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Abstract: Leaching of nitrate (NO3
–) to groundwater is a major concern in California, where 

groundwater NO3
– levels often exceed public safe drinking water thresholds. The state has 

enacted legislation to implement monitoring programs and management plans that will min-
imize future NO3

– loadings to groundwater based on modeled NO3
– leaching; however, a 

need remains for empirical NO3
– leaching data and assessment of model suitability to spe-

cific systems. Moreover, debate remains around the ability of different management practices 
like cover cropping, replacement of chemicals with organic inputs, and cultivating perenni-
als to reduce NO3

– leaching in California’s annual vegetable systems. We measured winter 
NO3

– leaching over the wintery rainy season (October to March) within systems of the 
Century Experiment, a long-term cropping systems experiment in northern California eval-
uating effects of cover cropping, certified organic management, and alfalfa (Medicago sativa L.) 
incorporation in tomato (Lycopersicon esculentum Mill.)–maize (Zea mays L.) rotations. Anion 
exchange resin bags were installed at the bottom of the crop rooting zone (~65 cm) fol-
lowing tomato and prior to the onset of fall rains to adsorb leaching NO3

– over the winter. 
Empirical resin bag NO3

– leaching values were compared to modeled leaching results using 
HYDRUS-1D, which estimates water movement and reactive solute transport in soils. The 
rotation with alfalfa was the only system that reduced winter NO3

– leaching (21.8 kg ha–1), 
compared to conventional management (bare winter fallow after tomato) (47.1 kg ha–1). 
Compared to conventional, certified organic management (44.7 kg ha–1) and inclusion of a 
winter cover crop (58.2 kg ha–1) had no significant impact on NO3

– leaching. HYDRUS-1D 
model estimates for NO3

– leaching were in good agreement with empirical field measure-
ments in conventional and cover cropped systems, but less for certified organic and greater for 
the alfalfa systems. Results from this study show that perennial crops have potential to mitigate 
NO3

– leaching losses across an agricultural landscape, and models like HYDRUS can provide 
useful estimates of NO3

– leaching in some agricultural systems.
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Nitrogen (N) in agronomic systems is 
essential for plant growth. The application 
of N fertilizer, either organic or inorganic, 
is often needed to meet crop N demands. 
In addition, the timing of N application 
and N availability with crop N demand is 
critical (Cassman et al. 2002; Sainju 2017). 
Asynchronous release of available N rela-
tive to crop N demand can result in reduced 

crop yields or excess N being lost from the 
system (Cassman et al. 2002; Gardner and 
Drinkwater 2009). One major loss path-
way for soil N not taken up by the crop or 
immobilized by microorganisms is nitrate 
(NO3

–) leaching. Leaching of NO3
– from 

agronomic systems is an environmental and 
human health concern (Ward et al. 2005; 
Rosenstock et al. 2014). Drinking ground-

water with high levels of NO3
– can cause 

adverse human health effects, especially in 
infants under six months (Ward et al. 2005). 
With the Safe Drinking Water Act, the US 
Environmental Protection Agency (USEPA) 
established regulatory guidelines for NO3

– in 
drinking water systems and set a maximum 
contaminant level (MCL) for NO3

– as N in 
drinking water at 10 mg L–1 (USEPA 2018).  

Leaching of NO3
– to groundwater is a 

major concern in California (Harter et al. 
2012; Viers et al. 2012; Rosenstock et al. 
2014). Based on export markets across all 
commodities, California is the largest agri-
cultural producer and exporter in the United 
States (CDFA 2018). High fertilizer inputs 
are often needed to achieve this level of 
production (Rosenstock et al. 2014). The 
most productive regions, such as the Central 
Coast and the Central Valley, are prone to 
greater amounts of NO3

– leaching (Harter 
et al. 2012; Viers et al. 2012; Rosenstock et 
al. 2014), and groundwater NO3

– levels often 
exceed regulatory levels (Harter et al. 2012). 
When fertilizer N is applied efficiently and 
doesn’t exceed the plant’s needs, then there 
is less accumulated N in the root zone avail-
able for leaching. In contrast, when applied 
fertilizer N exceeds the plant’s needs, N 
can accumulate in the root zone and leach 
during irrigation or rainfall. State legislation 
like Senate Bill X2 1 (Perata) (Water Code 
Section 83002.5) has been developed to 
assess major sources of NO3

– in California’s 
drinking water and eventually implement 
monitoring programs and management 
plans to minimize future NO3

– loadings to 
groundwater (Harter et al. 2012). However, 
the ability to estimate NO3

– leaching from 
agricultural fields lags behind current legisla-
tive requirements for tracking NO3

–, leading 
to grower confusion and scientific concern.

