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A B S T R A C T

Soils form the foundation of terrestrial ecosystems that regulate the processes and functions driving ecosystem
goods and services provisions that humans rely on, including agriculture. Pressing agricultural resource chal-
lenges persist, including those involving irrigation, fertilization, and salinization, due to the complex, coupled,
and feedback-driven connectivity of various soil processes that are difficult to manage. Soil moisture dynamics
cross-cut these processes and is a logical integration point for generating understanding and new insights for
improved agroecosystem management. This paper presents an integrated soil-water-nutrient-plant interaction
model (built within a system dynamics framework) with the purpose of replicating soil moisture evolution for a
set of unique soils and climates, examining model performance given common irrigation (e.g., frequency and
application rates) and crop management considerations (e.g., fertilization, tillage, cover cropping), and evalu-
ating via sensitivity analysis model robustness and quantifying influential management parameters effect on core
bio-physical feedbacks at the soil-level. The model has four main state variables (soil moisture, soil nitrogen, soil
sodium, and plant canopy cover) that interact dynamically via feedback processes (formulated as coupled partial
differential equations) between them. Exogenous variables included precipitation time-series data and required
climatic parameters to determine reference (potential) evapotranspiration. The time-unit used from simulation
was 1 day (time-step = 0.25) with a simulation horizon of 365 days. The model was calibrated using a variety of
sources in the literature and with comparison to observed soil moisture data from four sites in Texas, USA, and
evaluated statistically for accuracy (mean bias), precision, (coefficient of determination), and overall fit (Theil
inequality statistics). Sensitivity analyses were conducted for a variety of hydroclimate forcing and irrigation,
fertilization, and crop management decisions to examine the impacts to soil moisture evolution, soil salinity, and
cropping profitability, among other variables. Calibration results showed high degrees of agreement between
observed and predicted values (mean r2 = 0.67, mean bias = 0.008%). Sensitivity results demonstrated that
precipitation frequency was more influential than precipitation depth in regulating soil moisture, that irrigation
threshold (i.e., the soil moisture level inducing irrigation) was the variable most influential to crop profitability
(which was maximized at the lowest irrigation threshold value), and that several conservation management
strategies (i.e., no-till with residue management or cover cropping) improved soil moisture and crop profit-
ability, contrary to common management perceptions. Several other tests for alternative fertilization, irrigation,
and tile drain installation strategies produced results that corroborate common observations of agroecosystem
management (i.e., despite environmental risks, crop profitability was enhanced). Future model extensions in-
clude expansion of the irrigation, fertilization, and crop management decision making factors to better capture
how decisions that respond to economic and policy signals influence resource use and soil system dynamics.
Modeling these complex, feedback driven agroecosystems processes remains an arena for future modeling in-
novations that will support important resource management improvements.
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1. Introduction

Soils are the foundation of terrestrial ecosystems, and as such,
functioning soil systems are critical to the sustainability of ecosystem
processes, particularly nutrient cycling of carbon, nitrogen, and water
(Adhikari and Hartemink, 2016, Swift et al., 2004) that provide wide
ranging ecosystem goods and services for human well-being
(Adhikari and Hartemink, 2016), including agricultural production
(Power, 2010). Humans rely on these processes for the regulation and
provisioning of food production as well as fresh water. The sustain-
ability of these functions are currently at risk due to agricultural in-
tensification and expansion of cultivated landscapes, both considered
vital strategies to meet rising food, feed, and bioenergy demand in-
duced by global population growth (Alexander et al., 2015,
Power, 2010, Turner et al., 2018a). Unfortunately, both cultivation
expansion (extensification) and intensification (increased factor pro-
ductivity on existing agricultural lands) have created a number of un-
intended consequences that may weaken efforts to achieve global food
security, including (but not limited to): groundwater depletion, water
quality contamination, increased greenhouse gas emissions, loss of soil
organic carbon, soil erosion by both wind and water, and soil salini-
zation ( Turner et al., 2018a; Turner et al., 2018b; Horrigan et al., 2002;
Hurni et al., 2015).

These factors and others (e.g., irrigation, fertilization and leaching)
may be collectively called 21st-century challenges for agriculture due to
the complex, coupled, feedback-driven connectivity that arise in at-
tempts to meet growing societal demands (Figure 1).

For example, increased groundwater pumping for irrigation reduces
water table levels, which may inadvertently raise groundwater salinity

levels and exacerbate soil salinity problems with continued irrigation
applications (Gates et al., 2002, Konikow, 2013, Konikow and
Kendy, 2005, Konikow and Person, 1985, Smedema and Shiati, 2002,
Texas Water Development Board, 2019 United States Department of
Agriculture 2014). A typical response to this problem is to “flush” the
salts out by still additional water applications. Agricultural in-
tensification via crop selection for maximum yields can also lead to
heavy (or over) fertilization of nutrients (which are subject to leaching
into water supplies and reduces soil microbial activity needed to sustain
organic carbon levels (Carpenter et al., 1998, Matson et al., 1997,
Scanlon et al., 2007, Tilman et al., 2002, International Fertilizer
Association 2019), become reliant on chemical treatments to limit pest
damages (which accelerates pest genetic selection for chemical re-
sistance (Denholm, 1998, Kranthi et al., 2002, Pimentel et al., 1992,
International Fertilizer Association 2012, Tilman et al., 2002), and
conventional tillage (which exposes the soil surface and accelerates
erosion; (Turner et al., 2018a, 2018b, Montgomery, 2007,
Nearing et al., 2017, Nearing et al., 2005). Twenty-first century agri-
cultural resource problems are therefore fundamentally coupled soil,
crop and water management problems, since hydrologic processes and
soil functions are not independent but are interlinked (co-dependent).
This makes agricultural soil system management (defined here as
management of the aboveground processes and disturbances of the soil
surface down to the bottom of the rooting zone) a critical leverage point
for mitigating these systemic problems.

As just indicated, typical management decisions including irriga-
tion, fertilization, and crop and tillage decisions collectively can either
strengthen or weaken the ability of a soil systems to function, such as
nutrient retention, water cycling, and shallow groundwater recharge

Figure 1. Example trends-over-time of several important agroecosystem factors representative of common 21st century resource management problems, including
irrigation expansion (panel a, data from USDA Farm and Ranch Irrigation Survey (United States Department of Agriculture 2014), groundwater depletion in several
arid/semi-arid agricultural regions of Texas, USA (panel b, data from Texas Water Development Board (Texas Water Development Board, 2019), increasing fertilizer
use, particularly nitrogen (panel c, data from International Fertilizer Association; International Fertilizer Association 2019), and soil formation and erosion rates
(panel d, data from (Montgomery, 2007).
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(Adhikari and Hartemink, 2016, Turner et al., 2018a, 2018b,
Fernald et al., 2010). To add to the complexity that arises between soil
processes and management decisions is the extreme hydro-climate
variability (both spatially and temporally) that further complicates ir-
rigation planning and control, fertilization efficiency, and crop pro-
ductivity and profitability (Daly and Porporato, 2006). The central
problem of this variability stems from the unpredictability of pre-
cipitation (Droogers et al., 2000), which is expected to become more
variable under projected climate change (Mendelsohn et al., 2007,
Motha and Baier, 2005). Given the connectivity between soil processes
and agricultural decisions, both of which are in part driven by this
extreme hydro-climate variability, particularly precipitation, under-
standing complex resource management problems requires a means to
integrate the underlying dynamics of multiple soil, hydrologic, nutrient,
and human-related factors (e.g., socio-hydrology dynamics in
(Fernald et al., 2012, Gunda et al., 2018, Turner et al., 2016a); or
agricultural land use dynamics in (Menendez et al., 2019, Turner et al.,
2016b, Turner et al., 2017a).

Soil moisture dynamics cross-cuts each of these factors and a logical
integration point for several reasons. First, soil moisture dynamics
provide a link between precipitation variability (and therefore irriga-
tion demands) and plant productivity (and therefore profitability)
(Abd and Ali, 2013, Ali et al., 2007, Porporato et al., 2015, Porporato
et al., 2001). Soil physical properties control the intensity and duration
of soil water deficit since these properties drive the soil moisture dy-
namics (International Fertilizer Association 2007, Porporato et al.,
2001, Power, 2010, Stephenson, 1990, Swift et al., 2004), and soil
water deficits in turn regulates plant physiology since plants must up-
take water from the soil (Falkenmark and Rockstrom, 2006). Second,
plants productivity may be reduced to levels observed under drought
conditions even with acceptable precipitation due to poor soil char-
acteristics, particularly regarding soil hydrologic functions such as soil
moisture retention (Branson et al., 1970, Branson et al., 1976,
Daubenmire, 1968, Harrington, 1991, Newman, 1967, Nilsen and
Orcutt, 1998, Sadras and Angus, 2006, Vico and Porporato, 2013).
Third, soil water stress is often the reason for poor plant nutrient up-
take, particularly nitrogen, since soil moisture regulates ammonifica-
tion and nitrification and this total plant nutrient uptake (Bennett et al.,
1989, Brady and Weil, 1996, Larcher, 1995, Manzoni and
Porporato, 2009, Nilsen and Orcutt, 1998, Wang et al., 2012). Soil
moisture is therefore a key system component capable of integrating the
soil system dynamics arising from soil, climate, vegetative (crop),
management (irrigation and fertilization) characteristics, and the in-
teracting feedbacks between factors, across evapotranspiration (ET)
regimes (Seneviratne et al., 2010).

