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A B S T R A C T

Soil compaction is a threat to agricultural soil function due to constriction of macro- and meso-pores necessary
for air and water movement and crop root elongation. Soils are most vulnerable to compaction when moist. Agri-
cultural soils saturated from winter precipitation or from intentional flooding for groundwater recharge may
limit growers’ operational access to fields. The objective of this research was to develop guidance for rain-free
“time-to-trafficability” (including shallow workability—when a soil is conducive to both tillage and traffic) after
deep wetting, using soil survey data, pedotransfer functions, and a hydroclimatological modeling approach. Traf-
ficability is defined as a threshold of field capacity (θfc) at the soil surface (0–10 cm), ranging from 85% of θfc
(clays and silty clays) to 95% of θfc (sands and loamy sands). The θfc threshold is guided by the soil texture plastic-
ity index, an indicator of compaction risk. 2911 soil profiles from soil survey databases were subjected to a wet-
ting simulation, followed by drainage and evaporation using HYDRUS-1D across 11 locations representing mean
annual potential evapotranspiration (PET) quantiles from 5% to 95%, four months (January-April), and three
different years, assuming no precipitation. Rain-free time-to-trafficability was greatest in fine and loamy soils
during cold months (January and February). However, seasonal effects on time-to-trafficability were more pro-
nounced in loamy soils. Non-linear predictive functions were developed for each 0–10 cm textural class to enable
mapping the typical time-to-trafficability across PET gradients, revealing clear regional and temporal patterns.
Model derived estimates can inform agricultural managed aquifer recharge timing decisions and subsequent risk
of soil compaction. Additional research is needed for validation and to better constrain time-to-trafficability esti-
mates for loamy and fine textured soils, which show a greater degree of uncertainty amid greater risk of com-
paction indicated by plasticity indices.

1. Introduction

Soil compaction is a long-recognized soil sustainability threat with
reports of its associated problems worldwide (Hamza and Anderson,
2005). Soil compaction issues have been exacerbated over the past cen-
tury in agriculture by mechanization and continued growth in average
tractor size (Upadhyaya, 1992). When soils are compacted, soil parti-
cles are forced closer together, diminishing porosity and pore connec-
tivity (Schaffer et al., 2007), which impedes soil water and air move-
ment necessary to the many services soils provide to societies and the
environment, such as crop production (Drewry et al., 2008) and pre-
venting surface runoff (Verbist et al., 2007). Soils are more susceptible
to compaction when moist, because soil strength increases as soils dry
(Earl, 1997). For example, in California trials, compaction increased

when the time interval between irrigation and tillage operations was
shortened (Doneen et al., 1952).

In California, agricultural managed aquifer recharge (Ag-MAR) is an
active area of interest and research amongst farmers, policy makers,
and scientists searching for solutions to groundwater depletion (CDWR
(California Department of Water Resources), 2018). This practice in-
volves flooding agricultural fields during the winter and early spring
when most crops are dormant or fields are fallow. But one concern is
that Ag-MAR may increase the risk of soil compaction during subse-
quent field operations, especially since the practice involves deep soil
saturation during periods of relatively low potential evapotranspiration
(PET). There are two concepts related to the capability of soil to support
agricultural field operations: (1) trafficability, the capability of a soil to
support traffic without wheel slippage and compaction, limited mostly

Abbreviations: Ag-MAR, agricultural managed aquifer recharge; PET, potential evapotranspiration; AWC, available water capacity; θfc, field capacity; SSURGO,
Soil Survey Geographic; H1D, HYDRUS-1D; KSSL, Kellogg Soil Survey Laboratory; CIMIS, California Irrigation Management Information System
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Fig. 1. 0–10 cm textural classes for major component percent weighted Soil Survey Geographic (SSURGO) data.

Table 1
Median 0–10 cm soil properties and van Genuchten (VG) parameters derived from the ROSETTA pedotransfer function (Schaap et al., 2001) by textural class of
2911 soils modeled. The percentage of field capacity (θfc %) was used to define the soil moisture trafficability threshold and was derived by re-scaling the mean
plasticity index (PI) by textural class from 85% (silty clays) to 95% (sands). The PI is the difference between the soil’s liquid and plastic Atterberg limits and indi-
cates risk of soil compaction (Mapfumo and Chanasyk, 1998).
texture sand silt clay BD Ks θwp θfc θr θs α n AWC hfc PI† θfc %

% g cm-3 cm d-1 cm-1 cm

sand 96.0 1.5 2.5 1.65 283.8 0.031 0.128 0.022 0.352 0.057 1.53 0.097 -143.9 0.4 95
loamy sand 80.5 16.4 5.0 1.60 71.8 0.049 0.174 0.022 0.348 0.042 1.39 0.125 -158.3 1.1 95
sandy loam 66.9 19.6 13.0 1.55 47.5 0.076 0.213 0.041 0.378 0.037 1.36 0.137 -166.7 4.5 94
silt loam 24.5 54.9 20.0 1.50 19.5 0.097 0.236 0.050 0.399 0.011 1.38 0.139 -447.2 8.1 92
loam 41.6 37.9 20.0 1.48 17.7 0.093 0.233 0.047 0.393 0.014 1.36 0.141 -336.2 9.1 92
sandy clay loam 57.0 18.0 23.8 1.50 49.8 0.110 0.249 0.075 0.405 0.044 1.35 0.138 -142.3 14.6 90
clay loam 35.0 33.6 31.0 1.40 17.6 0.138 0.290 0.071 0.431 0.022 1.30 0.153 -231.2 17.4 89
silty clay loam 17.4 52.3 31.0 1.40 12.7 0.140 0.295 0.077 0.444 0.016 1.30 0.155 -288.8 18.6 89
silty clay 5.3 44.7 50.0 1.33 16.4 0.184 0.347 0.107 0.489 0.039 1.31 0.163 -140.7 30.1 85
clay 22.1 28.9 50.0 1.35 17.4 0.205 0.361 0.089 0.490 0.019 1.22 0.156 -262.2 29.7 85

BD=bulk density; Ks= VG saturated hydraulic conductivity; θr=VG residual water content; θs=VG saturated water content; α = VG fitting parameter; n = VG fit-
ting parameter; θwp=moisture content at wilting point (−15 bars); θfc=moisture content at field capacity determined from Eq. 1; AWC=available water capacity
(θfc - θwp); hfc=soil water tension at field capacity; PI=plasticity index.
†Mean plasticity index was derived from all SSURGO database horizons included in the study with Atterberg limit data.