Even though NO3
– leaching is a known 

challenge in California, field-level studies 
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that measure NO3
– leaching, especially in 

dense agricultural areas, are sparse (Wyland 
and Jackson 1993; Wyland et al. 1996; Burger 
2011; Baram et al. 2017). Quantifying 
NO3

– concentrations in the soil solution, 
NO3

– flux, and leaching below the root zone 
can be challenging and expensive. Traditional 
methods include a combination of lysime-
ters (drainage, pan, or suction), soil columns, 
and/or tracer studies (Weihermüller et al. 
2007; Singh et al. 2017). These methods have 
known drawbacks: cost, disturbance during 
installation, aboveground instrumentation 
interfering with management, calibration, 
instrument maintenance, and/or type of out-
put data (e.g., point in time concentrations 
versus cumulative flux) (Weihermüller et al. 
2007; Singh et al. 2017). 

One alternative to traditional techniques 
is the use of resin methods. Resins can act as 
cation or anion sinks in soil, capturing ions 
as soil water flows through the resin matrix 
(Qian and Schoenau 2002; Singh et al. 2017). 
Benefits of buried resin methods include 
the following: they are easy to implement, 
don’t interfere with aboveground manage-
ment, don’t require an additional estimate of 
water flux either through field measurements 
or modeling, and are relatively inexpen-
sive (Wyland and Jackson 1993; Qian and 
Schoenau 2002; Singh et al. 2017). However, 
buried resin methods are not without 
challenges. To avoid altered hydrologic con-
ditions, there must be solid contact between 
the resin sampler and the surrounding soil, 
and it’s important to consider textural dis-
continuities between the resin matrix and 
the surrounding soil (Schnabel 1983). Also, 
resin samplers capture passive, gravitational 
flow, but not diffusive flow (Binkley 1984). 

Several studies have demonstrated the abil-
ity and effectiveness of resin-based methods 
to measure NO3

– leaching in situ. Successful 
studies have been conducted with resin cores, 
membranes, and bag samplers (Wyland and 
Jackson 1993; Wyland et al. 1996; Pampolino 
et al. 2000; Finney et al. 2016; Grahmann 
et al. 2018; Kaye et al. 2019), and, in some 
cases, NO3

– leaching data generated from 
resin methods were compared and validated 
against traditional methods (Wyland and 
Jackson 1993; Wyland et al. 1996; Pampolino 
et al. 2000; Susfalk and Johnson 2002). Cover 
crop effects on winter NO3

– leaching in 
Salinas, California, were measured using resin 
bags, and field leaching estimates generated 
from the resin bag method were compared to 

measurements made with suction lysimeters 
(Wyland and Jackson 1993). Leaching esti-
mates were similar between methods, and the 
mass of NO3

– leached in the bare soil (9.87 
mg NO3-N bag–1) was greater than the mass 
leached in soil planted with Phacelia (4.79 mg 
NO3-N bag–1) or Merced rye (Secale) cover 
crops (6.25 mg NO3-N bag–1). Another study 
compared the ability of resin capsules, suc-
tion cup lysimeters, and pan lysimeters to 
measure NO3

– leaching via macropore flow 
(Pampolino et al. 2000). Methods were com-
pared at a newly cultivated field site (onion 
[Allium cepa L.]) in one structured, clay-rich 
soil. Similar to pan lysimeters, the resin cap-
sules were able to capture NO3

– leached via 
macropore flow, and they were more effec-
tive at capturing leached NO3

– than suction 
lysimeters. Grahmann et al. (2018) used a 
resin core method to measure cumulative 
NO3