Understanding these complex feedbacks and the implications they
have on agroecosystem management could be aided by the use of a
dynamic systems approach capable of modeling coupled soil-plant-
water dynamics in relatively simple and parsimonious means. The
discipline of ecohydrology has provided a hydrologic foundation from
which to understand observed vegetation characteristics due to the
linkages and flows between climate (e.g., stochastic precipitation), soil
properties (e.g., soil water holding capacity), and vegetation (through
soil-moisture mediated plant transpiration (Rodriguez Iturbe et al.,
1999, Rodriguez-Iturbe, 2000, Rodriguez-Iturbe et al., 2001; Porporato
et al., 2002; illustrated in Figure 2).

Well documented ecohydrology models have focused on develop-
ment and analysis of analytic expressions and probability density
functions that describe soil moisture characteristics (e.g., Porporato
et al., 2002, De Michele et al., 2008, Laio et al., 2001a, Laio et al.,
2001b, Porporato et al., 2015, Porporato et al., 2001) and only more
recently matching model predicted values with observed levels of soil
moisture (e.g., Kumar et al., 2013, Pan et al., 2015, Turner, 2017b,
Xia and Shao, 2008). Ecohydrologic models have focused on semi-arid
ecosystems like rangelands or savannas because they are primarily
water-controlled (i.e., rainfall dependent), have vegetation

characteristics that are reflective of historical climate regimes and soil
properties, and where vegetation often exerts control on watershed
balances through myriad land-atmosphere feedbacks. More recently
however, ecohydrologic models have been recognized as useful fra-
meworks for investigating agricultural soil problems such as irrigation,
fertilization, and salinity dynamics due to their parsimonious re-
presentation of soil processes, ability to capture both stochastic and
dynamic coupling between state variables, and given that the under-
lying assumptions regarding soil and plant characteristics are well
matched with typical agroecosystem (Porporato et al., 2015).

The objectives of this work were to 1) utilize the foundational fra-
mework described in the ecohydrology literature to develop a dynamic
plant-soil-water-nutrient model robust enough to adequately replicate
the soil moisture evolution for a variety of soils and climate conditions;
2) overlay the model with common irrigation and crop management
considerations, including irrigation method, timing, and application
volume, fertilization times and volumes, and no-till practices with crop
residue management or cover cropping; and 3) evaluate the model
using a variety of sensitivity analyses to examine both model robustness
and quantify which parameters are most influential to the core bio-
physical feedbacks included in the model. The remainder of the paper
follows with a description of the development of the model and the
calibration and evaluation procedures employed to verify its ability to
adequately capture the high-level feedbacks operating within a coupled
plant-soil-water agroecosystem. Then, several hypothesis tests are ap-
plied to the model regarding crop and irrigation decision-making across
a variety of landscape and climatic conditions. Results are then pro-
vided with a discussion centered in the context of sustainability of soil
and water resources and agricultural profitability given 21st century
agricultural and land-use pressures. We conclude with several re-
commendations and outline future research directions and model ap-
plications for both sustainability research and teaching.

2. Materials and Methods

2.1. Model overview

The model represents a soil-water-nutrient-plant continuum which
integrates inflows and outflows of water and nutrients through feed-
backs between soil moisture, S, expressed as a percentage of field ca-
pacity, and plant productivity, C, representing the percentage of soil
surface covered, with the interaction effects of nutrient balances (ni-
trogen and sodium) and management factors (cropping and irrigation
decisions). The model has four main state variables, soil moisture, soil
nitrogen, soil sodium, and canopy cover, which interact dynamically
through various feedbacks between each other. Feedback mechanisms
formulated as coupled partial differential equations link S and C dy-
namics through a variety of processes, including infiltration and inter-
ception (capturing infiltration-excess runoff dynamics), evapo-
transpiration rates (which drive plant production or induce plant
stress), nitrogen uptake (which either reinforces plant canopy growth),
nitrogen leaching (an important factor for crop management as well as
environmental quality), sodium accumulation (which may reduce plant
water update), and irrigation decisions (which can respond to soil
moisture conditions as well as influence nitrogen or sodium dynamics).
While crop biomass production (or yield) is driven by the outcomes of
the system, canopy cover does interact dynamically with water and
nutrient balances via its influence on interception and transpiration
terms. Exogenous variables included precipitation time-series data
input and required climatic parameters to determine reference (or po-
tential) evapotranspiration, ET. The coupled soil-water-plant model
(conceptualized in Figure 3) was constructed using the system dy-
namics (SD) modeling environment Vensim™ (Ventana Systems, Inc.;
Cambridge, MA, USA). The time unit used from simulation was 1 day,
with time step = 0.25 and a simulation time horizon of 365 days. The
main strengths of using the SD platform was the ease with which the
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high number of feedback mechanisms could be formalized as integrated
coupled difference equations, a rapid simulation time, and a visually
appealing means in which to incorporate the dynamics of interest
(Turner et al., 2016c). The model was used to examine the various
trajectories in soil moisture, nutrient balances, and profitability re-
sponse given alternative agroecosystem features and management de-
cisions. In the sections that follow, we describe in detail the soil-water-
plant model components and their feedback connections, many aspects
of which have been derived, replicated, or extended from a variety of
other soil moisture, crop, or nutrient models (Kumar et al., 2013,

Laio et al., 2001a, Laio et al., 2001b, Manzoni and Porporato, 2009,
Mau and Porporato, 2015, Pelak et al., 2017, Porporato et al., 2015,
Porporato et al., 2001, Rodriguez-Iturbe et al., 2001, Vico and
Porporato, 2011a, Vico and Porporato, 2011b, Vico and
Porporato, 2013) but that have not been integrated into one cohesive
model. Key model variable names and equations are provided in the
sections that follow; additional descriptions of variable names, symbols,
parameter values, and their sources are provided in the Appendix.

Figure 2. Schematic representation of critical
zone water flow (indicated by the blue arrows)
relevant in arid/semi-arid agroecosystems and
used throughout many ecohydrologic models
whose core structures incorporate soil-water
balance coupled to plant productivity (through
transpiration) as endogenous components
driven by hydroclimate variability (primarily
precipitation but also temperature).

Figure 3. Conceptual diagram of the simplified
soil profile model for a given soil of depth, Zr,
of a given soil texture with nutrient fluxes
acting upon the soil-water balance (thick solid
and dashed arrows) on the column through
infiltration, leakage or percolation, and eva-
potranspiration, irrigation, and fertilization
(inflows represent positive links to the soil
column while outflows represent negative po-
larity, i.e., increased outflows will reduce the
nutrient level). The dynamics of the column
are also influenced through several feedback
mechanisms (thin black arrows) representing
causal connections that drive nutrient fluxes,
i.e., soil moisture effect and soil cover effect on
infiltration-excess runoff dynamics (which
drive infiltration rates), soil moisture and
salinity effect on evapotranspiration rates
(which drive plant nutrient uptake rates and
therefore the other primary feedbacks). The
“+” and “–“ symbols on individual links in-
dicate link polarity between variables, sig-
nifying a positivity or negative influence, while
the + and – symbols within each feedback
loop denote whether the overall polarity of the
feedback dynamics are positive (reinforcing) or
negative (balancing/constraining) on the soil
nutrient evolution.
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2.2. Soil water balance dynamics

Soil moisture was modeled as the balance between moisture gains
(precipitation and irrigation) and losses (evapotranspiration and
leakage), expressed as:

= +nZ dS dt R t I S t ET S t C t Q S t( / ) ( ) ( ( )) ( ( ), ( )) ( ( )),r (1)

where n is the soil porosity, Zr is the active soil rooting depth, S is the
vertically averaged relative soil moisture content (0 ≤ S ≤ 1, where 1
is fully saturated conditions). R(t) represents the inflow of rainfall over
time while I(S(t) is the inflow from irrigation applications. ET(S(t), C(t)
is the coupled water losses from evaporation and transpiration modu-
lated by S and canopy cover, C(t). Q(S(t) represents the coupled losses
from runoff and percolation below the rooting zone Zr, and dt is the
integration (delta) time (for full methodological considerations, see
(Laio et al., 2001a, Laio et al., 2001b, Porporato et al., 2015, Porporato
et al., 2001, Rodriguez-Iturbe et al., 2001). The simplifying assumptions
of this soil-water balance approach were that root growth (not modeled
here) is restricted to Zr, such that the soil column is relatively uniform
in composition and hydraulic redistribution throughout Zr allows for
water to flow to areas of lower saturation.

Previous soil-water balance models have explored the stochastic
nature of precipitation times and depths (Laio et al., 2001a, Laio et al.,
2001b, Rodriguez-Iturbe et al., 2001). Here, stochastic precipitation, R
(t), representing a semi-arid, rain-fed environment was used for model
development, where the average precipitation arrival time followed the
Poisson distribution (mean arrival time = 1/21 day−1; mean pre-
cipitation depth = 0.4 cm), respectively.

The irrigation term, I(S(t), represents the irrigation rate as a func-
tion of S and t depending on the irrigation method (e.g., drip, flood,
spray) and decision rule used (i.e., the frequency and volume of desired
irrigation applications). The decision rules of the irrigation term require

that an irrigation intervention threshold, Ii, and target soil moisture
level, It, be set (both Ii and It are expressed as a soil moisture percentage
of field capacity). The intervention threshold Ii indicates the point at
which irrigation is induced, while the target soil moisture level It in-
dicates the point at which irrigation will cease once S reaches or ex-
ceeds It. Water applied directly to the surface via drip or flood irrigation
become subject to the dynamics of S, while water applied aerially via
sprinkler or pivot irrigation is subject to canopy interception and runoff
prior to the S dynamics in the soil column.