by excessive moisture and, (2) workability, the capability of the soil to
be worked by tillage to achieve a specific goal (e.g. create a fine
seedbed), occurring optimally between some upper and lower soil mois-
ture threshold, since soils can be either too wet or too dry for ideal
workability (Müller et al., 2011). However, according to Earl (1997),

the two concepts are not independent of each other, meaning if a soil is
deemed workable, then it is also assumed trafficable. Since critical soil
moisture thresholds for both trafficability and workability are generally
recognized to be just below field capacity (θfc) (Rounsevell, 1993), dif-
ferences in PET and soil texture are expected to drive differences in
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Table 2
Estimating median rain-free time-to-trafficability (days) by 0–10 cm textural
class using mean daily potential evapotranspiration (PET mm day-1) after
deep wetting. All soil profiles (n = 2911) were run in various climate scenar-
ios that included three different years (2005, 2009, and 2015), four different
months (January, February, March, and April), and eleven locations across
California. The median time-to-trafficability was extracted from each climate
scenario by textural class and fitted to mean PET during the relevant dry-
down period, using either a power ( ) or,
for silty clays, an exponential decay function
( ) (n = 132, per textural class). Sandy
clay and silt not included because of insufficient soil profile datasets in these
classes.
Textural class b z a R2

sand 13.7 -0.485 -3.29 0.985
loamy sand 16.1 -0.576 -3.09 0.988
sandy loam 17.6 -0.640 -2.60 0.980
silt loam 43.1 -0.868 -1.83 0.990
loam 36.3 -0.826 -2.84 0.985
sandy clay loam 15.2 -0.838 0.193 0.979
clay loam 21.2 -1.03 1.72 0.982
silty clay loam 29.3 -0.888 -0.653 0.982
silty clay 35.5 -0.534 8.59 0.991
clay 20.1 -1.45 11.6 0.990

Table 3
Estimating lower quartile (25th percentile) rain-free time-to-trafficability
(days) by 0–10 cm textural class using mean daily potential evapotranspira-
tion (PET mm day-1) after deep wetting. The lower quartile time-to-
trafficability was extracted from each climate scenario by textural class and
fitted to mean PET during the relevant drydown period, using either a power
( ) or, for silty clays, an exponential de-
cay function ( ) (n = 132, per textural
class).
Textural class b z a R2

sand 13.0 -0.393 -4.16 0.983
loamy sand 14.3 -0.580 -2.64 0.986
sandy loam 15.8 -0.603 -2.66 0.987
silt loam 30.3 -0.804 -1.94 0.980
loam 25.4 -0.729 -2.89 0.980
sandy clay loam 13.3 -0.854 0.358 0.984
clay loam 16.1 -0.970 1.71 0.980
silty clay loam 21.3 -0.966 1.26 0.982
silty clay 23.2 -0.551 8.16 0.986
clay 20.0 -0.845 5.70 0.992

time-to-trafficability, assuming no water additions have occurred. Gen-
eral decision support tools are needed to guide famers in their choices
about Ag-MAR timing and effect on trafficability, given the complexity
of soil hydrology and seasonal climate differences.

A number of studies have used either θfc or available water capacity
(AWC) to help define trafficability or workability soil moisture thresh-
olds. For example, a nationwide trafficability assessment was done for
Canadian Prairie soils identified as suitable for annual cropping, using
the Versatile Soil Water Budget model of 0–5 cm soil survey texture
data overlaid with a 10-km climatological grid (Chipanshi et al., 2018).
In their modeling effort, expert advice was cited in their definition of
trafficability as 80% of θfc for clays and 90% of θfc for all other soil tex-
tures, using θfc estimates from Canadian soil survey. Similar soil mois-
ture modeling approaches informed a number of Canadian studies in
the 1970's where either trafficability or workability thresholds ranged
from 90-to-99.5% of θfc, considering soil moisture in the upper
12–30 cm (Rounsevell, 1993). In the midwestern US, a similar ap-
proach was used to estimate working days for spring tillage, setting
their “tractability” threshold to 92–100% of θfc in the upper 7.5 cm and
94–100% of θfc from 7.5 to 15 cm depth, requiring more depletion for

finer textures, with model estimates validated for accuracy using re-
ported field observations (Rotz and Harrigan, 2005).

However, often missing in this research line are textural class spe-
cific rules for determining trafficability where the risks of compaction
vary across classes. For example, Leenhardt and Lemaire (2002) devel-
oped a threshold of AWC to define suitable days for sowing crops in
southwest France by calibration to operational records from one experi-
mental farm, using 70% of AWC in the upper 10 cm soil from mid-
March to mid-May and a less conservative 80% of AWC for dates later
than mid-May, but these definitions were equally applied across all tex-
tures in the study area. The same assumptions were employed by Maton
et al. (2007) in a maize production simulation study where simulated
sowing dates corresponded fairly well with sowing dates reported by
farmers, with 19% of actual field work days reported during periods
when the model estimated the soil to be too wet. In Norway, farmers are
reported to view soils as generally workable for the purpose of seedbed
preparation and cereal sowing in the range of 85-to-95% of θfc (Riley,
2016). This informed a climate impact assessment of workability on
Norwegian cereal production, where the researchers used 85% of θfc
(defined as soil moisture content at −100 cm tension) in the upper
20 cm as the threshold for defining a working day in their soil moisture
modeling approach (Kolberg et al., 2019).

Other researchers have found a stronger relationship to farm re-
ported days available for field work (i.e. when growers considered soils
to be trafficable or workable) when the moisture threshold is based on
soil consistence data compared to θfc (Tomasek et al., 2019). The Atter-
berg limit tests were originally developed as soil engineering tests of
soil consistence to identify water contents at which a soil’s behavior
changes: the liquid limit represents the critical water content at which a
soil will flow like a liquid when jarred and the plastic limit represents
the critical water content at which a soil transitions from a crumbly,
semi-solid to a moldable material (Brady and Weil, 1999) that is more
susceptible to compaction. In a detailed study of soil moisture retention
and compaction of three different soil textures, Mapfumo and Chanasyk
(1998) concluded that fine textured soils with higher plasticity indices
(difference between the liquid and plastic limits) were at greater risk of
compaction, because their plastic limits were below θfc. Thus, Atterberg
limits offer a means by which to logically scale, based on soil com-
paction risk, the aforementioned trafficability thresholds of θfc.

