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The extent to which soil hydraulics can
explain ecohydrological separation

Catherine E. Finkenbiner 1,2, Stephen P. Good 1,2 , J. Renée Brooks3,4,
Scott T. Allen5 & Salini Sasidharan1

Field measurements of hydrologic tracers indicate varying magnitudes of
geochemical separation between subsurface pore waters. The potential for
conventional soil physics alone to explain isotopic differences between pre-
ferential flow and tightly-bound water remains unclear. Here, we explore
physical drivers of isotopic separations using 650 different model configura-
tions of soil, climate, and mobile/immobile soil-water domain characteristics,
without confounding fractionationorplant uptake effects.Wefind simulations
with coarser soils and less precipitation led to reduced separation between
pore spaces and drainage. Amplified separations are found with larger
immobile domains and, to a lesser extent, higher mobile-immobile transfer
rates. Nonetheless, isotopic separations remained small (<4‰ for δ2H) across
simulations, indicating that contrasting transport dynamics generate limited
geochemical differences. Therefore, conventional soil physics alone are unli-
kely to explain large ecohydrological separations observed elsewhere, and
further efforts aimed at reducing methodological artifacts, refining under-
standing of fractionation processes, and investigating new physiochemical
mechanisms are needed.

Observations of water from soils, plants, and streamflow are geo-
chemically disparate, as was first shown by Brooks et al.1 and further
explored in subsequent studies2–6. These results conflict with tradi-
tional hydrologic assumptions where soil layers are well-mixed water
reservoirswhereinnewprecipitation completelymixeswith previously
storedwater before seeping downward or being absorbed by roots for
transpiration. Separations (defined here as contemporaneous isotopic
differences among waters stored in different pore spaces within soils
or between soil storages and drainage from soils) in tracer values have
specifically been reported among water traveling through preferential
flow paths, water residing and tightly held within a soil matrix, and
water discharged as drainage across various soil types2,7–11 and
climates1,3,12–15. Stable water isotopes ratios of hydrogen (2H/1H) and
oxygen (18O/16O), hereafter communicated as δ2H and δ18O, in pre-
cipitation, soil water, and plant root extracts have been utilized as

tracers to investigate transport5 and so-called ecohydrological
separations2–4,6. Separate from those observational studies of isotopic
differences between pore spaces, new theoretical frameworks have
shown how flow through systems composed of contrasting con-
ductivities will support transport dynamics that lead to separations
between storages and fluxes16–18. We expand on these frameworks
previously applied to individual sites and case studies to explore,more
generally, how soil physical properties across a range of soils and cli-
mates may contribute to ecohydrological separation caused by
transport heterogeneity in soils.

One of the difficulties of modeling observed separations is that
traditional hydrologic modeling approaches fail to account for het-
erogeneous mixing and transport processes by assuming incoming
precipitation enters the soil matrix and mixes fully with pre-existing
soil water. Several numerical modeling studies have attempted to
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represent separations arising in soils17,19–24. These studies have
advanced understanding of subsurface mixing by quantifying flow
heterogeneities in the unsaturated zone and the spatiotemporal
variability of water and solute transport. Sprenger et al.23 investigated
separations between soil water pore spaces using a one-dimensional
flow model at three long-term northern latitude research sites and
found that modeling with two pore domains improved the repre-
sentation of soil water isotope dynamics when compared to field
measurements.We expand on this work by utilizing a fullymechanistic
modeling approach to examine how separation phenomena may arise
across a wide range of soil hydraulic parameters or climate conditions
to quantify which environmental conditions do (or do not) contribute
to the separation phenomena reported in other studies1,16,25.