The evapotranspiration rate, ET, was assumed proportional to S and
C, such that:

=S t C t C t KET( ( ), ( )) ET * ( )* *ET ,cblsw 0 where ETlsw represents the
water stress coefficient due to limited soil water availability, C(t) is
canopy cover, Kcb is the basal crop coefficient (after (Allen et al., 1998),
and ET0 is the potential evapotranspiration, which was calculated using
the Hargraeves method to minimize required input data (latitude and
monthly mean, maximum and minimum temperatures
(Hargreaves, 1975, Hargreaves and Allen, 2003). The water stress
coefficient ETlsw is given as a function of S(t),

= +

<

<

<

ET
ET ,

ET (ET ET ) ,
ET ,

s s s ,

s s s*,

s* s 1.

lsw

w
s s

s s

w 0 w
s s
s* s

0

h w

w

h
w h

w
w

(2)

where S* is the soil moisture value below which plants become stressed
and begin stomatal closure, Sw is the soil moisture value inducing plant
wilting point, Sh is the soil moisture value crossing the plant hygro-
scopic point beyond which moisture losses cease, and ETw is the re-
duced evapotranspiration rate under wilting conditions (following si-
milar conventions used in Porporato et al., 2001, Porporato et al., 2005,
Laio et al., 2001a, Laio et al., 2001b, Pelak et al., 2017, Rodriguez-
Iturbe et al., 2001). Additionally, evaporation rate, E, was explicitly

Figure 4. Dynamic feedback relationships between components of the model. Panel a shows the nonlinear relationship of water runoff driven by canopy cover, C;
panel b displays the behavior of the evapotranspiration reduction factor acting on ET from soil water storage as a function of percentage soil moisture of field
capacity, S, where sh, sw, s*, and sfc are the soil moisture levels that induce plant-water hydroscopic stress, plant-water wilting stress, the soil moisture level that is
non-limiting to ET, and soil moisture field capacity, respectively; panel c shows the linear dependence of the evaporation reduction factor on soil moisture, S; and
panel d displays the influence of exchangeable sodium percentage (ESP) has on the basal crop coefficient, Kcb, a critical factor determining ET.
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decomposed within ET via an evaporation reduction coefficient that
was proportionally scaled to C (following Pelak et al., 2017), such that

=E S C t K S C E t( , , ) ( )*(1 )* *ET ( ),r b 0 (3)

where Eb is the baseline evaporation coefficient and Kr(S) is the eva-
poration reduction coefficient, given by

=Kr(S)
0 s s

s s
s s
1 s

h

h
h
h (4)

This simplification still captures rates of high and low evaporation
as S approaches full saturation or sh and allows for decomposition of ET
during earlier or later parts of the growing seasons as dominance shifts
from evaporation, E, to transpiration, T (a broader discussion of this
tradeoff is given in (Pelak et al., 2017). Graphical illustrations of each
relationship are shown (Figure 4).

The moisture leakage term, Q, captures losses from runoff as well as
deep percolation. Runoff is modeled as a nonlinear function of C
(Figure 4), while percolation was equal to the hydraulic conductivity,
given as

=K S K S( ) * ,d
sat (5)

where K is the hydraulic conductivity, Ksat is the saturated hydraulic
conductivity, and d is an empirically derived parameter value
(Brooks and Corey, 1964, Rodriguez-Iturbe and Porporato, 2004).

2.3. Soil physical and hydraulic conductivity dynamics

In order to capture the effects of soil and crop management factors
that influence soil processes, we incorporate the dynamics of porosity,
n, and matric potential, ψs, following Pelak and Porporato Pelak and
Porporato, 2019 and Clapp and Hornberger, 1978. The pore size dis-
tribution, f, is modeled as a function of soil pore radius, r, over time
such that

=dt/dt d(vf)/dr mf, (6)

where v is the soil drift term for shrinking pore radii and m is a source-
sink term (gain or loss of pores at given radius, r). The integration of the
pore size distribution over r is porosity, n, follows a power law dis-
tribution where

=n(t) a(t)r dr,b(t) (7)

where a is a scaling parameter and be is the power law exponent. The
change in radii, dr, is driven by the v and m, defined as

=v(r, t) r/(a(t)b(t))*(a(t)b’(t)ln(r) a’(t)), (8)

and

=m(r, t) b’(t)/b(t)*(1 ln(r)) a’(t)/(a(t)b(t)), (9)

where the prime-noted variables are the parameters’ time-derivatives.
Using the same convention as Mualem and Dagan, 1978,
Brutsaert, 2005, and Pelak and Porporato, 2019, the matric potential
was expressed as

= C R t s(s, t) ( / ( ))* ,s s m
b t1/(1 ( )) (10)

where Cs represents the surface tension of water and Rm(t) is the
maximum effective pore radius. From this, the hydraulic conductivity,
Ksat, may be estimated dynamically using the form

= µ

s

K (s, t) [( *G *n(t) *Rm(t) *(1 b(t)) ]/ (3 b(t))(2 b(t)))

* ,
sat w e

2 2 2

(4 2b(t))/(1 b(t)) (11)

where γw and μ are the specific weight and dynamic viscosity of water
and Ge is equal to 1/8 (assuming the Hagen-Poiseuille equation,
Brutsaert, 2005).

Following the convention used by Pelak and Porporato, 2019, the
power law exponent b was decomposed into two time-dependent

variables that aim to capture management and landscape changes
arising from tillage and consolidation and soil organic matter (SOM)
dynamics. Introduction of tillage immediately induces soil pore redis-
tribution closer to uniform pore radii that gradually consolidate over
time. Pore consolidation is modeled as an exponential decay function
towards the untilled soil pore distribution, expressed as the settling
term

= +r (1 r )*exp( k (ttd)),b b b b (12)

where γb is the management factor used in the b term, rb is the ratio of
the parameter value in an untilled state to the base value, kb is the rate
of settling, and ttd is the time since tillage in days. In a cultivated
system, tillage resets the soil pore distribution to its initial value since
ttd equals 0.

Although SOM and its turnover cross-cuts many of soil processes
influencing soil porosity and hydraulic properties and is likely coupled
to landscape management practices, the SOM contribution is treated
independently. The function for bc, the effect of SOM on the b term,
defined as

= +b (OM(t)) b OM(t).c 0 b (13)

where bc is the parameter value at OM equal to 0 and σb is the slope of
the b-OM relationship. Assuming a linear function provides a parsi-
monious means to incorporating SOM dynamics, however, a nonlinear
functional form would likely be more realistic. The b term then becomes

=b ttd b( , OM(t)) * ,cb (14)

Finally, as porosity n changes over time, the porosity value feeds
back to the affect the water balance in equation 1.

2.4. Plant canopy cover dynamics

The plant productivity and canopy cover component consists of a
single stock of biomass which accumulates through growth due to ET
and diminishes through losses of senescence and physical disturbance
through harvesting, livestock grazing, or other management treatments,
giving:

=dC/dt G(C, S, N, t) M(C, t) H(C, t), (15)

where G is the canopy growth rate and M is the metabolic and senes-
cence term. The growth rate is proportional to nitrogen uptake, U:

=G(C, S, N, t) r *U(C, S, N, t),g (16)

where rg represents a scaler of canopy cover growth per unit of nitrogen
utilization. The metabolic and senescence rate, M, is defined as a
function of both constant metabolism and time-dependent senescence
terms such that senescence only occurs after the completion of the
growing season (i.e., post-plant maturity), described as

= +M C t r t t t t C( , ) ( ( )* ( ))* ,m sen sen
2 (17)

where rm is the metabolic constant, tsen is the estimated time of senes-
cence in days, γ is the slope of the senescence curve post-tsen, and Θ is a
step function that causes senescence to begin. When soil moisture and
nitrogen are non-limiting, C exhibits patterns of the logistic growth
equation (exponential growth followed by leveling off near the ma-
turation canopy level; Hsiao et al., 2009, Laio et al., 2001a, Pelak et al.,
2017).

Finally, harvest, H, is given by

=H C H H* * ,v d (18)

where H is initiated at the day of harvest, Hd, either at the end of the
growing season (e.g., for crops) or periodically (e.g., for grazing), with a
percentage of biomass removed, Hv, of canopy, C.

Canopy that is not harvested becomes soil surface-litter cover based
on the fraction of canopy becoming surface material, Clc, and time to
litter fall, Clt. Litter remains is a transient state during the nutrient
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turnover process. Therefore, litter turnover, LT is approximated as Clc
divided by plant litter turnover time, Ctt. LT reduces the fraction of soil
surface coverage and contributes to natural nitrogen deposition, de-
scribed below.

2.5. Soil nitrogen dynamics

Soil nitrogen in the soil column is expressed as the balance between
fertilization, deposition, leaching, and plant uptake:

= +N t D t F N t L U S N C td /d ( ) ( , ) (S, N) ( , , , ),c (19)

where Nc is the total mineral nitrogen content level per unit area soil, D
is the natural deposition rate (assumed constant) and F is the fertili-
zation rate at time t of fertilizer application. Individual nitrate and
ammonium concentrations are not modeled since plants may use both
forms of N, simplifying the model N parameterization (a similar con-
vention to Pelak et al., 2017). Leakage, L, is proportional to the
moisture leakage Q and the nitrogen concentration at time t,

=L S N Q S( , ) * ( ), (20)

where η represents the nitrogen content of soil moisture, estimated as

= N SnZa / , (21)

where a represents the dissolved N percentage within the soil column.
Plant uptake, U, is estimated as

=U(S, N, C, t) f( )*T(S, C, t), (22)

where f(η) represents the limitation of nitrogen uptake beyond the
critical threshold ηc, which is the point where additional nitrogen up-
take does not facilitate increases in plant growth. This takes the form

=
<

f( )
c

c c

aN
SnZ

aN
SnZ
aN
SnZ (23)

Using this parameterization it has been shown that reduction in S
can either facilitate or hinder nitrogen uptake, U (Pelak et al., 2017).
For example, when S > S* and η < ηc, reducing S causes increase in U;
when S<S*, U will decrease with the corresponding decrease in ET.