– flux in a maize (Zea mays L.)–wheat 
(Triticum aestivum L.) rotation with different 
tillage-straw treatments in northern Mexico. 
Leaching was higher in the maize (68 kg ha–1) 
than wheat system (54 kg ha–1), and leaching 
losses varied by tillage-straw treatments in 
the maize system only. Finally, in two recent 
studies, resin bags used to measure poten-
tially leachable NO3

– under different cover 
crop treatments in Pennsylvania showed that 
cover crops reduced NO3

– leaching com-
pared to bare winter fallow (Finney et al. 
2016; Kaye et al. 2019). Mixtures of legumes 
and nonlegumes, even with a high seeding 
rate of the legume, only leached 2 to 5 kg 
ha–1 NO3

– compared to fallow (94 kg ha–1), 
and mixtures provided an apparent balance 
between NO3

– retention and NO3
– supply 

for the subsequent crop (Kaye et al. 2019). 
Given the intensive time and labor 

requirements of performing field measure-
ments of NO3

– leaching, models are often 
seen as the future of NO3

– measurement 
and monitoring. Soil geochemical models 
like HYDRUS, a modeling environment for 
saturated-unsaturated water flow and solute 
transport in porous media, have been used 
to estimate NO3

– leaching (Šimůnek et al. 
2016). The HYDRUS-1D environment 
models transport of solutes in liquid, and 
diffusion in the gaseous phase, considering 
coupled water, vapor, and energy transport. It 
also considers plant growth factors by includ-
ing a sink term to account for water uptake 
by plants (Šimůnek et al. 2016). Investigating 
six models used to compare estimates of 
NO3

– leaching with empirical measurements 

from soil columns, Al-Darby and Abdel-
Nasser (2006) found that HYDRUS was 
one of two models that best predicted NO3

– 
leaching. The HYDRUS-1D model, applied 
to irrigated agricultural systems to compare 
different fertilization and irrigation meth-
ods (Tafteh and Sepaskhah 2012), produced 
results similar to leaching estimates obtained 
by computing N mass balances and vadose 
zone soil water flow calculations (Baram 
et al. 2017). Nitrate leaching estimates by 
HYDRUS-1D were similar to in-field 
measurements using ion-exchange resin col-
umns, supporting the use of ion exchange 
resin methods in conjunction with modeling 
to evaluate NO3

– leaching among agricul-
tural management systems (Desormeaux et 
al. 2019). More work is needed, however, to 
refine model agreement with empirically 
measured results, especially work focused on 
soil biologic activity. 

The main objectives of this study were to 
(1) quantify and compare winter NO3

– leach-
ing in organic, conventional, conventional 
with winter cover crops, and alfalfa (Medicago 
sativa L.) cropping systems (maize–tomato 
[Lycopersicon esculentum Mill.]) at a long-term 
research site in California’s Central Valley 
using resin bag methodology, and (2) assess 
the suitability of a numerical model to predict 
NO3

– leaching under varying management 
systems and rainfall scenarios. We hypothe-
sized that (1) adding winter cover crops will 
reduce winter NO3

– leaching compared to 
conventional systems with bare winter fallow, 
and (2) estimates of NO3

– leaching over the 
winter rainy season by HYDRUS-1D will 
be similar to empirical field observations.

Materials and Methods
Site Description. The experiment was con-
ducted from October of 2018 to March 
of 2019 at the University of California 
Davis’s Century Experiment at the Russell 
Ranch Sustainable Agriculture Facility. 
Individual plots (0.4 ha each) in the Century 
Experiment, a long-term cropping systems 
trial, represented four different agronomic 
systems: conventional (Conv) with chemical 
fertilizers and winter fallow; organic (Org 
+ WCC), with compost fertility inputs and 
winter cover crops; hybrid defined as con-
ventional with chemical inputs but also 
winter cover crops (Conv + WCC); and a 
six-year alfalfa-based system with conven-
tional chemical management (Alf-Tom). All 
systems were initiated in 1994 and have been 
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consistently managed in a two-year maize 
and processing tomato rotation, except for 
the alfalfa system. The alfalfa system was 
started in 2013, and it is a six-year rotation 
of tomato–maize–tomato–three-year-alfalfa 
(table 1). Tomatoes were planted in one row 
per bed on 1.5 m spacing, and maize was 
planted in a double-row per bed, with beds 
on 1.5 m spacings. In the alfalfa system, beds 
were knocked down with leveling tillage and 
alfalfa was established (“flat planted”) on 20 
cm rows. 