We configured 650 isotope-enabled soil physics models
(HYDRUS-1D26,27) to evaluate soil water transport and mixing across
various soil types and simulated precipitation from different climates.
This approach explicitly allowed for the heterogeneous mixing of
solutes at depth via a dual-porosity method. We explored to what
extent ecohydrological separations (or lack thereof) could be
explained by soil physical properties alone. Specifically, our research
objective was to test how heterogeneous flow through porous media,
without confounding evaporative or instrumental effects14, could yield
differences in the isotopic composition between water in preferential
flow paths (i.e., mobile pore space), water tightly-bound between soil
pores (i.e., immobile pore space), and water discharged from the soil
columnasdrainage. First, we configured amodel representative of one
soil type, roughly similar to soils at H.J. Andrews studied by Brooks
et al.1, and tested if unique separations arose using a single or dual-
porosity model design. The single porosity model was compared to
dual-porosity models with smaller and larger immobile domains
(relative to the bulk volumetric water content) and slower and faster
mass transfer rates between immobile and mobile domains. Then, we
varied the soil hydraulic properties of saturated water content and
saturated hydraulic conductivity, as well as climate properties of total
precipitation amounts and the correlation between precipitation iso-
topic composition and amount. This work extends beyond previous
studies by identifying how interactions between climate and pore-
space heterogeneity within a soil profile drive incomplete mixing in
soils across a wide range of conditions. These results help frame how
we understand and represent solute transport and mixing in the
subsurface.

Results
Understanding dual-porosity isotope separation in soils
Isotopic separations were evaluated across simulations of different
hypothetical conceptualizations of water transport for a single soil
type using a single porositymodel and a dual-porositymodelwith high
(40%) and low (20%) immobile fractions and high (0.75) and low (0.25)
mass-transfer rates between themobile and immobile domains (Fig. 1).
Across the range of fractions of pore space in the immobile domain
and mass transfer coefficients between the mobile and immobile
domains, soils with immobile fractions exhibited distinct transport
processes that were not apparent with a single porosity soil config-
uration (Fig. 1c–e). Given that these models were driven with the same
inputs and all other model parameters were held constant, the tem-
poral patterns which arose were attributable to differences in simu-
lated pore heterogeneities. Immobile soil water had limited δ2H
variability regardless of precipitation driven changes in bulk volu-
metric water content or drainage rates (Fig. 1d), whichwere controlled
by dynamics in themobile domain. This contrasts withmobile-soil and
drainage waters, wherein δ2H varied in time considerably during wet-
ter and drier simulation periods. When parameterizations included
large fractions of immobile soil water, vertical water transport was
reduced, and mobile water fractions decreased; however, this mani-
fested in more rapid breakthrough curves that preceded the low

immobile fraction breakthrough curves (see days 250-260, Fig. 1e).
These differences in tracer breakthrough dynamics occurred because
vertical movement within the soil column and mixing of precipitation
inputs was limited to the mobile domain, and thus smaller immobile
pore volumes impliedmoremixingwithin the column. Varyingmobile-
immobile transfer coefficients did not influence the breakthrough
curve dynamics. While the separations between pore spaces were
apparent in our simulations, overall differences in δ2H from each
domain and model configuration were relatively small (all δ2H ratios
ranged from −70.5‰ to −65.3‰).

Consistently across soil configurations, as the bulk volumetric
water content and drainage increased, the separation between pore
spaces shifted so the drainage watermore closely reflected themobile
and immobile water (i.e., the difference between drainage and mobile