2.6. Salinity dynamics

The salt content balance expressed as the number of moles of charge
(or equivalent) of cations per unit area is expressed

=q t IV Q Vd /d * ,s i (24)

where qs is the salt dissolved in water in the soil column, salt inflow is a
function of irrigation applications, I, with salt concentration Vi, and the
outflow is a function of leakage from the soil column, Q, and V, re-
presenting the dissolved salt concentration. Salt concentration, V, can
be expressed as qs/w*, where w* represents volumetric water content.

Common cations in saline soils include Na+, Ca2+, Mg2+, and K+,
subject to adsorption and desorption dynamics. Following Hsiao et al.,
2009, we simplify the model consideration to Na+ and Ca2+. The salt
dissolved in water in the soil column, qs, may therefore be decomposed
to

= +q q qNa Ca,s s s (25)

or on a percentage basis as

= =E q q E q qNa Na/ ; Ca Ca/ ,s s s s s s (26)

where EsNa + EsCa = 1.
Total charge of dissolved salts may then be described given

=q C ENa * Na,s w s (27)

=q C ECa * Ca.s w s (28)

To account for the cations adsorbed to negatively charged soil

particles, the Cation Exchange Capacity (CEC) is used. The CEC is ex-
pressed as

= = +CEC q M q q M/ ( Na Ca)/x x x (29)

where x denotes cations in the exchange complex and M is the mass of
dry soil to depth Zr. The salt quantities in the exchange complex are
then expressed as

=q CEC M ENa * * Nax x (30)

=q CEC M ECa * * Ca,x x (31)

where the fraction of sodium in the exchange complex, ExNa, is noted as
the Exchangeable Sodium Percentage (ESP), useful for delineating so-
dicity hazards in a given soil.

The balance between soil water and the exchange complex are as-
sumed to be in thermodynamic equilibrium using the following ex-
change function for the Exchangeable Sodium Ration (ESR),

=ESR K SAR,g (32)

where Kg represents the Gapon selectivity coefficient and SAR re-
presents the Sodium Adsoprtion Ratio. The ESR and ESP can therefore
be further defined as

= =ESR E E ESP ESPNa/ Ca ( /100)/(1 /100),x x (33)

= +SAR Na/ (Ca Mg)/2, (34)

which assumes that Ca and Mg are indistinguishable in the exchange
complex, following Mau and Porporato, 2015. Inclusion of soil salinity
and sodicity is important from an agricultural resource management
perspective since accumulation of salts can hinder proper plant func-
tions that lead to productivity. Given the effects of salinity and sodicity
on plant productivity (Allen et al., 1998, Bernstein, 1975, Duncan et al.,
2008, Niu and Cabrera, 2010, Qadir and Oster, 2004, Wichelns and
Qadir, 2015), the sodium impact on basal crop coefficient was included
as a nonlinear table function such that for ExNa or ESP levels below 0.3
(or 30%) there is no reduction in Kcb. For levels of ExNa between 30%
and 100%, Kcb is reduced by 50% (Figure 4(d)).

2.7. Crop production and yield dynamics

The endogenous dynamics of the model are coupled through the
linkages between C, S, N, and qs, described above, out of which crop
production and yield arise as products of the interactions between the
soil-water-plant system. Following the convention of (Pelak et al.,
2017), accumulation of crop biomass, B, is given as a function of water
productivity (driven by transpiration, T) along with nitrogen uptake
and soil moisture dynamics. Including nitrogen dynamics along with
soil moisture availability, which partially drives ET, allows for ex-
amination of moisture and nitrogen limitation in tandem, an important
coupling in terms of agricultural resource management. The detailed
formulation for B is described as

= =B t W U S N C t t W K S K Cd /d * ( , , , )/ cET0( ) / c ( ) f( ) .s cb (35)

Yield, Y, was then estimated as a fraction of the biomass using a
harvest index, hi, giving

=Y B h* .i (36)

2.8. Economic dynamics

The economic dynamics account for the input costs and output
revenues of the production system. Input costs include fertilizer ex-
penses, dependent on the volume and per unit cost of N, while irriga-
tion includes both fixed and variable costs. Fixed costs of irrigation can
vary depending on the method of application, while the variable costs
of irrigation are simply the volume of water applied multiplied by the
water cost per unit. This captures the trade-off between irrigation
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systems, where systems with high fixed costs per user (e.g., drip or
sprinkler systems), which have lower variable costs due to savings
created through lower water requirements, versus systems with lower
fixed costs to the user (e.g., flood irrigation) that possess higher variable
costs due to higher volumes of water applied. Lastly, revenues are de-
termined using the price per unit of crop, P, multiplied by the yield, Y.
Returns were then calculated as the difference between revenues and
costs.

2.9. Model calibration measurements and model evaluation

In order to calibrate the developed model, soil-moisture data were
obtained via the North American Soil Moisture Database (Quiring et al.,
2016) for four locations in the state of Texas, USA (Figure 5), re-
presenting contrasting soil, ecoregional, climatic and precipitation re-
gimes, and irrigation capabilities (Table 1). Initial S was set to the in-
itial soil moisture level for an observation year containing up to 365
days. Climate data needed for precipitation forcing and Hargreaves ET0

calculations were downloaded from Weather Underground (wunder-
ground.com) for each location. Since precipitation data were obtained
in proximity to and not directly at the locations where soil moisture was
recorded, an adjustment had to be made for clear outlier precipitation
events that did occur in the general area but did not occur at the specific
soil monitoring point. In total, precipitation events had to be reduced or
eliminated for 27 days (out of a total 1460 days, or 365 days for each of
the 4 locations), or 1.8% of the total simulation days. After accounting
for these events, calibration measurements were taken for metrics of
model accuracy (Mean Bias), precision (coefficient of determination,
r2), and overall fit (Theil inequality measures) for each site, following
model evaluation considerations of Tedeschi (Tedeschi, 2005) and
Oliva (Oliva, 1995). Theil inequality analysis decomposes the total
model error into errors attributable to discrepancies in the mean, var-
iance, and covariance's of predicted and observed values. Generally,

lower Theil values for mean and variance are preferable to higher va-
lues (i.e., the model captures the general patterns of behavior and
where less emphasis is needed on point estimates that would achieve
high agreement in covariance estimates). However, in the case of soil
moisture, errors in covariance should be considered given the stochastic
nature of hydroclimate forcing at each particular location.

Additional calibration checks were made using the other core state
variables of the model, namely canopy-soil cover, soil nitrogen and
salinity content, and the critical soil physical and hydraulic properties,
including porosity, saturated conductivity, and soil matric potential. In
order to evaluate the model's adequacy to replicate behavior patterns
and structures in these variables but without data corresponding to the
soil moisture monitoring locations, we calibrate the model by running a
hypothetical crop growing season with similar soils and parameter
values as those found in the literature where observed data were used in
model development. In these cases, model simulations of a growing
season were compared to model outputs for soil moisture, crop canopy
cover, nitrogen, biomass and yield dynamics (Pelak et al., 2017), and
soil porosity and pore radii (Pelak and Porporato, 2019). To examine
the adequacy of underlying soil processes, sensitivity analyses were run
to examine the behavior of soil salinity to altering irrigation and
leakage rates (similar to Mau and Porporato, 2015), or for alternative
soil moisture levels that drive saturated hydraulic conductivity and soil
matric potential (similar to Pelak and Porporato, 2019). In the former,
irrigation and leakage rates were set to constant levels while salinity
was allowed to vary, while in the latter case, soil moisture as a per-
centage of field capacity was varied from 0 to 100 percent and con-
ductivity and matric potential responses were recorded.

2.10. Sensitivity analyses

After examining the calibration performance for each site, the
model was returned to its generic soil characteristics used during model

Figure 5. Locations in Texas, USA, and their associated geographic, soil, and precipitation characteristics used for model development, calibration, and evaluation
against observed data.
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development representing an agricultural soil similar to Pelak et al.,
(Pelak et al., 2017) for a variety of sensitivity analyses. The objective of
these tests were to examine the response patterns or characteristics of
key model structures to varying parameter value changes representing
alternative management schemes. In doing so, identification of para-
meters contributing to significant responses in model state variables is
possible while simultaneously insuring the model did not produce any
physically unrealistic results (e.g., negative soil moisture levels). Re-
sults of sensitivity simulations were compared to the base model results
using the statistical screening approach (Ford and Flynn, 2005), where
variations in input values are correlated to output responses for each
time step, t. This yields an estimate of correlation coefficient, r (which
can take on values from -1 to 1), at each time step, making it capable of
evaluating the relative strength that each input variable exerts on the
output variable over the length of the simulation, a useful approach for
evaluating the feedback loop strength that the input variables regulate
(and potential shifting dominance). For example, negative correlation
values indicate a negative or opposite polarity between input and
output variables (i.e., reductions in the input lead to increases in the
output). On the other hand, positive correlation values indicate a po-
sitive or reinforcing polarity (i.e., increases in on variable lead to sill
greater increases in another). Values closer to -1 indicate perfect ne-
gative polarity, while values nearer to +1 indicate perfect positive
polarity. If the coefficient of determination between the input and
output variables shifts from negative to positive, a shift in polarity may
have occurred.

