
artificial flood duration, suggesting that the greater swelling in that ho-
rizon facilitated greater isotopic exchange. However, the post-flooding 
water contents and mean δD of the 40–55 cm depth class were still lower 
than those at 0–10 cm, where there were many more fine roots, higher 
organic matter, and greater dye staining. Studies on bare soils have shown 
that surface crusting and sealing can force nearly all infiltrating water 
into cracks (e.g., Wells et al., 2003), but organic matter at the surface of 
our soil promoted uptake into peds. Thus, organic matter appears to be 
an important factor for mass flux and isotopic exchange in forested flood-
plain soils, regardless of flood duration.

Air entrapped in our experimental monoliths may have contributed to some phenomena we observed. Al-
though rapid immersion in floodwater creates the possibility for rapid flow in soil cracks before swelling 
and crack closure, it may also inhibit water flux in those same pathways if rapid immersion fills macropores 
and prevents air escape, thus decreasing the overall infiltration rate. Therefore, some peds that lacked dye 
staining in our experiment may have been adjacent to air bubbles instead of closed macropores. Entrapped 
air can also serve as a pathway for isotopic exchange, so that isotopic equilibration between ped water and 
floodwater may have included some vapor pathways.

Dye coverage on ped faces was a poor predictor of isotopic composition of ped water after the artificial 
floods. From this, we conclude that uptake into peds is also preferential, particularly deep in the soil pro-
file where organic matter and porosity were lower and confining stresses resisting swelling were higher. 
Diffusion-driven water exchange caused the ped water to become more isotopically similar to the flood 
water through time. However, even after one month, deeper peds continued to be depleted in D relative to 
the source water. While the exchange process likely would continue through time and eventually render a 
homogenous isotopic signature throughout, these results suggest that soil water isotopes can resist mixing 
over short-to intermediate-timescales. The differences between the 20–35 cm depth class (median δD of 
+42‰; ∼66% event water) and 40–55 cm depth class (median δD of +65‰; ∼91% event water) suggest that 
soil swelling likely also influences isotopic exchange. The swelling process allowed the soil peds to uptake 
greater quantities of flood water (explaining the greater initial δD increase in the 40–55 cm depth) and may 
have created bigger shifts in pore size distribution, which could facilitate more rapid exchange. Indeed, pre-
vious work has posited that small pores may be the most effective at retaining distinct pools of water that do 
not equilibrate (e.g., Sprenger et al., 2019).

Our results are useful for interpreting whether there is distinct water pool partitioning between plant-avail-
able and runoff water—such as described by the “two water worlds” (TWW) hypothesis (Brooks 
et al., 2010)—in floodplain soils with shrink-swell properties. The interpretation of our results in terms 
of TWW depends on the mechanisms by which runoff occurs. If low permeability leads to dominance of 
episaturation, ponding, and surface runoff flowpaths, plant-available water is likely separate from runoff 
and dominated by the initial event water. However, ponding and surface runoff are not the dominant runoff 
mechanism at all sites with vertic soils because preferential flowpaths through soils can generate runoff 
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Figure 8. Concentration of deuterium in soil water from peds subjected to 
short- and long-duration artificial flooding by water spiked with deuterium 
to the indicated concentrations, as a function of dye coverage per ped. Data 
were collected in dye coverage classes and are presented with randomly 
jittered horizontal positions for visibility.
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from subsurface flowpaths (Allen et al., 2005), potentially even at higher soil moisture when surface cracks 
have closed (Baram et al., 2012). Also, even under saturated conditions, there may be continued subsurface 
flux through other preferential pathways such as root channels that do not seal from swelling (Ritchie 
et al., 1972). Our results suggest that residence times of more than one month would be required for com-
plete isotopic equilibration between runoff and plant-available water for the deeper soils, but that equilibra-
tion in the uppermost ∼10 cm of floodplain Vertisols is likely to be rapid. Fine roots in this ecosystem are 
concentrated in the top ∼20 cm of soil (Farrish, 1991) where moisture is most responsive to precipitation 
(Miller & Bragg, 2007; Pettry & Switzer, 1996; Slabaugh, 2006), so water lower in the profile where equilibra-
tion is slower may not be important as direct plant water sources, and there may be little separation between 
runoff and plant-available water. To the degree that plants access water below the surface, organic-rich 
layer, there is likely to be strong separation between plant-available and runoff water in Vertisols, but due to 
preferential flowpaths along root paths rather than the commonly cited reason of the soil moisture release 
curve (Brooks et al., 2010; Evaristo et al., 2015; Goldsmith et al., 2012).

5. Conclusions
Artificial flooding of soil monoliths revealed the processes by which inundation recharges soil matrix water 
in the presence of connected macropore networks. Soil water content increased rapidly in the initial three 
days of wetting, whereas over a subsequent four-week period molecular diffusion was the dominant mode 
of water exchange. There was a high degree of dis-connectivity between infiltrating flood and internal ped 
water, so there are some moisture stores of long residence time and low exchange with the more-rapid 
fluxes in the macropore network. Soil swelling and organic matter are both important factors controlling 
water flux into the soil matrix, so that near-surface peds quickly become dominated by event water but some 
deeper, confined peds with low organic matter may only exchange minor amounts of water. Macropores are 
active and dominate during the initial flood, but macropore flux ceases relatively quickly, resulting in diffu-
sional processes recharging the matrix beyond initial wet-up. This poor connectivity of macropores to the 
matrix explains field observations of steady soil moisture, episaturation, and lack of connectivity between 
surface and subsurface water pools in vertic soils. We conclude that flooding has a rapid and large impact 
on soil moisture, but that neither the water nor chemistry of flood waters are comprehensively transmitted 
to the entire soil profile.
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