Fig. 1 | Simulated precipitation, soil pore space waters, and drainage isotope
ratios. a Averaged downscaled flux-weighted precipitation δ2H isotope value with
error bars denoting ±1 standard deviation from the ten input simulations as well as
the daily input precipitation amount as blue bars. b Averaged time series of the ten
simulated volumetricwater contents of a single porosity soil (Bulk, solidblack line),
the mobile and immobile volumetric water contents for a soil with high immobile
fractions (Hf(mo.) and Hf(im.) respectively, dark gray), and the mobile and immo-
bile volumetric water contents for a soil with low immobile fractions (Lf(mo.) and
Lf(im.) respectively, light gray), as well as the drainage from the column (thin green
line). δ2H isotope ratios of the c mobile soil water domain, d immobile soil water
domain, and e column drainage for the soils simulated with a single pore domain
model (0f, black), high immobile fraction with high and low transfer rates (HfHω,
red; HfLω, orange) and low immobile fractions with high and low transfer rates
(LfHω, cyan; LfLω, blue). The input precipitation time serieswas repeated three times
in series, with the final 100 days (days 200–300) displayed. Note: line styles are the
same for c–e and the line for LfHω is behind LfLω in d and e.
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or immobile water ffi 0‰; Fig. 2b, c) until at a relatively high bulk
volumetric water content when the differences reversed (i.e. drainage
water was isotopically more positive than mobile water). During drier
periods, stronger absolute separations were observed between soil
pore spaces and the drainage water (Fig. 2b, c). This difference was
likely a function of the incomplete mixing of the soil columnwith new
incoming precipitation and the time-lag between the drained water
and water in themobile domain. As bulk volumetric water content and
drainage increased, models with a higher immobile fraction had the
largest change in isotopic separation (i.e. more positive slopes in
Fig. 2b, c; Supplemental Tables S1 and S3), with all dual-porosity
models demonstrating this relationship (most slopes had significant p-
values <0.05; Supplemental Table S1) and models with higher immo-
bile fractions had stronger changes in separations (i.e. steeper slopes).
Interestingly, the separation between the soil and drainage water
simulated by a single porosity model had a contrasting relationship
(i.e. negative slope), with separations decreasing as bulk volumetric
water content increased; this was distinctly different from all other
models (Fig. 2b). Within a specific model configuration, variability in
the strength of relationships between isotopic separation and hydro-
logic state arises as a function of stochasticity within the ensemble of
simulated isotope precipitation time series which served as input for
each of the simulations. Accordingly, changes in the incoming pre-
cipitation would likely change the separation dynamics; however, dif-
ferences among modeled separations should still be apparent across
soils with smaller or larger immobile fractions. Supplemental
Tables S1–S3 summarize the linear regression, p-value, Pearson cor-
relation coefficient, and Spearman correlation coefficient calculated
between isotopic separations and bulk volumetric water content, daily
accumulated precipitation, and drainage. Consistently, we find that
periods with drier soil water contents will have larger absolute

separations between drainage waters and mobile or immobile waters
(Fig. 2b, c) and this relationship is amplified for soils with larger
immobile fractions.

Dual-porosity isotope separation across soils and climates
Moving beyond a representation of one soil type, we explored a wide
range of soil and climate characteristics with varying immobile frac-
tions and transfer rates. Changing a soil’s total saturatedwater content
and saturated hydraulic conductivity influenced the transport and
mixing of soil waters, thereby producing different degrees of separa-
tion between mobile and immobile pore spaces and drainage waters
(Fig. 3a–d). Separations between themobile and immobile pore spaces
were more pronounced in simulations with lower saturated water
content and hydraulic conductivity (Supplemental Fig. S1). Lowering
the saturated water content produced the largest separations in soils
with high immobile pore fractions andmobile-immobile transfer rates
(Supplemental Fig. S1a), accordingly more tightly bound water pore
spaces and low saturated water contents drive these larger separa-
tions. Furthermore, soils with more tightly bound water pore spaces
and low saturated water content demonstrated decreases in the
degree of separation between drainage and mobile water, and this
decrease was not observed for models with less tightly bound pore
spaces (Fig. 3a). Lowering the saturated water content and increasing
the strength of transfer between the mobile and immobile domains
increased the separation between drainage and immobile water
(Fig. 3b). Presumably, this is because the stochastically similar rainfall
amounts betweenmodelsmust now transit through lesspore space (or
transit more slowly), funneling more flow to the mobile domain.
Changing the saturated hydraulic conductivity influenced the separa-
tion between pore spaces as well, wherein soils with lower values
exhibited larger separations between drainage and tightly bound
water (Fig. 3d). However, varying the saturated hydraulic conductivity
of the soil had aminimal effect on thedifference betweendrainage and
mobile water (Fig. 3c). Based on 2-sample t-tests, none of the dual-
porosity models were statistically different compared to the single
porosity model (p-values > 0.5; Fig. 3). It is worth mentioning that all
simulated differences in Fig. 3a–c varied by only ~0.5‰ and this dif-
ference would be difficult to observe from field observations given
typical instrumental accuracy. Regardless of the small separations
observed, our results indicate that in soils with low saturated volu-
metric water content and hydraulic conductivity, the modeling of
subsurface drainage and transport processes is most sensitive to
representations of mobile and immobile pore spaces.