Whereas several other works have examined the sensitivity of exo-
genous management inputs such as irrigation or fertilization
(Pelak et al., 2017) or endogenous factors such as salinity equations
(Mau and Porporato, 2015), here we present sensitivity analyses of
critical climate features, primarily precipitation, or management fea-
tures that influence the soil column that have not been well examined
in previous modeling work. To complete the sensitivity analyses, sev-
eral assumptions were made. For the climate test, namely alteration of
precipitation depth and frequencies, we assumed no irrigation to take
place in order to examine the response in crop water irrigation re-
quirements from changing precipitation patterns. Altering frequency
and depth of precipitation (+/- 25% from their base values of 1 per 40
days for mean event arrival time and 0.5c m for mean depth, respec-
tively) provided a pragmatic way to evaluate soil moisture dynamics
and the plant canopy productivity it supports, as well as the derived
irrigation demand (i.e., the estimated irrigation demand for crops that
would have been demanded given a particular management strategy).

The hypothetical irrigation system used from comparison was a
sprinkler irrigation system (subject to canopy interception and runoff
dynamics), where a relative soil moisture value of 40% of field capacity
would induce irrigation applications up to the target relative soil
moisture value of 60% of field capacity, irrigation application intervals
up to 10 days and no flush applications would be applied after the
growing season. For the remaining management tests, we assume that
such an irrigation scheme is in use while we vary salinity and crop
management factors. Each test is described below (and summarized in
Table 1).

Irrigation management factors, namely electrolyte concentration of
irrigation applications, the soil moisture level inducing irrigation ap-
plication, the target soil moisture level at which irrigation applications
cease, and the application interval (base value equal to 10 days) were
varied from the base irrigation scheme (just described) by +/-25% of
their initial base values.

Additionally, several important crop management factors were also
tested. Fertilization is a significant agroecosystem input as it facilitates
crop growth but is also a source of significant economic and environ-
mental cost (through leakage and runoff). To examine the tradeoff
between fertilization costs and benefits, fertilization was varied
+/-50% in fertilization rate (assuming 1 application at the beginning of
the growing season). Similar to fertilization, tillage is an important
management practice since it increases soil microporosity and provides
a large nutrient release at crop planting. However, consecutive tillage in
the longer-term can lead to subsurface compaction from increasing
equipment traffic in the field. To test the model sensitivity to potential
compaction from excessive tillage, we vary the soil porosity via a 50%
reduction in the initial porosity value. Alternative soil management
practices such as no-tillage system that reduce soil disturbance are
generally compensated for by the ability to better manage crop residue
on the soil surface as well as implement cover cropping systems. We
therefore examined the impact of no-tillage through the incorporation
of crop residue management (via reduction in canopy removal at time
of crop harvest from 100% of crop biomass to 50%) as well as im-
plementation of non-irrigated cover crops (via allowance of plant ca-
nopy growth outside of the ordinary growing season).

Finally, an increasingly important management practice has been
the installation of tile drainage networks to remove water where soils
are subject to periodic saturation due to rising water tables, a function
of snowmelt dynamics but primarily the proximity to low lying wet-
lands. We tested the impact of subsurface tile drainage installation via
an additional outflow from the soil column representing tile drain

Table 1
Summary of parameter and model structure changes used to facilitate sensitivity analysis, including the input variables or functions, initial parameterized values,
values or model modifications used during sensitivity analyses, and the nature of the simulation runs completed.

Input functions Initial parameterization Sensitivity values or model adjustment Sensitivity runs

Precipitation
Frequency (1/day) 1/40 +/-25% n=1000
Depth (cm) 0.5 +/-25%
Irrigation
electrolyte concentration in irrigation water

(mmol/L)
20 +/-25% n=1000

soil moisture level inducing irrigation
applications

40% of field capacity +/-25%

target soil moisture level ceasing irrigation
applications

60% of field capacity +/-25%

application interval (days) 10 +/-25%
Crop management
fertilization (kg/m2) 0.011 +/- 0.003 individual runs
subsurface compaction under tillage porosity, 0.43 0.215 individual runs
residue management under no-tillage 100% of crop biomass harvested 50% of crop biomass harvested individual runs
cover cropping under no-tillage no canopy growth outside the growing

season
possible canopy growth year round individual runs

tile drainage none additional outflow from soil moisture stock at depth of 45c m
and tile drain diameter of 7.5c m

individual runs
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releases, where the tile was installed at a depth of 45c m with a 7.5c m
diameter. In this case, the irrigation system is removed since moisture is
typically excessive due to water table rises (incorporated via capillary
rise of 0.05c m per day to represent these alternative soil moisture in-
flows that necessitate drainage). Each of these sensitivity simulations
provided a means of evaluating model performance while simulta-
neously gleaning important insights regarding the potential impact that
individual alternative management strategies may have on the overall
soil moisture and nutrient dynamics arising from common agroeco-
systems (via quantifying strength of influence of input parameters on
output variables through statistical screening (Ford and Flynn, 2005).

3. Results

3.1. Calibration results

Overall, the model was adequately replicated the soil moisture
evolution under varying soil physical and climatic conditions (Table 2
and Figure 6). Accuracy, measured by mean bias (in soil moisture
percentage terms) was extremely high (mean of 0.008%), and precision
estimates were excellent for two sites (Edinburg and Palestine), fair for
one site (Seymour), and low for one site that did not have a re-
presentative 365 day sample (Freeman Ranch; mean r2 value given all
sites = 0.67). Behavior-over-time graphs for the model generated data
compared to observed soil moisture levels as well as the evolution of
each Theil Inequality Statistic are provided (Figure 6). The noteworthy
discrepancies between observations and model predictions for each
specific site are discussed below.

The major errors associated with the Edinburg and Freeman Ranch
simulations occurred later in the simulation. In Edinburg, this began
with several precipitation events occurring at different days between
day 240 and 310. After day 275, the model simulated soil moisture did
not decline at as rapid a rate as the observed time series, indicating that
moisture losses (or outflows) were smaller in the model than in the real
world. This was likely due in part to the timing of precipitation events
but also to the specification of soil evaporation for the ending months at
this site was too low. Because of this, the contribution of errors in mean
to total model errors rose sharply until the end of the simulation period
(or growing season). Data for the Freeman Ranch were the scarcest,
leading to fewer days of allowable comparison. For the days we did
compare, discrepancies indicated that the observed and predicted time-
series both peak at similar points corresponding to precipitation events,
the slope of the recession limb post precipitation was much steeper in
the observed data, indicating that the outflows in the model may not be
increasing at the appropriate rate, especially near the end of the si-
mulation (or growing season, similar to the Edinburg location). The
results of the Edinburg and Freeman Ranch simulations illustrated a)
the trade-off between accuracy of the mean and covariance estimates
that arise in any simulation; and b) evapotranspiration demand is likely
higher at this site at the end of the year due to other environmental
factors not included in the model.

Both the Palestine and Seymour simulations showed high agreement
with the observed dynamics of those locations. Unlike the previous two

sites, where the moisture outflows were not high enough to ‘drain’ the
soil moisture stock as quickly as the observed record, the outflows for
the Palestine and Seymour cases seem to be very well matched (i.e.,
similar moisture regression slopes regardless of precipitation event).
The Palestine and Seymour simulations appeared to be the best behaved
compared to the observed data, but several discrepancies may be found
in either case. In the Palestine site, peaks of soil moisture tend to be
somewhat lower or higher compared to the historical data while the
slope of soil moisture drawdowns remain consistent. Therefore, the
major errors associated with this run were likely the mismatch between
location of precipitation events driving the soil moisture as well as
parameterization of infiltration and runoff, but given the overall esti-
mates for errors in the mean and variance, such improvements may not
yield significant gains in model performance. The Seymour site appears
to be the model that is the best behaved. Most of the error resides in the
covariance fraction. Comparing the observed and predicted data, there
are some discrepancies between the timing of precipitation events re-
levant to the site (e.g., days 57-85; days 183-211; etc.). There is likely
minimal parameterization improvements needed for the Seymour
model other than having a precipitation record closer to the soil ob-
servation point.

Importantly, the integrated model was able to replicate behavior
patterns in critical state variables across model components for a hy-
pothetical crop growing season (Figure 7). Soil moisture evolution re-
sponse to a given precipitation and irrigation sequence (Figure 7a)
exhibited similar correspondence a similar ecohydrologic model, while
crop canopy cover exhibited logistic growth patterns (Figure 7b;
planting time = 120 days) similar to Pelak et al., (Pelak et al., 2017).
Tillage, which generally occurs just prior to crop planting dates, created
additional pore space via increase soil pore radii (Figure 7c and d),
which gradually collapsed over the growing season as soil properties
revert back to pre-tillage conditions (Pelak and Porporato, 2019). Ni-
trogen uptake (Figure 7e) mimicked crop canopy, since nitrogen fuels
accelerated crop growth up to the point of maturity, at which time
nutritent uptake begins to decline (Pelak et al., 2017), while crop bio-
mass and yield continue to grow until harvest (harvest time = 270
days; Figure 7f). Meanwhile, salt concentration accumulated in the soil
column driven by irrigation rate and leachage fraction (defined as the
fraction of irrigation applications that infiltrate below the rooting zone)
expressed similar nonlinear behaviors as Mau and Porporato (Mau and
Porporato, 2015) (Figure 7g). Additionally, varying soil moisture levels
had the appropriate response on hydraulic conductivity (Figure 8a) and
matric potential (Figure 8b).