In this study, the overall objective was to estimate typical time-to-
trafficability (including shallow workability) after Ag-MAR for a wide
variety of soils and climates encountered in California. Time-to-
trafficability in this study is defined as the number of days without pre-
cipitation (“rain-free”) to reach a surface (0–10 cm) soil moisture con-
tent necessary to support typical agricultural vehicle traffic and/or con-
ducive to shallow secondary tillage or planting. Many agricultural oper-
ations occurring during the period of available water for Ag-MAR (Jan-
uary-April) require either surface contact (e.g. spreading fertilizer, pest
control, etc.) or shallow soil contact < 10 cm deep (e.g. seeding or
light secondary tillage). To do this, soil texture specific moisture thresh-
olds were defined. Specifically, the mean plasticity index by textural
class, assumed to be an indicator of compaction risk, was derived from
the Soil Survey Geographic (SSURGO) database and then rescaled to
thresholds of θfc ranging from 85% of θfc for textures with the highest
plasticity index (silty clays) to 95% of θfc for textures with the lowest
plasticity index (sands). Moreover, because it is widely recognized that
it is challenging to objectively define θfc (Cassel and Nielsen, 1986), θfc
was also estimated for each soil horizon as the water content when
drainage becomes negligible (Twarakavi et al., 2009). HYDRUS-1D
(H1D) was then used to simulate inundation of soils for Ag-MAR by ap-
plying 30 cm H2O day-1 for four days, followed by drainage and evapo-
rative drying across a range of soils, climate, and times of year to de-
velop temporally and spatially explicit rain-free time-to-trafficability
estimates.
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Table 4
Estimating upper quartile (75th percentile) rain-free time-to-trafficability
(days) by 0–10 cm textural class using mean daily potential evapotranspira-
tion (PET mm day-1) after deep wetting. The upper quartile time-to-
trafficability was extracted from each climate scenario by textural class and
fitted to mean PET during the relevant drydown period, using either a power
( ) or, for silty clays, an exponential de-
cay function ( ) (n = 132 per textural
class).
Textural class b z a R2

sand 16.2 -0.440 -4.48 0.987
loamy sand 17.4 -0.621 -2.73 0.982
sandy loam 20.1 -0.618 -3.39 0.980
silt loam 56.6 -1.09 2.05 0.989
loam 44.9 -0.858 -2.50 0.989
sandy clay loam 17.0 -0.892 0.436 0.981
clay loam 27.5 -1.07 1.63 0.978
silty clay loam 37.3 -1.05 0.597 0.988
silty clay 125 -1.65 19.1 0.974
clay 27.1 -1.78 14.0 0.983

2. Methods

2.1. Study area and climate and soils data

The study area included agricultural land previously rated for Ag-
MAR suitability in California, covering over 7 million hectares from far
northern to southern California (O’Geen et al., 2015) with a wide vari-
ety of surface textures (Fig. 1). The ROSETTA pedotransfer function
(Schaap et al., 2001) was used to estimate van Genuchten soil moisture
retention parameters and saturated hydraulic conductivity by soil hori-
zon in a dataset comprising thousands of profiles that represented the
study area’s diverse soils, downloaded from the Soil Survey Geographic
(SSURGO) database and the Kellogg Soil Survey Laboratory (KSSL). An
initial quality control H1D Ag-MAR simulation was run on 3319 unique
soil profile datasets with no restrictive horizons that would limit suit-
ability for groundwater recharge. This initial H1D run identified a final
testing set of 2911 soils that fulfilled the following criteria: (1) the traf-
ficability soil moisture threshold was reached within the simulation pe-
riod of 100 days; (2) relative water balance error of < 3% of total water
infiltration during the entire simulation, and (3) absolute water balance
error < 0.25 cm during the post-flooding, rain-free period, where wa-
ter balance error is defined as:

(1)

For the H1D modeling, daily PET data was downloaded for the years
2004–2017 at 2 km resolution from the California Irrigation Manage-
ment Information System (spatial CIMIS) from a UC Davis server
(http://cimis.casil.ucdavis.edu/cimis/) and values of all raster cells
covering the study area were extracted to a single table. Missing or neg-
ative PET values were corrected using multi-year means for the same lo-
cation and date. Mean annual PET was calculated for each cell and then
eleven locations were selected based on data percentile (5th, 10th,
20th…90th, 95th) to represent the spectrum of climates in the study
area. The years 2005, 2009, and 2015 were then identified as represent-
ing low, mean, and high PET years in the H1D modeling of Ag-MAR
during four consecutive months spanning January-April, which corre-
sponds in time with high runoff events from streams and rivers, the
source of Ag-MAR water. In addition, the median daily PET was calcu-
lated for each cell for the purpose of mapping time-to-trafficability esti-
mates (see Section 2.4).

2.2. Estimating θfc and defining the soil moisture trafficability threshold

θfc was estimated for each soil horizon using their respective van
Genuchten soil moisture retention parameters and a rearranged Eq. (7)
from the H1D modeling study of θfc by Twarakavi et al. (2009) who de-
veloped an empirical definition relating soil moisture retention para-
meters to water content when a 1-cm soil profile’s gravitational flux
became negligible (≤ 0.01 cm d-1):

(2)

Where n is a van Genuchten shape parameter, θs is the saturated wa-
ter content, θr is the residual water content, and Ks is the saturated hy-
draulic conductivity in cm day-1. This same technique is available in
H1D software as an option to automatically initialize the soil profile at
θfc and was used to verify coding of the equation in R software. The neg-
ative soil tension (h) at which θfc occurs was then estimated using the
van Genuchten-Mualem soil moisture retention function, solving for h
using the optimum function in R software’s stats package, after setting
the retention function equal to θfc derived from Eq. (1):

(3)

Where, in addition to the parameters defined above in Eq. (1), α
(cm-1) is a second van Genuchten shape parameter that corresponds ap-
proximately to the inverse of the air-entry value. The tension at θfc was
used to initialize all soil profiles for H1D modeling at time = 0 as de-
tailed in Section 2.3.

Finally, the plasticity index was assumed to represent a relative risk
of soil compaction that could be leveraged to help define the trafficabil-
ity soil moisture threshold. There were 5764 SSURGO soil horizons
with plasticity index data from the 2911 soils included in this study.
Linear regression was then used to rescale the mean plasticity index by
textural class from 95% (sands, lowest mean plasticity index) to 85%
(silty clays, greatest mean plasticity index) to be used as the θfc thresh-
old defining trafficability:

(4)

The θfc threshold was rounded to two significant digits and used to
identify the 0–10 cm soil moisture threshold defining trafficability by
textural class (Table 1):

(5)