Next, we showed that precipitation input amounts can drive the
degree of separation between mobile and immobile pore spaces and
drainage waters (Fig. 4). We both increased and decreased the total
input precipitation in simulations, since precipitation drove increases
in soil water content and drainage in the previous H.J. Andrews soil
results. Soils receiving less precipitation yielded lower variances in the
separations between mobile and immobile pore spaces and drainage
waters (Fig. 4a, b and Supplemental Fig. S2a). For these simulations,
the soil had a high saturated hydraulic conductivity (65.64 cm/day)
and therefore smaller precipitation events were less likely to saturate
the soil column. This influenced the rate of mass transfer between
mobile and immobile regions, which was driven by a pressure head
gradient, thus decreasing the separations simulated at lower pre-
cipitation rates.

Given that precipitation amount controls both separation and
stable isotope ratios4,17,28,29, we posit that the interaction between these
two relationships could be a significant factor contributing to the
ecohydrologic separation phenomena. We tested if precipitation dri-
ven separations were disparate between single and heterogeneous
porosity landscapes. We show that varying the strength of the amount
effect on precipitation isotopic values, which describes the often-
negative correlation (ρ) between precipitation amount and its isotopic

Fig. 2 | Isotope separation during different soil moisture conditions. The
instantaneous isotopic separation for 10 simulations expressed as the δ2H differ-
ence in a isotopic composition of the mobile and immobile pore space water at
different volumetric water contents for models with high and low immobile frac-
tions (Hf and Lf) and transfer rates (Hω and Lω). The separation in the isotopic
composition of the drainage from the column and b mobile soil water and
c immobile water at different water contents.
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ratio, influences separations between pore spaces (Fig. 4). A large
amount effect (more negative ρ) means higher intensity rainfall will
have much lower δ2H ratios than low intensity rainfall. The value of ρ
can vary depending on the source of precipitation (e.g., oceanic versus
continental precipitation), latitude, seasonal temperatures, or pre-
cipitation patterns30,31. Observeddaily values ofρ can range from+0.24
to −0.4732, and an amount effect of zero removes any correlation
betweenprecipitation intensity and its isotopic composition. Themost
negative precipitation events were simulated when the amount effect
was strong (ρ = −0.4) and the input precipitation amount was large.
Consequently, these simulations resulted in the largest separations
between mobile and immobile soil water (Supplemental Fig. S2b) and
between drainage and mobile soil water (Fig. 4c). The larger separa-
tions can be attributed to the large, negative precipitation events
entering the mobile soil domain later in the time series when pre-
cipitation intensity was the largest. These large, negative precipitation
events also shifted the degree of separation between drainage waters
and immobile pore spaces (Fig. 4d). Thus, the separations between
pore spaces and fluxes attributable to the soil transport processes
examined here are likely to be greater in regions with large storm
events and large amount effects (i.e., rain-out effects), seasonal pre-
cipitation which transitions from snow to rain, or intense temperature
changes between seasons.