3.2. Sensitivity analyses

3.2.1. Precipitation frequency and depth
The purpose of the precipitation sensitivity test was to evaluate the

robustness of the model to alternative values of precipitation by varying
mean rainfall arrival times and depths. The precipitation sensitivity test
had large, significant effects on soil moisture and therefore the derived
irrigation demand (Figure 9). In this particular test, rainfall was varied
from its parameterization of a semi-arid precipitation regime up to very
humid or down to extremely arid regimes, evidenced by the large
variation in soil moisture (Figure 9a). Of the two factors, arrival time
had a higher correlation r compared to precipitation depth (0.52 vs
0.24; Table 3 and Figure 9b), indicating that precipitation mean arrival
time was more influential in regulating higher soil moisture levels that
mean precipitation depths. The same effect was also observed in
average soil moisture (Figure 9c and d). In terms of derived irrigation
demand, the mean volume of irrigation that would have been de-
manded (assuming spray irrigation induced at 40% of field capacity,
continuing until the target soil moisture level of 60% of field capacity is
reached) was 110cm (Figure 9e). Similar to the soil moisture estimates,
frequency or mean arrival time was more influential than mean pre-
cipitation depth (i.e., as mean arrival time was shortened, derived

Table 2
Summary of calibration and statistical measures used for model evaluation.

Theil Values
Site Coefficient of

Determination, r2
Mean Bias (%
soil moisture)

Um Us Uc

Edinburg 0.61 0.013 0.39 0.19 0.58
Freeman

Ranch*
0.54 0.027 0.23 0.16 0.60

Palestine 0.79 -0.007 0.04 0.00 0.96
Seymour 0.72 -0.001 0.00 0.04 0.96

*n=290 rather than 365
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irrigation demand decreased; Table 3, Figure 9f).

3.2.2. Irrigation management tests
The purpose of the irrigation management sensitivity test was to

evaluate the probable responses of key system characteristics to altered

irrigation management criteria: irrigation threshold (i.e., the soil
moisture level that induces irrigation applications), the electrolyte
concentration of each irrigation application, the irrigation interval (i.e.,
days between applications), and the target soil moisture level that
ceases applications. Altered behavior patterns in response variables are

Figure 6. Behavior-over-time graphs in soil moisture evolution at each site (left panel) displaying observed (obs) and model predicted (pre) soil moisture expressed
as a fraction of the soil field capacity, alongside the evolution of Theil Inequality Statistics (i.e., percentage of the model's error term arising from differences in
observed and predicted mean, variance, and covariance; right panel) for each of the four sites.
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shown in Figure 10 while ending CC values between input value
changes and responses in model are shown in Table 3. No changes in
soil moisture occur until the start of the growing season and irrigation
applications begin near day 120 (Figure 10a). The majority of simula-
tions occurred within +/-25% of the mean soil moisture level.

Depending on the particular input combination, cumulative irrigation
ranged between 25 and 40c m, with the majority of simulations oc-
curring within +/-33% of the mean irrigation level (Figure 10b). Al-
though canopy cover varied throughout the growing season in response
to moisture availability, the ending canopy cover values were within

Figure 7. Summary table of sensitivity results from each management test. Mean values at the end of test simulation (day 365) are shown with the percentage
difference from the base case below. Given the -1.9% mean bias in model generated data for soil moisture (Table 2) that drives the remaining dynamics, values
resulting in absolute value of percentage differences greater than the base case, denoted *, indicate the given test created significant behavioral differences from the
base case.
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Figure 8. Replication of empirical non-linear relationships from model outputs for hydraulic conductivity (panel a) and matric potential (panel b).

Figure 9. Sensitivity plots for precipitation sensitivity runs (n=1000 simulations, left-side panels) and the associated behaviors in correlation coefficients between
mean precipitation arrival times and depths indicating strength of precipitation parameters on resulting dynamics (right side panels) for soil moisture evolution
(panels a and b), mean soil moisture (panels c and d), and derived irrigation demand (panels e and f).
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10% of the mean cover (Figure 10c). Electrolyte concentration, a
function of irrigation applications and the salt concentration therein,
mimicked the response of cumulative irrigation (Figure 10d). Because
of the irrigation strategy maintained soil moisture levels greater than
what would have been achieved without it, both mean soil moisture
(Figure 10e) and yield (Figure 10f) showed less variability than did the
other parameters.

Of the irrigation sensitivity parameters, irrigation threshold had the
strongest influence on soil moisture (CC=0.44) and yield (CC=0.33)
(Table 3), since raising irrigation threshold would induce irrigation
applications earlier, reducing the likelihood of soil moisture becoming a
crop growth limiting factor. However, a trade-off was observed between
soil moisture and yield with profit, since increased irrigation threshold
created greater irrigation applications (CC=0.44), which led to in-
creased costs that necessarily reduced profits (CC=-0.44). Similarly,
raising the target soil moisture level led to increased irrigation levels
(CC=0.75) and therefore costs, which profitability (CC=-0.83)
(Table 3). Electrolyte concentration in irrigation water had little impact
on soil and crop parameters except for the soil salt concentration (0.81)
at the end of the growing season. The influence of irrigation application
interval (days) was consistent across soil and crop factors (with CC
values ranging from 0.09 to 0.13) but did not as significantly influence
any particular factor as the other irrigation parameters (Table 3).

3.2.3. Crop management tests
The purpose of the crop management sensitivity tests was to eval-

uate changes in soil and crop system behaviors to alternative manage-
ment practices employed in various agroecosystems. The most common
of these practices is fertilization. Reducing fertilization rates 50% from
the base case (0.011k g/m2) led to reduced crop transpiration, yield and
profit (Figure 11). Because of the reduced transpiration, mean soil
moisture was higher than in the base case (Table 4). On the other hand,
increasing fertilization led to greater transpiration (due to crop growth
rates unhindered by nutrient availability), yield and profit (Figure 11),
with a corresponding decrease in mean soil moisture (Table 4).

The influence of tillage, if excessive to the point to create a com-
pacted subsurface soil column, significantly reduced soil moisture
(Figure 12a), infiltration rates (Figure 12b), mean soil moisture, yields,
and profits (Table 4).

Two no-till scenarios, one with crop residue management and one
with non-irrigated cover crops, revealed divergent dynamics (Table 4).
Incorporation of crop residue increased soil moisture levels 10.7% over
the base case (Figure 12c) compared to the cover crop scenario of
0.79%, respectively (Figure 12e). This was due in large part to the in-
creased transpiration, canopy cover, and yield under the cover crop
scenario that was not present in the crop residue scenario (Table 4;
Figure 12d and f).

For those systems where excessive moisture becomes a problem,
installation of tile drainage is a common practice used to manage water
in the soil column. The tile drainage scenario, which did not include
irrigation due to excessive moisture of rising water tables, did reduce
soil moisture as well as the evapotranspiration dynamics (Table 4;
Figure 12g). Although yield and profitability were also reduced com-
pared to the base case, in reality where these soils necessitating drai-
nage exist, yield and profitability prior to drainage are effectively zero.
Therefore, the percentage changes for yield and profit under drainage
are not shown – so long as the annualized cost of tile drain installation
does not outweigh expected crop profit margins per unit area, it would
be economically justifiable to tile (Table 4).

The resulting evapotranspiration dynamics for each of the crop
management tests revealed unique evolutions in the soil water balance
(Figure 13). Although the peaks rates of ET under compaction were
similar to that of the no-till scenarios, it was also more variable
(Figure 13a), contributing to lower yields and profits (Table 4). Be-
tween the no-till scenarios, managing for crop residue produced greater
mean soil moisture compared to cover cropping (Table 4), since ET wasTa
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significantly less during times of the year outside of the growing season
(Figure 13b) compared to the cover crop, whose transpiration rate year
round (Figure 13c) drew down soil moisture levels. Finally, the influ-
ence of tile drainage created a unique soil moisture evolution given
rising water tables (Figure 13d). With drainage, soil moisture was
maintained near its average condition, which constrained ET both
within and outside of the growing season.

4. Discussion

Soil systems form the foundation of agroecosystems that society
relies on for the production of food, feed, and bioenergy, and as such,
the functioning of soil processes are critical for meeting the growing
demands of population growth. As agricultural production attempts to
expand via both intensification (i.e., increasing efficiency and pro-
ductivity on existing agricultural lands) and extensification (i.e., in-
creasing the land use devoted to agriculture), soil functions and pro-
cesses will become increasingly stressed due to a number of unintended

consequences, such as erosion, reduction in water holding capacity, loss
of soil organic carbon, excessive fertilization and water runoff con-
tamination, and soil salinization, among other externalities. Variability
in hydro-climate forcing adds to the already complex nature and be-
havior of soil systems.

This paper presented a soil system dynamics model, grounded in soil
moisture dynamics applications stemming from the field of ecohy-
drology, that demonstrated the ability to integrate soil water and nu-
trient processes and cross-cut multiple agroecosystem management
strategies, primarily irrigation, fertilization, and crop management
techniques including cover cropping and various tillage practices. The
model included core state variables for soil moisture, nitrogen, and
salinity, crop canopy cover and soil ground cover, and crop system
profitability. The relationships between these components were quan-
tified and parameterized using parsimonious assumptions and lever-
aging existing ecohydrologic modeling frameworks from a multitude of
sources. The calibration results efficiently replicated observed soil
moisture dynamics for a variety of soil types, while other measures or

Figure 10. Sensitivity plots for the irrigation management sensitivity trials (n=1000 simulations) in which the soil moisture level inducing irrigation (irrigation
threshold), the electrolyte concentration in irrigation water, the irrigation interval, and the target soil moisture level were varied, illustrating the mean response and
+/- two standard deviations from the mean for soil moisture (panel a), cumulative irrigation (panel b), canopy cover (panel c), soil electrolyte concentration (panel
d), mean soil moisture (panel e), and crop yield (panel f).
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relationships (e.g., nitrogen dynamics, canopy cover, soil hydraulic
conductivity and matric potential) produced by the model matched
extremely closely to observed or modeled expectations in the literature.