2.3. Parameterizing and running H1D

H1D was used to simulate water and vapor flow in 2911 soils × 11
locations × 4 Ag-MAR timings × 3 years (384,252 total simulations).
For all H1D simulations, the van Genuchten-Mualem single porosity hy-
draulic model was used with a minimum time step of 10-5 days, a maxi-
mum time step of 5 days, a maximum number of iterations during any
time step of 30, a water content tolerance of 0.001, and a pressure head
tolerance of 1 cm, the latter two representing the maximum allowable
change at any particular node in the soil profile between time steps. The
upper boundary of each simulated soil profile was set to “atmospheric
BC with surface layer” but with “Max h at Soil Surface” set to zero,
which effectively did not allow ponded water at the surface. “Root wa-
ter uptake” (i.e. transpiration) was turned off in the simulation. The
lower boundary condition was set to “Free Drainage.” Initial conditions
were set equal to θfc for each soil horizon as defined in Section 2.3. For
each simulation, water was applied continuously from days 2–5 of the
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simulation at 30 cm day-1 (starting on the 15th of the particular month
of Ag-MAR). At the start of the fifth day, water application ended and
rain-free conditions were assumed for the remaining 95 days. Potential
daily evaporation rates were set equal to the assumed climate with po-
tential transpiration and precipitation both set to zero. All modeled soil
profiles were set to 200 cm depth with nodes every 0.5 cm from 0 to
15 cm and then every 1 cm from 15 to 200 cm. If the soil horizon data
ended before 200 cm, the properties of the deepest horizon were as-
sumed to the terminal depth. Observation nodes to record water con-
tent, pressure head, and fluxes on 0.1 day intervals at the end of flood-
ing were established every 1 cm from 0 to 10 cm depth and also at 15,
20, 30, and 50 cm depth. For each individual simulation, three input
files necessary for running H1D (ATMOSPH.IN, SELECTOR.IN, PRO-
FILE.DAT) were written in R software using custom functions.1 H1D
was then run iteratively using the batch file automated approach de-
scribed in the software’s FAQ (PC Progress, 2021). Time-to-
trafficability was determined for each scenario by averaging the water
content of observation nodes in the upper 10 cm and then identifying
when this mean moisture content first dropped below the soil moisture
trafficability threshold specific for each soil at 0.1 day intervals. If there
was more than one soil horizon spanning the upper 10 cm, then a mean
0–10 cm depth-weighted soil moisture trafficability threshold was used.

2.4. Mapping rain-free time-to-trafficability

In order to develop temporally and spatially explicit estimates of
rain-free time-to-trafficability, the relationship between number of
rain-free days required to reach the soil moisture trafficability thresh-
old and mean PET during that drydown period were analyzed across all
modeled scenarios by textural class. Specifically, there were 132 cli-
mate scenarios (11 locations × 4 months × 3 years) tested. In each sce-
nario, all 2911 soils were subjected to the same climate, and the lower
quartile, median, and upper quartile time-to-trafficability was identi-
fied by textural class. Next, mean daily PET across the temporal period
required to reach trafficability for each soil was calculated. This was re-
peated for each climate scenario, resulting in datasets comprised of ei-
ther lower quartile, median, or upper quartile time-to-trafficability ver-
sus mean daily PET (n = 132) for each textural class. Each of these
datasets was then fit to a power function using the nls function in R soft-
ware’s stats package:

(6)

And also compared to an exponential decay function:

(7)

The better of the two fits was identified for each textural class using
the fit’s R2 statistic (Tables 2–4). Then these non-linear functions were
used to estimate rain-free time-to-trafficability by month (January-
April) for each SSURGO map unit. The major component percent
weighted 0–10 cm SSURGO sand, silt, and clay data were used to assign
textural classes to each SSURGO map unit. To get representative cli-
mate data, centroids were also calculated for each SSURGO map unit.
These centroids were used to identify the spatial CIMIS raster number
with the cellFromXY function in the raster R package (Hijmans, 2020),
so that the appropriate climate data could be looked up in a pre-
processed median daily PET table (see Section 2.2). Finally, a custom R
software function2 was written to estimate median time-to-trafficability
for each unique combination of 0–10 cm textural classes and climate, as
follows: first, an initial time-to-trafficability estimate was calculated us-

1 https://github.com/smdevine/Trafficability/blob/master/final/input_files_
HYDRUS1D.R

2 https://github.com/smdevine/Trafficability/blob/master/final/make_
trafficability_maps.R

ing a mean daily PET across a 10-day period following flooding for each
month considered (January-April) and the appropriate equation from
Table 2. Then, if the resulting time-to-trafficability estimate was not
equal to 10 days, a new time-to-trafficability estimate was calculated
based on mean daily PET across the revised drydown period. This
process was repeated iteratively until the solution converged to the
nearest hundredth day, up to a maximum of 10 times. Some calcula-
tions would not converge but oscillated between two unique time-to-
trafficability estimates. In this case, mean time-to-trafficability estimate
was calculated based on the two mean daily PET period lengths.

3. Results and discussion

Rain-free time-to-trafficability estimates following Ag-MAR, derived
from H1D simulation of soil moisture drydown, revealed clear differ-
ences across soil textural classes and time of year for a given location
(Figs. 2 and 3). These results are unique in that they provide specific,
textural class and PET based rain-free time-to-trafficability estimates
that can help guide agricultural operation timing decisions following
deep soil wetting. In contrast, other studies have estimated the number
of trafficable or workable days per month or year for specific locations,
such as in Canada (Rounsevell, 1993; Chipanshi et al., 2018) and the
United Kingdom (Rounsevell and Jones, 1993; Brown, 2017), to guide
identification of suitable agricultural lands, to appropriately size agri-
cultural equipment by region, or to assess possible climate change im-
pacts on trafficability or workability. Other studies have also estimated
suitable days for planting crops as an input to larger agricultural pro-
duction models, such as in France (Leenhardt and Lemaire, 2002;
Maton et al., 2007) and Norway (Kolberg et al., 2019), but not pre-
sented trafficability results in detail, relative to differences in soil tex-
ture or weather, that form the basis of these suitability predictions.

Seasonal effects on rain-free time-to-trafficability were especially
pronounced in the more sensitive loams and silt loams (Figs. 2–4).
Clayey soils appeared to be the least sensitive to seasonality (Figs. 2–4).
Specifically, median time-to-trafficability for the clay texture class ap-
proached an asymptote around 13 rain-free days as PET increased from
3-to-6 mm day-1, whereas time-to-trafficability continued to decrease
steadily in most other textures from 3-to-6 mm PET day-1 (Fig. 4a; Table
5). Interestingly, at the coolest end of the modeled spectrum, loams and
silt loams had the longest median time-to-trafficability, approaching 40
rain-free days. However, at this cooler end of the PET spectrum
(1–3 mm day-1), time-to-trafficability changed most drastically with re-
spect to PET and was also relatively uncertain within all textural
classes, as indicated by wide interquartile ranges (Figs. 2–4b; Table 5).
This amplification of differences across soils and climate at relatively
low PET is because generally smaller evaporative fluxes add up to
larger temporal differences across simulations. By 4 mm PET day-1, the
time-to-trafficability estimates by textural class converged into five ap-
parent groups, ordered from least to greatest: (1) sands, loamy sands,
sandy loams, and sandy clay loams; (2) clay loams, silty clay loams, and
loams; (3) silt loams; (4) silty clays; and (5) clays (Fig. 4b).