All maize and tomato crops were irrigated 
during the summer season with subsurface 
drip irrigation, while alfalfa received flood 
irrigation during its growing season. The 
conventional and hybrid rotations both 
receive liquid urea chemical fertilizer at a 
rate of 200 kg ha–1 during the tomato phase 
(last application mid-July) and 235 kg ha–1 
during the maize phase. The tomato–maize–
tomato–three-year-alfalfa rotation receives 
chemical fertilizer during the maize–tomato 
phases (same rates as described above), but no 
fertilizer during the alfalfa phase. Guided by 
soil test results, crop managers decided that 
potassium (K) application to alfalfa was not 
necessary. Finally, the organic maize–tomato 
rotation received 9 t ha–1 of composted 
poultry manure (carbon [C]:N on aver-
age between 10:1 and 12:1) annually in the 
fall (October 24, 2018). The compost con-
tains 225 kg N ha–1, and 11% in inorganic 
forms. Additional details on the Century 
Experiment design and challenges associated 
with a long-term cropping systems study are 
described in Wolf et al. (2018) and Tautges 
and Scow (2020). 

Plots sampled within the conventional, 
organic, and hybrid systems were rotating 
out of tomato (tomato harvested August of 
2018), and plots sampled within the alfalfa 
system were rotating out of alfalfa. The alfalfa 
was terminated with a disk ripper, and res-
idues were incorporated to a 38 cm depth 
in September of 2018. Plots are arranged in 
a randomized complete block design, with 
three blocks and one treatment replicate 
within each block (12 plots total) (see Wolf 
et al. [2018] for more details on the experi-
mental layout of the Century Experiment). 

While the resin bags were in the ground, 
plots were neither irrigated nor fertilized to 
remove the short-term impacts of specific 
practices. However, the organic and hybrid 
plots were planted with a winter cover crop 
mixture of legumes and grass, including faba 

bean (Vicia faba L.), oat (Avena sativa), and 
purple vetch (Vicia benghalensis L.). Cover 
crops were planted on November 5, 2018. On 
March 15, 2019, the cover crops were termi-
nated, and residues were incorporated with 
two disk passes to a maximum depth of 25 
cm. Figure 1 illustrates a complete timeline 
detailing all N input and output management 
during the study period. 

The soils on site are a Rincon silty clay loam 
(fine, smectitic, thermic Mollic Haploxeralfs) 
and a Yolo silt loam (fine-silty, mixed, super-
active, nonacid, thermic Mollic Xerofluvents). 
Soil texture and bulk density data are pre-
sented in the supplementary material (table 
S1), and there are two comprehensive soil 
property data sets available in the literature 
for this site (Wolf et al. 2018; Tautges et al. 
2019). The temperature ranged from –1.2°C 
to 29°C and the total precipitation during the 
study period was 630 mm (UCD Weather & 
Climate Station 2019; figure 2). 

Resin Bag Installation. Precipitation 
during the study period comprised most of 
the precipitation for the year, as the study 
took place in northern California, which is 
characterized by a Mediterranean climate 
with hot, dry summers and cool, wet winters; 
most precipitation falls between October 
and April. Ten resin bags were installed at 
each plot (120 bags total) during the week 
of October 23 to October 26, 2018, before 
the first rains of the winter rainy season. 
Resin bags were constructed (3.3 × 3.3 × 
3.9 cm) of nylon stockings filled with 50 g 
of AMBERLITE PWA5 NO3

– selective ion 
exchange resin (exchange capacity ≥ 1eq L–1, 
equivalent to 3.3 g NO3-N per bag assum-
ing an efficiency of 65%). Before installation, 
resin bags were preconditioned according 
to the product data sheet by soaking for 20 
minutes in 2 M sodium chloride (NaCl) and 
then triple rinsed with deionized (DI) water 
to remove excess brine. Bags were kept moist 
in sealed plastic bags to retain moisture until 
field installation. To install bags in the field, 
a 1 m deep trench was excavated by a tren-

cher at an equivalent location within each 
plot, toward the side of the bed and away 
from the subsurface drip lines. A horizontal 
slit was drilled into an undisturbed side of 
the trench wall around 65 cm, and bags were 
packed tightly into the slit. Any spacing that 
remained in the slit was filled with soil, to 
ensure tight contact with bags and the undis-
tributed soil profile. After installation, the 
trench was refilled. 