Using a variety of model tests, we examined the response in soil
system behaviors to varying precipitation, irrigation, and crop man-
agement factors to identify critical feedback linkages between system
components. Some of the response patterns were expected and build
additional confidence in the model structure. For example, increasing
frequency and depth of precipitation reduced irrigation demand (and
therefore costs), increased mean soil moisture and yields, resulting in
improved profitability. On the other hand, altering irrigation decision
parameters resulted in important soil resource and economic outcomes.
Reducing the soil moisture level that induces irrigation and the target
soil moisture level led to similar reductions in soil moisture and yield
(of the two, the soil moisture level inducing irrigation was more sig-
nificant), but increased profitability due to the reduced irrigation costs.

These effects help up regardless of irrigation application interval, im-
plying that moisture levels inducing irrigation applications be set as low
as possible (e.g., near to s*) and that the target soil moisture level be
determined by the ease of application (e.g., just above s* for drip- or
micro-irrigation systems or sfc for spray or flood irrigation systems).
Although previous model studies focused less on the type of irrigation
system, the convergence on s* as an optimal point was also identified by
Pelak et al., 2017.

Specifically regarding crop management tests, increasing or de-
creasing fertilization rate led to corresponding increases or decreases in
soil moisture, driven by the changes in transpiration (greater fertiliza-
tion led to greater crop biomass, which transpired more moisture). Or
consider soil compaction, a common symptom impacting many agroe-
cosystems due to excessive surface disturbances that compress soil pore
space. Under the soil compaction test, significant reductions were ob-
served in mean soil moisture, evapotranspiration dynamics, yield, and

Figure 11. Resulting dynamics of the fertilizer sensitivity test (+/-50% of the base fertilizer rate of 0.011k g m2) on soil nitrogen content (panel a), crop yield (panel
b), and profitability (panel c).

Table 4
Summary table of sensitivity results from each management test. Mean values at the end of test simulation (day 365) are shown with the percentage difference from
the base case below. Given the -1.9% mean bias in model generated data for soil moisture (Table 3) that drives the remaining dynamics, values resulting in absolute
value of percentage differences greater than the base case, denoted *, indicate the given test created significant behavioral differences from the base case.

Test mean soil moisture (cm) cumulative E (cm) cumulative T (cm) yield (kg m2) profit ($/ha)

base 8.88 29.38 37.00 1.30 600.92
fertilization rate (-50%) 9.19* 32.51* 34.27* 1.12* 339.01*

3.49% 10.65% -7.38% -13.85% -43.58%
fertilization rate (+50%) 8.78 27.88* 38.74* 1.44* 777.25*

-1.13% -5.11% 4.70% 10.77% 29.34%
compaction 4.70* 32.07* 36.60 1.27* 564.64*

-47.07% 9.16% -1.08% -2.31% -6.04%
no-till, with residue management 9.83* 33.90* 41.90* 1.43* 722.40*

10.70% 15.38% 13.24% 10.00% 20.22%
no-till, with cover cropping 8.95 24.70* 56.58* 1.78* 1156.90*

0.79% -15.93% 52.92% 36.92% 92.52%
tile drainage 5.81* 23.80* 22.19* 1.11* 1367.61*

-34.57% -18.99% -40.03% -14.62% 127.59%
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profit. Overcoming compaction issues and maintaining adequate pore
space for soil water infiltration and storage capacity requires fewer
disturbances (such as no-tillage cultivation practices), cover cropping
that increases rooting activity and aids in soil aggregation, or some
combination of the two. Despite increasing scientific and anecdotal

managerial evidence regarding the benefits of no-till or cover crop
practices in cultivated systems, adoption of such practices remain slow
(less than 20% in the United States, United States Department of
Agriculture 2017). This may be due to reluctance to change tillage
practices due to high investment costs for equipment (in the case of no-

Figure 12. Results of the crop management test, illustrating changes in dynamics of soil moisture and infiltration rates from the base case (conventional tillage) due
to compaction (panels a and b), and soil moisture and canopy cover under no-till with 50% residual crop biomass (panels c and d), no till with cover cropping (panels
e and f), and tile drainage (without irrigation; panels g and h).
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tillage adoption) or concern that residual soil moisture at the beginning
of the cash crop growing season will be lower than optimal due to in-
crease ET induced during the off season (in the case of cover crop
adoption). In either case, the model results showed that no-till with
residue management or no-till with cover cropping both significantly
increased yield and profitability (with cover cropping being the most
profitable and 60% greater than no-till with residue management only).
In terms of soil moisture, both strategies increased mean soil moisture
levels, but only the no-till with residue management was significantly
greater than the base case. For agricultural soils similar to those used to
parameterize the model for testing, results here show that the benefits
in yield and profitability could far outweigh any trade-offs in soil
moisture dynamics. Lastly, tile drainage, which is increasingly used in
agroecosystems prone to water table rises, in or near wetlands, or other
low lying areas, did significantly reduce soil moisture (as well as ET
dynamics and plant biomass), but did lead to significant increases in
profitability. This provides some economic justification as to why many
regions that have experienced recent rapid growth in drain tile in-
stallations, including in the grain belt of the United States, despite
potential water runoff and quality issues that may arise.

Like traditional ecohydrologic models, the rooting dynamics of
various plant or crop types (e.g., shallow vs deep, tap vs fibrous) and
the effect that various rooting strategies have on soil aggregation dy-
namics was not well parameterized and remains an area for future
model improvement, especially given the important role that soil ag-
gregation has in regulating soil moisture dynamics (along with inherent
soil porosity and depth). Unlike ecohydrologic models, however, we
include the transition from canopy cover to soil cover, which facilitated
reincorporation of nutrients into the soil column as organic matter is
turned over. This provides a clear link to expand the model boundary to
include soil microbiology dynamics (i.e., the soil food-web), which
would provide a means to scientifically evaluate the physical, chemical,
and biological trade-offs that exist in managing the soil processes and
function given the variety of goals and constraints of various agroeco-
system structures. Although the model data presented here represented

one year at four locations, the model can be simulated for longer time
horizons. Preliminary analyses of the long-term (10 year) evolution in
soil moisture and other state variables using alternative precipitation
and climate parameters indicate the resulting behavior patterns to be
robust, however, when feedbacks between management strategies were
included, novel behavior patterns in soil moisture, canopy cover, and
nutrient dynamics emerge (results not reported here; refining this
analysis is the focus of future work described below).

Modeling complex, coupled natural-human systems, including
agroecosystems, remains an important inter- and transdisciplinary re-
search area that requires additional effort and attention given the
nature of 21st century problems related to agricultural production.
Future extensions of this model will require expansion of the model
boundaries to include additional irrigation, fertilization, and crop
management decision making factors. These may include how produ-
cers respond to market or policy signals regarding production decisions
(e.g., crop type, planting and harvest dates, environmental penalties
due to nutrient leakage, etc.). Even more interesting will be to expand
the endogenous decision making factors to examine how those feed-
backs may alter optimal input strategies. For example, regions under-
going extensification may see fertilization rates increase above the
optimal fertilizer rates to compensate for the lower soil quality soils of
newly planted lands that are less suitable for crop production
(Alexander et al., 2015, Carpenter et al., 1998, Matson et al., 1997,
Tilman et al., 2002, Turner et al., 2018a; Turner et al., 2018b). Simi-
larly, irrigation strategies may be altered from the optimal irrigation
rates due to the nature and distribution of water rights. If producers’
water rights for allocations will be reduced or removed due to lower
water use (potentially stemming from increased production efficiency),
then the observed irrigation strategy will likely be higher than the
optimal strategy, leading to greater water use and reduced profitability
per unit output. On the other hand, where water rights are less clearly
defined, producers may opportunistically seek to increase water use as a
competitive strategy to out produce competitors or secure a claim to the
right based on historical use. A fuller examination of these decision-

Figure 13. Resulting evapotranspiration dynamics from varying crop and soil management parameters accounting for compaction (panel a), no-till with residue
management (panel b), no-till with cover cropping (panel c), and tile drainage (panel d); T=transpiration, E=evaporation, and ET= evapotranspiration (T + E).
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making tradeoffs is needed, which will be explored in future applica-
tions of the model presented here and described in a companion paper.

5. Conclusion

Effective agricultural systems management requires the knowledge
and ability to examine and understand, evaluate, and then manage the
complex, dynamic (often non-linear) trade-offs that exist at the struc-
tural-level of agroecosystems, including soil systems. The soil system
dynamics model presented here demonstrated the complex, feedback
driven relationships that lie at the center of many soil and resource
management problems relevant to agroecosystem management today,
namely, the soil moisture-nutrient-plant canopy feedbacks that give rise
to the non-linear characteristics of soil moisture and nutrient evolution
and crop performance outcomes. Mathematical modeling of such fea-
tures in agricultural systems remains an area of much needed devel-
opment if we are to improve our understanding of and ability to
manage complex resource management problems (e.g., irrigation, fer-
tilization, soil salinity, soil erosion and/or compaction, etc.) that con-
tinue to plague agroecosystems around the world. An important feed-
back process not explicitly included in the model here is the problem of
managerial feedback that captures how managers typically respond to
agroecosystem challenges (e.g., over-irrigation or over-fertilization;
reluctance to adopt no-till or cover crop practices). In such problems,

modeling efforts require a broader, interdisciplinary perspective be-
yond the soil system dynamics that include the psychological factors
that lead to specific managerial decisions. Modeling efforts that com-
bine those relationships described here with the human dimensions that
drive decision-making will help provide a more comprehensive, accu-
rate representation of real-world problems and provide a more solid
foundation for evaluating the effectiveness of proposed agricultural
policies and strategies aimed at addressing pressing agricultural re-
source management problems.
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Appendix A

Table A1.