When mapped, median estimates for rain-free time-to-trafficability
exceeded 25 days for a typical January across 36% of the study area
(Fig. 5). This suggests that Ag-MAR practiced in January will all but
eliminate opportunities for subsequent agricultural traffic without risk
of compaction in this region, which is especially relevant to almond
growers whose trees start blooming in mid-February. On the other
hand, this region is composed of finer textured soils (Fig. 1), which are
recognized as less suitable for Ag-MAR due to slower water percolation
and longer root zone moisture residence time, which may be a risk to
the health of many perennial crops (O’Geen et al., 2015). A month later
in February, rain-free time-to-trafficability exceeded 20 days across
only 7% of the study area (Fig. 6). By March, time-to-trafficability esti-
mates were less than 10 rain-free days for 52% of the study area and for
82% of the study area in April (Figs. 7 and 8).
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Fig. 2. a–e. Violin plots showing estimated rain-free time-to-trafficability (days) after deep wetting by 0–10 cm fine and loamy textured classes, assuming a climate
typical of Kern County, California. Gray bars are interquartile ranges (IQR), black bars are 1.5 times the IQR, and points are median values. Estimates were derived
from HYDRUS 1D simulations of flooding 2911 unique soil profiles, followed by drainage and evaporative drying, assuming daily reference evapotranspiration from
spatial CIMIS data.

In presenting specific estimates of time-to-trafficability that are de-
pendent on both climate and soil hydrology, these estimates are unique
but also sensitive to assumptions used to define the soil moisture traffi-
cability threshold. Rotz and Harrigan (2005) performed a sensitivity
analysis of their whole farm simulation model and concluded that the
predicted number of available days for field work were most sensitive
to the trafficability threshold. The results presented here could benefit
from additional research to fine-tune trafficability moisture thresholds
and test the associated methodology. This warrants some discussion to
explain how time-to-trafficability estimates presented here should be
interpreted as indicating waiting times to low risk of soil compaction,
especially for textural classes with lower plasticity indices. While θfc has
been used and validated widely as a critical threshold to define traffica-
bility (Rounsevell, 1993), the concept of θfc does not actually reflect any
definitive soil moisture status, because soils continue to drain indefi-
nitely. Rather, θfc is intended to reflect the soil moisture status when
drainage becomes relatively negligible. In field-based methods to deter-
mine θfc, this state of negligible flux is commonly assumed to take place
48 h after wetting and tarping the surface of a study soil, while warning
practitioners that “the hydraulic conductivity of coarser-textured soils
may become "negligible" in < 24 h, while some finer-textured soils may
continue to drain at a “nonnegligible” rate for periods exceeding 1 week
or more” (Cassel and Nielsen, 1986). Somewhat surprisingly, H1D sim-
ulations in our study, which also included modeling of evaporative
moisture loss, suggested that even coarse textured surface horizons
(0–10 cm) take more than 5 days to reach the assigned θfc when PET is
relatively low, such as in February, but the time was sensitive to climate
as demonstrated by the faster arrival to θfc in April (Fig. 9). Moreover,
further examination revealed that the drainage flux at 10-cm depth re-
versed and became an upward flux before θfc was reached across all tex-
ture classes. This showed that capillary rise and evaporation, as op-
posed to drainage, were the ultimate processes determining when each
surface horizon dried to its defined state of θfc in H1D.

θfc estimates were derived from each soil’s moisture retention para-
meters based on a detailed modeling study relating these parameters
to soil moisture status when the drainage flux became “negligible” (see
Section 2.2; Twarakavi et al., 2009). In their work, they defined “neg-
ligible” in a comparative analysis, by defining θfc when the drainage
flux reached 0.001, 0.01, and 0.1 cm day-1. They also analyzed the ef-
fect of the simulated profile length, comparing 1-, 10-, and 100-cm
profiles and found that, while the derived θfc was not dependent on
profile length, the time to arrive at that derivation was very sensitive
to profile length. In the case of 100-cm profiles, time to arrive at a
“negligible” drainage flux took 100 days or longer, so they settled on a
1-cm profile for the remainder of their study to save computational re-
sources. But what are the implications of this derivation method for a
deeper profile that has been saturated?

Emulating the work by Twarakavi et al. (2009) by setting PET equal
to 0 to make evaporation negligible, the soil water content was identi-
fied when the drainage flux at various depths becomes “negligible” in a
typical 200-cm sandy loam profile. Considering only the upper 30 cm of
this profile, the time it took to reach a negligible drainage flux in-
creased steadily from 2.2 days at 1-cm depth to 58.4 days at 30-cm
depth (Fig. 10). Likewise, water contents corresponding to these “negli-
gible” fluxes decreased steadily from 0.261 to 0.208 from 1-cm to 30-
cm depth in this 200-cm profile. In the drainage-only simulation, only
by reducing the total profile length was it possible to observe a soil wa-
ter content that approached the θfc assigned to this soil by Eq. 7 in
Twarakavi et al. (2009) within a reasonable timeframe (Fig. 10; see
Section 2.2).

This highlights that the method used to define θfc in our study, while
objective and tied strictly to soil moisture retention parameters, pro-
duced θfc estimates that are relatively conservative from a flow-based
definition of θfc, as they are based on how a 1-cm slice of soil would
drain. In a soil profile that has been deeply wetted, such as those used in
this Ag-MAR modeling study, the defined θfc cannot be achieved by

6
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Fig. 3. a–e. Violin plots showing estimated rain-free time-to-trafficability (days) after deep wetting by 0–10 cm coarse textured classes, assuming a climate typical
of Kern County, California. Gray bars are interquartile ranges (IQR), black bars are 1.5 times the IQR, and points are median values. Estimates were derived from
HYDRUS 1D simulations of flooding 2911 unique soil profiles, followed by drainage and evaporative drying, assuming daily reference evapotranspiration from spa-
tial CIMIS data.

drainage alone within a reasonable time-frame, even at 10-cm depth in
a 200-cm sandy loam profile (Fig. 10). Thus, the corresponding time-to-
trafficability estimates should be interpreted as relatively conservative,
especially for those soils with low plasticity indices such as sands and
sandy loams. This is not to say, however, that the definitions used in
this study are outside the norms of soil science. θfc is often defined with
a standard tension (e.g. 330 or 100 cm, but in some cases varying the
definition by textural class with coarser textures assumed to achieve θfc
near 100 cm) (Romano and Santini, 2002). All textures but silt loam
have estimated θfc values that correspond to this tension range (Table
1).

Finer-textured soils may still have some risk of compaction at the
thresholds defined in this study, given their high plasticity indices and
the relatively high Ksat estimates produced by the ROSETTA pedotrans-
fer function for these textures (Table 1). Similarly, while presence of a
Bt horizon underlying various surface textures did not consistently de-
lay time-to-trafficability, ROSETTA may overestimate the permeability
of 2:1 clay enriched subsoils occurring on, for example, stable river ter-
races above current floodplains, especially in the eastern uplands of the
San Joaquin Valley (Devine et al., 2021). Thus, these landscapes should
be treated more cautiously if used for Ag-MAR during periods when
trafficability is required, especially during low PET conditions. For ex-
ample, in an Australian study of Vertisol trafficability under irrigated
cotton production, researchers concluded that risk-free trafficability
only really existed at water contents near wilting point (15,000 cm)
(Bennett et al., 2019), which is equivalent to about 60% of the mean θfc
for clays in our study (Table 1). On the other hand, this contrasts
sharply with a field study in the Netherlands which found that a heavy
clay soil under pasture was trafficable at just 90 cm soil moisture ten-
sion based on observation of compaction patterns and tensiometer read-
ings (Wösten and Bouma, 1985), which is moister than the wettest,
commonly used tension-based definition of θfc (100 cm).