Discussion
Many research studies have studied the effects of ecohydrologic
separations1–4,6,15,21–23 and suggest different pore spaces supply plant
transpiration (immobile) and groundwater recharge and streamflow
(mobile)1,25. Here, we demonstrate how soil properties such as a low
saturated volumetric water content and high immobile pore fraction
can drive separations between pore spaces supplying plants and other
water pools (e.g., streamflow). Our simulations based on soil physics
alone showed the largest separations between drainage andmobile or
immobile water were ~4‰ in δ2H (Fig. 2a) and, when averaged over
time, were ~1−2‰ in δ2H (Figs. 3a–d and 4a–d). We acknowledge that
only a few soil physical properties were investigated here, and other

factors not simulated in this study could also drive separations. Lit-
erature has cited varying degrees of separation between soils and
streams, often far exceeding 4‰1,33 (e.g., Brooks et al.1 reported dif-
ferences of ~ 10‰). However, recent literature has shown that these
separations are likely overestimated7,12 (also refer to Allen and
Kirchner34). Moreover, our simulated values cannot be directly com-
pared to previous studies since streamflow is primarily composed of
temporally integrated groundwater at any given time, and there are
much longer time lags involved in streamflowgeneration16,33.We found
the range of simulated differences was small (<4‰), yet our results did
show that soils representedwith heterogeneous porosities are likely to
produce larger separations between soi1 and drainage water, and thus
such soils are more likely to contribute to previously described iso-
topic differences between soil water and streamflow.

The implications of varying the size and influence of mobile-
immobile pore fractions and transfer coefficients for tracer transport
and mixing have not been explicitly investigated in great detail. Prior
work by Hu et al.24 used the simplifying assumption that half of the
total storagewasmobilewater and nomass transfer occurred between
regions, nevertheless they found improved transit time estimates
when compared to a complete mixing model. Here, we clarify how
increases in the fraction of immobile pore space resulted in a decrease
in soil hydrologic connectivity and an increase in the amount of
incoming precipitation likely to bypass the matrix. The largest abso-
lute separations between drainage andmobile or immobile water were
simulated with large fraction of immobile pore space (Fig. 2b, c).
Lowering mobile-immobile transfer rates decreases the exchange
between the matrix and preferential flow, further limiting mixing and
transfer between domains especially under dry soil conditions. A low
mobile-immobile transfer rate often increased the separation between
drainage and immobile pore waters (Fig. 3b, d), though research on
these rates remains limited. Lab based column2 and field scale
experiments35 suggest that exchange is needed to sustain macropore
flow in soils and is influencedby precipitation intensity and antecedent
moisture levels. Based on our findings and previous work, we hypo-
thesize that soil representations accounting for bothmobile-immobile

Fig. 3 | The influence of soil hydraulic parameters on isotope separation. The
effect across model simulations of varying soil saturated water content on the
average δ2H difference between drainage and a mobile or b immobile soil water
as well as the influence of varying soil saturated hydraulic conductivity on the
average δ2H difference between drainage and c mobile or d immobile soil water.
Differences are show as boxplots for models with high and low immobile frac-
tions (Hf and Lf) and transfer rates (Hω and Lω) as well as for a single porosity

column (0f). Each boxplot represents flux and volumetrically weighted averaged
differences, with the box spanning upper and lower quartiles, whiskers extending
1.5 times the interquartile range, diamonds as outliers, and black triangles indi-
cating themean calculated from 10 simulations. Missing boxplots at 0.35 cm3/cm3

in a and b, 0.40 cm3/cm3 in a and b, and 40 cm/day in c and d indicate where
HYDRUS-1D model configurations failed to converge.
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pore fractions and transfer coefficients will better characterize trans-
port and mixing, as well as prescribing that some subsurface water
resides longer (e.g., an increase in immobile pore spaces will increase
the time water travels through the matrix), while other configurations
will result in more water transported through preferential flow paths.