Resin Extraction and Analysis. Resin 
bags were removed from each plot the 
week of March 18 to March 22, 2019, at 
the end of the winter rainy season. All 10 
bags were retrieved from each plot except 
at one conventional plot where only 9 bags 
were recovered. Bags were stored less than 
one week in a cold room (4°C) and then 
extracted with 2 M KCl. Six grams of resin 
were removed from each bag and extracted 
three separate times (1 h each) with 30 mL 
fresh KCl (1:5 resin to extractant ratio). 
Resin extracts were filtered and analyzed 
for NO3

– using colorimetric and microplate 
methods based on the Greiss reaction (Sims 
et al. 1995; Doane and Horwath 2003). The 
three extracts from each bag were analyzed 
separately and the three masses were com-
bined after analysis to calculate total mass 
extracted from the 6 g resin. Concentrations 
were back calculated to determine mass of 
NO3

– per 50 g bag. This extraction method 
was tested in the lab prior to bag extraction 
to determine method efficiency testing at 
multiple concentrations and in triplicate. The 
total average recoveries were >93%; there-
fore, field data were not recovery corrected. 
As outlined in Kaye et al. (2019) and Finney 
et al. (2016), we calculated a NO3

– leach-
ing index value for each resin bag following 
equation 1: 

PLN = (MNO3-N ÷ ARB) × 10,	      (1)

where PLN is potentially leachable NO3
– (kg 

ha–1), MNO3-N is the mass of NO3
– for each 

Table 1
Management information for the four cropping systems studied at the Russell Ranch Sustain-
able Agriculture Facility.

Systems sampled	 Fertilizer	 Rotation 	 Crops

Alfalfa (Alf–Tom)	 Chemical	 6 y	 Tom–Maize–Tom–		
			   Alf–Alf–Alf
Conventional (Conv)	 Chemical	 2 y	 Tom–Maize
Hybrid (Conv + WCC)	 Chemical + WCC	 2 y	 Tom–Maize
Organic (Org + WCC)	 Compost + WCC	 2 y	 Tom–Maize
Notes: Alf = alfalfa. Tom = tomato. WCC = winter cover crops.
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resin bag (g), and ARB is the area of the resin 
bag (0.0076 m2). 

Soil Sampling and Analysis. Soils were 
sampled twice to determine changes in soil 
N: during resin bag installation and resin 
bag removal. Ten subsamples of soil from 
two depths, 0 to 30 cm and 30 to 60 cm, 
were taken from each plot during resin bag 
installation and retrieval. Soils were sampled 
in as close proximity to the bags as possible 
without disturbing the overlying soil profile. 
Subsamples were composited and trans-
ferred to a cold room (4°C) until extraction 
(within one week) and analysis. Soils were 
analyzed for microbial biomass N (MBN), 
NO3

–, ammonium (NH4
+), total N, total 

dissolved N (TDN), and gravimetric water 
content (GWC). 

MBN was measured using a chloroform 
(CHCl3) fumigation method (Brookes et al. 
1985). In brief, 6 g soil was fumigated for 
24 h with CHCl3. After fumigation, soil 
was extracted for 1 h with 30 mL 0.5 M 
potassium sulfate (K2SO4). Fumigated soil 
extracts were filtered through Fisherbrand 
Q5 filter paper (Fisher Scientific, Hampton, 
New Hampshire). An unfumigated soil sam-
ple (6 g) was also extracted for 1 h with 
30 mL 0.5 M K2SO4 and filtered through 
Fisherbrand Q5 filter paper. Aliquots of the 