An additional uncertainty in trafficability and workability research
is the extent to which surficial trafficability and workability moisture
thresholds are sufficient to prevent detrimental subsoil compaction that
requires more effort to ameliorate (i.e. avoiding development of “plow
pans”). Field validation studies that include modeling of soil moisture
to predict suitable days for agricultural operations and that simultane-
ously examine full soil profile effects of wheel traffic occurring at or be-
low these moisture thresholds have not yet been reported. A study of
controlled traffic farming systems in California cotton production high-
lights this need, since bulk density increased to 25-cm depth while pen-
etrometer resistance increased to at least 100-cm soil depth under
wheel traffic in a sandy loam soil (Carter et al., 1991), but no opera-
tional decisions were guided by trafficability soil moisture thresholds in
their study.

Finally, the time-to-trafficability estimates are meant to guide oper-
ational decisions when crops are dormant or fields are fallow, given
that root water uptake was intentionally neglected and only drainage
and bare soil evaporation were considered in H1D simulations. For ma-
jor perennial crops, end of dormancy typically ranges from mid-
February (e.g. almonds) to late-April (e.g. pistachios) (Devine and
O’Geen, 2019), spanning the time period addressed by this study. There
are several reasons for omitting scenarios when root water uptake is ac-
tive. First, Ag-MAR is recognized to be a risk to many actively growing
crops due to the possibility of developing anoxic soil conditions
(O’Geen et al., 2015). Second, for deep wetting events more generally,
accurate root water uptake modeling requires knowledge of root depth
distribution and crop canopy coverage. Third, the need for irrigation
water may arise before the soil moisture trafficability threshold during
active root water uptake for more sensitive crops or during specific pe-
riods of growth. All of these considerations complicate the ability to
provide a generalizable time-to-trafficability tool to growers that also
accounts for crop root water uptake.

7
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Fig. 4. a,b. Solid lines show best non-linear regression fits for (A) median rain-free time-to-trafficability (days) by textural class versus mean daily ET across the
number of days necessary to achieve trafficability for each climate scenario after deep wetting (n = 132). These climate scenarios included daily data for three
different years (2005, 2009, and 2015), four different months (January, February, March, and April), and eleven locations across California (n = 132). (B) Dashed
lines show best non-linear regression fits for lower and upper quartiles of the three most widespread textural classes across California agricultural land (see Fig.
1). Open circles show the median value from each climate scenario by textural class. See Tables 2–4 for regression parameters and statistics.

Table 5
Rain-free time-to-trafficability by 0–10 cm textural class, assuming potential
evapotranspiration of 1, 3, or 6 mm day-1. Interquartile range shown in paren-
theses. Estimates derived from Tables 2–4.
Textural class 1 mm day-1 3 mm day-1 6 mm day-1

--rain-free time-to-trafficability (days)--
sand 10.4 (3.0) 4.8 (1.2) 2.5 (0.6)
loamy sand 13.0 (3.0) 5.5 (1.2) 2.6 (0.6)
sandy loam 15.0 (3.6) 6.1 (1.3) 3.0 (0.6)
silt loam 41.3 (30.4) 14.8 (8.5) 7.3 (4.9)
loam 33.5 (19.9) 11.8 (6.5) 5.4 (3.1)
sandy clay loam 15.4 (3.8) 6.3 (1.2) 3.6 (0.7)
clay loam 22.9 (11.3) 8.6 (2.9) 5.1 (1.2)
silty clay loam 28.7 (15.3) 10.4 (3.8) 5.3 (1.3)
silty clay 29.4 (21.5) 15.7 (7.4) 10.0 (10.1)
clay 31.7 (15.4) 15.7 (4.2) 13.1 (5.0)

4. Conclusion

H1D simulations of deep soil wetting followed by drainage and
evaporation allowed for PET specific estimation of rain-free time-to-
trafficability by textural class for dormant and fallow fields. Estimates
ranged from 20 to 40 days for typical loamy and fine soils and 10–15
days for coarse soils when PET was low in mid-winter (≈1–2 mm d-1).
Rain-free time-to-trafficability decreased considerably as PET in-
creased. During the warmer springtime PET periods (6 mm d-1), typical

coarse soils (sands, loamy sands, and sandy loams) achieved trafficabil-
ity moisture thresholds at less than 3 days, while loamy and fine soils
achieved their thresholds at 5–13 days.

Model derived estimates of time-to-trafficability can inform Ag-
MAR timing decisions regarding subsequent risk of soil compaction
based on soil texture, time of year, climate, and necessity of field opera-
tions. This study is also more broadly applicable to time-to-trafficability
after deep soil wetting from precipitation. We acknowledge that this
study did not include soil profiles with severe flow restricting features
such as hard pans, etc. This is because there exists little data on realistic
Ksat values that can be used in the simulation of these features in H1D.
In addition, many growers in California choose to deep-rip their soils
using 1–2 m shanks when preparing tree orchards or vineyards for
planting, which alter the hydraulic drainage characteristics of these
soils.

Additional research is needed to constrain time-to-trafficability esti-
mates for loamy and fine textured soils during low PET periods, which
show a greater degree of uncertainty amid greater risk of compaction,
indicated by their higher plasticity indices. Field-based trafficability
studies are needed in irrigated regions to increase confidence in the as-
sumptions used to derive time-to-trafficability estimates in this model-
ing study.
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Fig. 5. Median rain-free time-to-trafficability after deep-wetting of dormant or fallow fields during a typical January. Estimates were derived from HYDRUS 1D
modeling across 132 climate scenarios. Non-linear regression of median time-to-trafficability (days) versus mean daily potential evapotranspiration across the num-
ber of days necessary to achieve trafficability in each climate scenario allowed for estimating place-based values for each soil map unit, using major component per-
cent-weighted 0–10 cm textural class from SSURGO (see Fig. 1) and mean daily reference ET time-series from spatial CIMIS. See section 2.4 for more detailed meth-
ods.
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Fig. 6. Median rain-free time-to-trafficability after deep-wetting of dormant or fallow fields during a typical February. See Figure 5 caption for more details on how
the map was created.
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Fig. 7. Median rain-free time-to-trafficability after deep-wetting of dormant or fallow fields during a typical March. See Figure 5 caption for more details on how the
map was created.
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Fig. 8. Median rain-free time-to-trafficability after deep-wetting of dormant or fallow fields during a typical April. See Figure 5 caption for more details on how the
map was created.
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Fig. 9. a,d. Median HYDRUS 1D 0–10 cm soil moisture drawdown by textural class after flooding: (a,b) in relative terms as a fraction of field capacity (FC) and
(c,d) absolute volumetric water content. Location is in Kern County, California, in February (a, c) and April, 2009 (b, d). Open circles indicate when trafficability
threshold is reached. Dashed lines are 95% and 85% of FC.