While specifically excluded here, other factors could drive the
larger separations quoted in previous studies. These include
accounting for evaporation and the corresponding isotopic fractio-
nation mechanisms36 or root water uptake from the mobile or immo-
bile domains9, as well as interacting effects of seasonality37. It also
should be noted that plant and soil water extraction techniques can
introduce biases and uncertainties in stable water isotope
analyses7,12,34,38,39. Many of the simulated differences here are 1−2‰,
which is near the precision of many laser-based systems when mea-
suring water samples for δ2H. Consequently, the simulated differences
between domains found here would be challenging to detected in
nature. Future research should build on this analysis through sys-
tematic testing of the potential separation magnitudes that can result
from other mechanisms (e.g., evaporation, root water uptake, rhizo-
sphere interactions) to quantify the impact of any hypothetical
explanation, although hydrologic model representations of those
other processes may lag representations of soil water transport and
mixing.

In this study, we comprehensively evaluated water transport in
the subsurface under different soil porosity heterogeneities across a
range of fine to coarse soils and wet, dry, and seasonally varying cli-
mate conditions. The separations arising from soil physical properties
or climate effects alone are expected to be relatively small. Regardless,
we have demonstrated that separations can occur with heterogeneous
mixing in soils alone and how these separations are expected to vary
with local ecohydrologic characteristics. Thus, any models aiming to
realistically represent transport processes, especially those char-
acterized through tracer observations, must represent the hetero-
geneity of soil pores within a soil column and the exchanges among
them. This analysis demonstrated that the coexistence of finer and
coarser pores within a single soil profile can manifest complex tracer

phenomena, albeit of relatively limited magnitude. Therefore, we
conclude that conventional soil physics alone (including dual porosity
conceptualizations) are unlikely to drive the large ecohydrological
separations reported elsewhere, which clarifies the need for attention
to be directed at understanding methodological artifacts, fractiona-
tion and related physiochemical processes, and approaches to realis-
tically model those processes so that they can be comprehensively
evaluated via simulation and virtual experimentation.

Methods
Numerical simulation of soil physics
The one-dimensional HYDRUS-1D dual-porosity numerical model26

with modifications for stable water isotope transport27 was config-
ured to represent 650 different porosity heterogenies across soils
with different hydraulic properties and climate conditions.
HYDRUS26 is one of the most widely used numerical models for
simulating the movement of water, heat, and solutes in various soil
conditions and has been used in other isotope studies in a single
porosity configuration14,21,23,27,34,40. We first configured a dual-porosity
HYDRUS-1Dmodel with parameters based on observed soil hydraulic
properties from Watershed 10 at H.J. Andrews Experimental Forest,
Oregon, USA1. Simulations of bulk volumetric water content were
compared against observed values from 14 September 2006 to 23
December 2006. These 100 days were selected for our analysis
because precipitation events during this period were sampled for
their isotopic composition in 5mm increments, making this a unique
dataset on which to test our hypothesis since many other sampling
approaches integrate precipitation sampling over a week or longer
time scales. The observed precipitation samples were used within a
statistical downscaling method32 to simulate realizations of possible
precipitation inputs corresponding with observed precipitation
amounts. The model represented the top 100 cm of the soil profile,
no evaporative effects were considered from the surface, and no root
water uptake was simulated within the column. All pore water het-
erogeneities were driven by model parameterization of the soil’s
physical properties. Refer to the Supplemental Information for

Fig. 4 | The influence of climate parameters on isotope separation. The effect
acrossmodel simulations of varying the total input precipitationon the averageδ2H
difference between drainage and a mobile or b immobile soil water as well as the
influence of varying the amount effect’s negative correlation represented by the
Pearson correlation coefficient, ρ, between precipitation amount, P, and its δ2H
composition on the average δ2H difference between drainage and c mobile or
d immobile soil water. Precipitation is shown as a percent of the baseline amount

(=101.5 cm). Differences are show as boxplots for models with high and low
immobile fractions (Hf and Lf) and transfer rates (Hω and Lω) as well as for a single
porosity column (0f). Each boxplot represents flux and volumetrically weighted
averaged differences, with the box spanning upper and lower quartiles, whiskers
extending 1.5 times the interquartile range, diamonds as outliers, and black trian-
gles indicating the mean calculated from 10 simulations.
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further details on model configuration, parameterization, initial
conditions, and the simulated input precipitation datasets.