Table A1
Summary of key parameter symbols used throughout the text, including description of the parameter, its value (if a constant) and units, and scientific source from
which it was replicated (if applicable).

List of symbols Description Value Units Source Model or Reference Material

a scaling parameter - dmnl
B crop biomass - kg/m2 (Pelak et al., 2017)
be the power law exponent - dmnl (Pelak and Porporato, 2019)
bc the parameter value at OM equal to 0 0.9 dmnl (Pelak and Porporato, 2019)
C crop canopy cover, the percentage of soil surface

covered
- dmnl (Pelak et al., 2017)

CEC Cation Exchange Capacity - mmol/gram (Mau and Porporato, 2015)
Clc the fraction of canopy becoming surface material - dmnl
Clt time to litter fall 30 day
Cs surface tension of water 0.072 Newton/m
Ctt plant litter turnover time 90 day
D natural deposition rate (assumed constant) 15×10−6 kg/m2/day (Pelak et al., 2017)
d an empirically derived parameter value for the

exponential term for saturated conductivity
13 dmnl (Brooks and Corey, 1964, Rodriguez-Iturbe and Porporato, 2004)

dr change in radii - μm (Pelak and Porporato, 2019)
E evaporation rate - cm/day (Laio et al., 2001a, Laio et al., 2001b, Porporato et al., 2015, Porporato

et al., 2001, Rodriguez-Iturbe et al., 2001)
Eb baseline evaporation coefficient 1.1 dmnl
ESP Exchangeable Sodium Percentage - dmnl (Mau and Porporato, 2015)
ESR Exchangeable Sodium Ratio - mmol/L (Mau and Porporato, 2015)
ET Coupled water losses form evaporation and transpiration - cm/day (Laio et al., 2001a, Laio et al., 2001b, Porporato et al., 2015, Porporato

et al., 2001, Rodriguez-Iturbe et al., 2001)
ET0 potential evapotranspiration - cm/day (Hargreaves, 1975, Hargreaves and Allen, 2003)
ETlsw water stress coefficient due to limited soil water

availability
- cm/day (Porporato et al., 2001), Porporato et al 2005, (Laio et al., 2001a,

Laio et al., 2001b, Pelak et al., 2017, Rodriguez-Iturbe et al., 2001)
Etw reduced evapotranspiration rate under wilting

conditions
- cm/day (Porporato et al., 2001), Porporato et al 2005, (Laio et al., 2001a,

Laio et al., 2001b, Pelak et al., 2017, Rodriguez-Iturbe et al., 2001)
ExNa fraction of sodium in the exchange complex - dmnl (Mau and Porporato, 2015)
f pore size distribution - μm (Pelak and Porporato, 2019)
F fertilization rate at time t of fertilizer application - kg/m2/day (Pelak et al., 2017)
f(η) limitation of nitrogen uptake beyond the critical

threshold
0.054 kg/m2/day (Pelak et al., 2017)

G canopy growth rate - 1/day (Pelak et al., 2017)
Ge Empirically derived value following the Hagen-

Poiseuille equation for porous flow
1/8 dmnl (Brutsaert, 2005, Pelak and Porporato, 2019)

H Harvest - kg/m2/day (Pelak et al., 2017)
hi harvest index 0.5 dmnl (Pelak et al., 2017)

(continued on next page)
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Table A1 (continued)

List of symbols Description Value Units Source Model or Reference Material

Hd day of harvest 270 day (Pelak et al., 2017)
Hv percentage of biomass removed 1 dmnl
I irrigation applications - cm/day (Porporato et al., 2015, Vico and Porporato, 2011a, Vico and

Porporato, 2011b)
K hydraulic conductivity - m/day (Brooks and Corey, 1964, Rodriguez-Iturbe and Porporato, 2004)
kb the rate of soil particle settling 0.001 dmnl (Pelak and Porporato, 2019)
Kcb basal crop coefficient 1.03 dmnl (Allen et al., 1998)
Kg Gapon selectivity coefficient 0.0147−1/2 mmol/L (Mau and Porporato, 2015)
Kr(S) evaporation reduction coefficient - dmnl (Pelak et al., 2017)
Ksat saturated hydraulic conductivity - m/day (Brooks and Corey, 1964, Rodriguez-Iturbe and Porporato, 2004)
L leakage term used in N balance equation - kg/m/day (Pelak et al., 2017)
li irrigation intervention threshold expressed as a soil

moisture percentage of field capacity
- dmnl (Vico and Porporato, 2011a, Vico and Porporato, 2011b)

lt target soil moisture level expressed as a soil moisture
percentage of field capacity

- dmnl (Vico and Porporato, 2011a, Vico and Porporato, 2011b)

LT litter turnover - 1/day
m source-sink term (gain or loss of pores at given radius, r) - μm/day (Pelak and Porporato, 2019)
M metabolic and senescence rate - 1/day (Pelak et al., 2017)
M mass of dry soil 2.41e+006 kg/m3 (Mau and Porporato, 2015)
n soil porosity 0.43 dmnl (Porporato et al., 2001), Porporato et al 2005, (Laio et al., 2001a,

Laio et al., 2001b, Pelak et al., 2017, Rodriguez-Iturbe et al., 2001)
Nc total mineral nitrogen level per unit area soil - kg/m2 (Pelak et al., 2017)
OM (SOM) soil organic matter - kg/m3 (Pelak and Porporato, 2019)
P price per unit of crop 0.15 $/kg
Q(S(t) represents the coupled losses from runoff and

percolation below the rooting zone Zr,
- cm/day (Porporato et al., 2001), Porporato et al 2005, (Laio et al., 2001a,

Laio et al., 2001b, Pelak et al., 2017, Rodriguez-Iturbe et al., 2001)
qs salt dissolved in water in the soil column - mmol/L (Mau and Porporato, 2015)
r soil pore radius - μm (Pelak and Porporato, 2019)
R(t) inflow of rainfall over time - cm/day (Laio et al., 2001a, Laio et al., 2001b, Porporato et al., 2015, Porporato

et al., 2001, Rodriguez-Iturbe et al., 2001)
rb the ratio of the parameter value in an untilled state to

the base value
0.9 dmnl (Pelak and Porporato, 2019)

rg represents a scaler of canopy cover growth per unit of
nitrogen utilization

560 m2/kg (Pelak et al., 2017)

rm the metabolic constant used in plant senescence 0.2 1/day (Pelak et al., 2017)
Rm(t) maximum effective pore radius - μm (Pelak and Porporato, 2019)
S Soil moisture expressed as percentage of field capacity - dmnl (Porporato et al., 2001), Porporato et al 2005, (Laio et al., 2001a,

Laio et al., 2001b, Pelak et al., 2017, Rodriguez-Iturbe et al., 2001)
S* soil moisture value below which plants become stressed

and begin stomatal closure
0.46 dmnl (Porporato et al., 2001), Porporato et al 2005, (Laio et al., 2001a,

Laio et al., 2001b, Pelak et al., 2017, Rodriguez-Iturbe et al., 2001)
SAR Sodium absorption ratio - mmol/L (Mau and Porporato, 2015)
sfc Full soil moisture saturation - cm (Porporato et al., 2001), Porporato et al 2005, (Laio et al., 2001a,

Laio et al., 2001b, Pelak et al., 2017, Rodriguez-Iturbe et al., 2001)
sh the soil moisture value crossing the plant hygroscopic

point beyond which moisture losses cease
0.14 dmnl (Porporato et al., 2001), Porporato et al 2005, (Laio et al., 2001a,

Laio et al., 2001b, Pelak et al., 2017, Rodriguez-Iturbe et al., 2001)
Sw soil moisture value inducing plant wilting point 0.18 dmnl (Porporato et al., 2001), Porporato et al 2005, (Laio et al., 2001a,

Laio et al., 2001b, Pelak et al., 2017, Rodriguez-Iturbe et al., 2001)
T transpiration - cm/day (Pelak et al., 2017)
tsen estimated time of senescence 275 day (Pelak et al., 2017)
ttd time since tillage in days - day (Pelak and Porporato, 2019)
U nitrogen uptake by plant - kg/m2/day (Pelak et al., 2017)
v soil drift term for shrinking pore radii - μm (Pelak and Porporato, 2019)
V the dissolved salt concentration - mmol/L (Mau and Porporato, 2015)
Vi salt concentration in irrigation water 1 mmol/L (Mau and Porporato, 2015)
w* volumetric water content. - L/m2 (Mau and Porporato, 2015)
x cations in the exchange complex - mmol/gram (Mau and Porporato, 2015)
Y yield - kg/m2 (Pelak et al., 2017)
Zr soil depth 90 cm (Porporato et al., 2001), Porporato et al 2005, (Laio et al., 2001a,

Laio et al., 2001b, Rodriguez-Iturbe et al., 2001)
γ slope of the senescence curve post-tsen 0.005 1/day (Pelak et al., 2017)
γb management factor used in the b term - dmnl (Pelak and Porporato, 2019)
γw specific weight of water 0.001 kg/cm3 (Pelak and Porporato, 2019)
η nitrogen content of soil moisture 1 kg/m2 (Pelak et al., 2017)
ηc critical threshold of nitrogen beyond which plant uptake

does not occur
1 kg/m3/day (Pelak et al., 2017)

Θ step function that causes crop canopy senescence to
begin

- 1/day (Pelak et al., 2017)

μ dynamic viscosity of water 8.9×10−4 Pa (Pelak and Porporato, 2019)
σb slope of the b-OM relationship -0.001 dmnl (Pelak and Porporato, 2019)
ψs matric potential - MPa (Pelak and Porporato, 2019)
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