Fig. 10. Comparison of soil moisture drydown from both evaporation and
drainage (tan lines, included also in Fig. 9) versus various drainage-only scenar-
ios (black and gray lines), highlighting the somewhat tenuous definition of field
capacity. Potential evapotranspiration for February and April is from a location
in Kern County, California, in 2009. Open circles indicate when the drainage
flux first became < 0.01 cm day-1 at the depth indicated in the legend, a flux-
based definition of field capacity. Field capacity (red line) is derived from Eq. 7
in Twarakavi et al. (2009) using this sandy loam’s soil moisture retention para-
meters (see Section 2.2).

References

Bennett, J.Mc.L., Roberton, S.D., Marchuk, S., Woodhouse, N.P., Antille, D.L., Jensen,
T.A., Keller, T., 2019. The soil structural cost of traffic from heavy machinery in
Vertisols. Soil Tillage Res. 185, 85–93. https://doi.org/10.1016/j.still.2018.09.007.

Brady, N.C., Weil, R.R., 1999. The Nature and Properties of Soils, twelfth ed. Simon and
Schuster, New York.

Brown, I., 2017. Climate change and soil wetness limitations for agriculture: spatial risk
assessment framework with application to Scotland. Geoderma 285, 173–184.

https://doi.org/10.1016/j.geoderma.2016.09.023.
Carter, L.M., Meek, B.D., Rechel, E.A., 1991. Zone production system for cotton: soil

response. Trans. ASAE 34 (2), 354–360. https://doi.org/10.13031/2013.31668.
Cassel, D.K., Nielsen, D.R., 1986. Field capacity and available water capacity. In: Klute, A.

(Ed.), Methods of Soil Analysis, Part 1. Physical and Mineralogical Methods.
American Society of Agronomy—Soil Science Society of America, Madison,
Wisconsin, pp. 901–926.

CDWR (California Department of Water Resources), 2018. Flood-MAR: Using Flood Water
for Managed Aquifer Recharge to Support Sustainable Water Resources. CDWR,
Sacramento. https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/
Flood-Management/Flood-MAR/DWR_FloodMAR-White-Paper_a_y20.pdf.

Chipanshi, A., Fitzmaurice, J., De Jong, R., Bogdan, D., Lewis, M., Kroetsch, D., Lee, D.,
2018. Assessment of soil trafficability across the agricultural region of the Canadian
Prairies with the gridded climate data set. Soil Tillage Res. 184, 128–141. https://
doi.org/10.1016/j.still.2018.07.003.

Devine, S., O’Geen, A.T., 2019. Climate-smart management of soil water storage:
statewide analysis of California perennial crops. Environ. Res. Lett. 14, 044021.
https://doi.org/10.1088/1748-9326/ab058c.

Devine, S.M., Steenwerth, K.L., O’Geen, A.T., 2021. A regional soil classification
framework to improve soil health diagnosis and management. Soil Sci. Soc. Am. J. 85,
361–378. https://doi.org/10.1002/saj2.20200.

Doneen, L.D., Henderson, D.W., Ferry, G.V., 1952. Soil compaction by tractors—irrigated
soils may suffer from low water penetration limiting root development and reducing
plant growth. Calif. Agric. 6 (9), 7–8.

Drewry, J.J., Cameron, K.C., Buchan, G.D., 2008. Pasture yield and soil physical property
responses to soil compaction from treading and grazing—a review. Aust. J. Soil Res.
46, 237–256. https://doi.org/10.1071/SR07125.

Earl, R., 1997. Prediction of trafficability and workability from soil moisture deficit. Soil
Tillage Res. 40, 155–168. https://doi.org/10.1016/S0167-1987(96)01072-0.

Hamza, M.A., Anderson, W.K., 2005. Soil compaction in cropping systems. A review of the
nature, causes and possible solutions. Soil Tillage Res. 82 (2), 121–145. https://
doi.org/10.1016/j.still.2004.08.009.

Hijmans, R.J., 2020. Raster: Geographic Data Analysis and Modeling. R package version
3.4–5. https://CRAN.R-project.org/package=raster.

Kolberg, D., Persson, T., Mangerud, K., Hugh Riley, H., 2019. Impact of projected climate
change on workability, attainable yield, profitability and farm mechanization in
Norwegian spring cereals. Soil Tillage Res. 185, 122–138. https://doi.org/10.1016/
j.still.2018.09.002.

Leenhardt, D., Lemaire, P., 2002. Estimating the spatial and temporal distribution of
sowing dates for regional water management. Agric. Water Manag. 55, 37–52.
https://doi.org/10.1016/S0378-3774(01)00183-4.

Mapfumo, E., Chanasyk, D.S., 1998. Guidelines for safe trafficking and cultivation, and
resistance-density-moisture relations of three disturbed soils from Alberta. Soil

13

https://doi.org/10.1016/j.still.2018.09.007
http://refhub.elsevier.com/S0167-1987(22)00002-2/sbref2
http://refhub.elsevier.com/S0167-1987(22)00002-2/sbref2
https://doi.org/10.1016/j.geoderma.2016.09.023
https://doi.org/10.13031/2013.31668
http://refhub.elsevier.com/S0167-1987(22)00002-2/sbref5
http://refhub.elsevier.com/S0167-1987(22)00002-2/sbref5
http://refhub.elsevier.com/S0167-1987(22)00002-2/sbref5
http://refhub.elsevier.com/S0167-1987(22)00002-2/sbref5
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/Flood-Management/Flood-MAR/DWR_FloodMAR-White-Paper_a_y20.pdf
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/Flood-Management/Flood-MAR/DWR_FloodMAR-White-Paper_a_y20.pdf
https://doi.org/10.1016/j.still.2018.07.003
https://doi.org/10.1016/j.still.2018.07.003
https://doi.org/10.1088/1748-9326/ab058c
https://doi.org/10.1002/saj2.20200
http://refhub.elsevier.com/S0167-1987(22)00002-2/sbref9
http://refhub.elsevier.com/S0167-1987(22)00002-2/sbref9
http://refhub.elsevier.com/S0167-1987(22)00002-2/sbref9
https://doi.org/10.1071/SR07125
https://doi.org/10.1016/S0167-1987(96)01072-0
https://doi.org/10.1016/j.still.2004.08.009
https://doi.org/10.1016/j.still.2004.08.009
https://cran.r-project.org/package=raster
https://doi.org/10.1016/j.still.2018.09.002
https://doi.org/10.1016/j.still.2018.09.002
https://doi.org/10.1016/S0378-3774(01)00183-4


CO
RR

EC
TE

D
PR

OO
F

S.M. Devine et al. Soil & Tillage Research xxx (xxxx) 105316

Tillage Res. 46, 193–202. https://doi.org/10.1016/S0167-1987(98)00100-7.
Maton, L., Bergez, E., Leenhardt, D., 2007. Modelling the days which are agronomically

suitable for sowing maize. Eur. J. Agron. 27, 123–129. https://doi.org/10.1016/
j.eja.2007.02.007.