Themodeledmobile soilwater domain represented regions of the
soilmatrix such aspreferentialflowpaths or large pore-spaces, and the
modeled immobile soil water domain represented tightly boundwater
held at water potentials below what can drain by gravity. Water was
transported vertically only in the mobile region and water movement
into or out of the immobile regionwas controlled by the pressure head
gradient and a mass transfer coefficient26. We investigated five model
configurations characterizing different heterogeneous mixing and
transport by altering the immobile fraction, f, and the mobile-
immobile transfer rate, ω. These configurations are: (1) 0 f, a model
representing a single-pore domain with zero immobile fraction, (2)
HfHω, a model with a high f representing 40% of the total saturated
water content and high ω equaling 0.75, (3) Lf Hω, a model with a low f
representing 20% of the total saturated water content and high ω
equaling 0.75, (4) Hf Lω, a model with a high f representing 40% of the
total saturated water content and low ω equaling 0.25, and (5) Lf Lω, a
model with a low f representing 20% of the total saturated water
content and lowω equaling0.25. Thesefivemodel configurationswere
tested across a range of different precipitation inputs and soil
hydraulic properties, which were varied in relation to the original soil
column configured from observed datasets from Watershed 10, H.J.
Andrews Experimental Forest.

Simulated soil and precipitation characteristics
In total, we present 650 simulations of HYDRUS-1D with varying
immobile pore fractions and mobile-immobile transfer rates across
different values of saturated water content, saturated hydraulic con-
ductivity, total accumulated precipitation, and correlation between
precipitation amount and its isotopic composition (e.g. amount
effects41). When varying soil hydraulic parameters across model con-
figurations, all other parameters were held constant and saturated
water content and hydraulic conductivitywere altered (see table S4 for
parameter ranges). We increased or decreased the total accumulated
precipitation bymultiplying each precipitation event in the input time
series by a specific percentage. New precipitation isotope ratios were
generated (refer to the Supplemental Information) with stronger or
weaker negative correlations between precipitation depth and its iso-
topic ratio. All model simulations had relatively low mass balance
errors (average relative error = 0.09%) and solute balance errors
(average relative error = 0.001‰) calculated byHYDRUS-1D during the
numerical computations26.

This study represented 100 days in a Pacific Northwest winter wet
season1,32 and not a full yearwith dry periods, large evaporative effects,
or high transpiration rates. For similar forests during this period,
ecosystem evapotranspiration is a minor component of hydrologic
dynamics42. The 100-day time series was repeated three times to
remove the effects of the initial condition of the soil’s stable water
isotope signature, and thefinal 100days (days 200-300)wereanalyzed
in the presented results. We chose this approach to reduce the con-
founding effects of evaporation and we were constrained by the
computation limitations imposed by running HYDRUS-1D with many
configurations. The observationdataset fromBrooks et al.1 wasused to
estimate our modeled soil properties (refer to the Supplemental
Information), however our objective was not to exactly simulate the
observed water isotope datasets. The simulated stable water isotopes
in precipitation are not equal to the actual precipitation during the
period, and we did not know the initial soil water isotopic value. Our
focus was to test the dual-porosity approach across 650 representa-
tions of transport dynamics across soils and climates.

Data availability
The HYDRUS model output data generated in this study have been
deposited in the CUAHSI HydroShare Database43. Meteorological data

for H.J. Andrews from 1975 to present is available from the Environ-
mental Data Initiative44.

Code availability
The software used in this study is freely available at https://www.pc-
progress.com/. Supplementary Table S4 contains the ranges of para-
meters used in this study with further model configuration informa-
tion available from the corresponding author with reasonable request.
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