Müller, L., Lipiec, J., Kornecki, T.S., Gephardt, S., 2011. Trafficability and workability of
soils. In: Gliński, J., Horabik, J., Lipiec, J. (Eds.), Encyclopedia of Agrophysics.
Springer, Dordrecht, pp. 912–924. https://doi.org/10.1007/978-90-481-3585-1_176.

O’Geen, A.T., Saal, M., Dahlke, H., Doll, D., Elkins, R., Fulton, A., Fogg, G., Harter, T.,
Hopmans, J., Ingels, C., Niederholzer, F., Sandoval Solis, S., Verdegaal, P.,
Walkinshaw, M., 2015. Soil suitability index identifies potential areas for
groundwater banking on agricultural lands. Calif. Agric. 69 (2), 75–84. https://
doi.org/10.3733/ca.v069n02p75.

PC Progress, 2021. HYDRUS FAQ, Question 11. 〈https://www.pcprogress.com/en/
Default.aspx?h3d-faq-11–20〉.

Riley, H., 2016. Tillage timeliness for spring cereals in Norway: Yield losses due to soil
compaction and sowing delay and their consequences for optimal mechanisation in
relation to crop area. NIBIO Rapp. 2 (112), 65. 〈https://core.ac.uk/download/pdf/
285987133.pdf〉.

Romano, N., Santini, A., 2002. Field. In: Dane, J.H., Topp, G.C. (Eds.), Methods of Soil
Analysis: Part 4, Physical Methods. Soil Science Society of America, Madison,
Wisconsin, pp. 721–738.

Rotz, C.A., Harrigan, T.M., 2005. Predicting suitable days for field machinery operations
in a whole farm simulation. Appl. Eng. Agric. 21 (4), 563–571. https://doi.org/
10.13031/2013.18563.

Rounsevell, M.D.A., 1993. A review of soil workability models and their limitations in
temperate regions. Soil Use Manag. Volume 9 (1), 15–21. https://doi.org/10.1111/

j.1475-2743.1993.tb00921.x.
Rounsevell, M.D.A., Jones, R.J.A., 1993. A soil and agroclimatic model for estimating

machinery work-days: the basic model and climatic sensitivity. Soil Tillage Res. 26,
179–191. https://doi.org/10.1016/0167-1987(93)90043-O.

Schaap, M.G., Leij, F.J., van Genuchten, M.Th, 2001. Rosetta: a computer program for
estimating soil hydraulic parameters with hierarchical pedotransfer functions. J.
Hydrol. 251, 163–176. https://doi.org/10.1016/S0022-1694(01)00466-8.

Schaffer, B., Stauber, M., Müller, R., Schulin, R., 2007. Changes in the macro-pore
structure of restored soil caused by compaction beneath heavy agricultural
machinery: a morphometric study. Eur. J. Soil Sci. 58, 1062–1073. https://doi.org/
10.1111/j.1365-2389.2007.00886.x.

Tomasek, B.J., Williams, II, M.M., Davis, A.S., 2019. Optimization of agricultural field
workability predictions for improved risk management. Agron. J. 107, 627–633.
https://doi.org/10.2134/agronj14.0393.

Twarakavi, N.K.C., Sakai, M., Simunek, J., 2009. An objective analysis of the dynamic
nature of field capacity. Water Resour. Res. 45, W10410. https://doi.org/10.1029/
2009WR007944.

Upadhyaya, J., 1992. Deterring compaction of soil by heavy machinery. Calif. Agric. 46
(4), 19–20.

Verbist, K., Cornelis, W.M., Schiettecatte, W., Oltenfreiter, G., Van Meirvenne, M.,
Gabriels, D., 2007. The influence of a compacted plow sole on saturation excess
runoff. Soil Tillage Res. 96 (1–2), 292–302. https://doi.org/10.1016/
j.still.2007.07.002.

Wösten, J.H.M., Bouma, J., 1985. Using simulation to define moisture availability and
trafficability for a heavy clay soil in the Netherlands. Geoderma 35, 187–196. https://
doi.org/10.1016/0016-7061(85)90036-9.

14

https://doi.org/10.1016/S0167-1987(98)00100-7
https://doi.org/10.1016/j.eja.2007.02.007
https://doi.org/10.1016/j.eja.2007.02.007
https://doi.org/10.1007/978-90-481-3585-1_176
https://doi.org/10.3733/ca.v069n02p75
https://doi.org/10.3733/ca.v069n02p75
https://www.pcprogress.com/en/Default.aspx?h3d-faq-11-20
https://www.pcprogress.com/en/Default.aspx?h3d-faq-11-20
https://core.ac.uk/download/pdf/285987133.pdf
https://core.ac.uk/download/pdf/285987133.pdf
http://refhub.elsevier.com/S0167-1987(22)00002-2/sbref20
http://refhub.elsevier.com/S0167-1987(22)00002-2/sbref20
http://refhub.elsevier.com/S0167-1987(22)00002-2/sbref20
https://doi.org/10.13031/2013.18563
https://doi.org/10.13031/2013.18563
https://doi.org/10.1111/j.1475-2743.1993.tb00921.x
https://doi.org/10.1111/j.1475-2743.1993.tb00921.x
https://doi.org/10.1016/0167-1987(93)90043-O
https://doi.org/10.1016/S0022-1694(01)00466-8
https://doi.org/10.1111/j.1365-2389.2007.00886.x
https://doi.org/10.1111/j.1365-2389.2007.00886.x
https://doi.org/10.2134/agronj14.0393
https://doi.org/10.1029/2009WR007944
https://doi.org/10.1029/2009WR007944
http://refhub.elsevier.com/S0167-1987(22)00002-2/sbref28
http://refhub.elsevier.com/S0167-1987(22)00002-2/sbref28
https://doi.org/10.1016/j.still.2007.07.002
https://doi.org/10.1016/j.still.2007.07.002
https://doi.org/10.1016/0016-7061(85)90036-9
https://doi.org/10.1016/0016-7061(85)90036-9

	Mapping time-to-trafficability for California agricultural soils after dormant season deep wetting
	1. Introduction
	2. Methods
	2.1. Study area and climate and soils data
	2.2. Estimating θfc and defining the soil moisture trafficability threshold
	2.3. Parameterizing and running H1D
	2.4. Mapping rain-free time-to-trafficability

	3. Results and discussion
	4. Conclusion
	Acknowledgments
	References


	fld60: 
	fld61: 
	fld81: 
	fld177: 
	fld197: 
	fld208: 
	fld215: 
	fld219: 
	fld223: 
	fld227: 
	fld261: 
	fld262: 