Figure 1
Timeline of nitrogen input and output management from July of 2018 to March of 2019 and resin bag installation and retrieval for each cropping sys-
tem. Timeline also includes monthly rainfall accumulation data for the resin bag installation period.
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fumigated and unfumigated extracts went 
through a persulfate oxidation (Cabrera and 
Beare 1993), and oxidized samples were ana-
lyzed using a combined spectrophotometric 
method described in Doane and Horwath 
(2003) and a microscale method found in 
Sims et al. (1995). The unfumigated sample 
that was extracted and oxidized was used to 
determine TDN. A correction factor, Ke = 
0.68, was used to calculate final MBN con-
centrations (Horwath and Paul 1996).  

To measure inorganic N (NO3
–-N and 

NH4
+-N), 6 g soil was extracted for 1 h 

with 30 mL 0.5 M K2SO4 (1:5 soil mass 
to extractant volume ratio). Extracts were 
filtered and analyzed, again at a microscale 
level (Sims et al. 1995), for NH4

+-N using a 
salicylate method (Verdouw et al. 1978), and 
for NO3

–-N using the spectrophotometric 
method described in Doane and Horwath 
(2003). GWC was measured at 105°C using 
standard soil analysis methods (Black 1965). 
Subsamples of the remaining soil were air 
dried and analyzed for total N using a stan-
dard combustion method on an ECS 4010 
Costech Elemental Analyzer (Costech 
Analytical Technologies, Valenica, California). 

Cover Crop Sampling and Analysis. Cover 
crop aboveground biomass was sampled in 
March before incorporation by harvesting 
two 2 m2 quadrats per plot (east and west 
side of plot). Biomass was sorted fresh by 
species, including weeds, and then dried 
(60°C), weighed, and ground. Total C and 
N of incorporated aboveground biomass 
were determined using a dry combustion 
analysis on an ECS 4010 Costech Elemental 
Analyzer (Costech Analytical Technologies, 
Valencia, California).  

HYDRUS Modeling Methodology: 
Parameters and Domain. The HYDRUS-1D 
software (Šimůnek et al. 2013) was used to 
simulate water flow and reactive N trans-
port during the 151 days of the experiment 
in replicated field plots. Instead of using 
the common approach of performing one 
simulation for each treatment and heavily 
calibrating a number of parameters, we chose 
to simulate each replicated plot and compare 
simulation results as a range for each treat-
ment. Such an approach acknowledges that 
model results are not absolute, and measured 
values are influenced by physical and chemi-
cal heterogeneity.

Variably saturated water flow was simu-
lated following Richards’ equation and using 
van Genuchten (1980)-Mualem (1976) 

hydraulic functions. One-dimensional sim-
ulations were chosen as no irrigation was 
applied during the simulated time period. 
Hydraulic parameters were obtained using 
Rosetta3 pedotransfer function (Zhang and 
Schaap 2017) from soil texture data and 
bulk density measured in each of the exper-
imental plots at increasing intervals with 
depth (table S1). Reactive N transport was 
simulated as NH4 and NO3

– using the con-
vection-dispersion equation. Ammonium 
was assumed to adsorb to the soil follow-
ing a linear adsorption isotherm as defined 
in equation 2; ks, the adsorption coefficient 
was set to 3.5 cm3 g–1 (Hanson et al. 2006). 
Ammonium mineralization was described as 
a zero-order reaction in the top 30 cm of the 
soil profile, while nitrification was described 
as a first-order reaction throughout the entire 
profile where μ'w is the first-order rate coeffi-
cient of nitrification and γw is the zero-order 
rate coefficient of mineralization (ML–3 T–1). 
Nitrification, defined as a first-order reaction 
and therefore dependent on concentration, 
varied with depth due to spatial variation in 
NH4 concentrations. Two distinctive zero-
rate coefficients of mineralization were 
defined at 0 to 15 cm and 15 to 30 cm depth, 
assuming that organic N and C contents, as 
well as microbial activity, change with depth. 
A manual calibration was performed for 
both zero- and first-order rate coefficients of 
nitrification and mineralization by running 
245 simulations for each plot with ranges of 
μ'w = (0.001, 0.05, 0.1, 0.15, 0.2) and γw = 
(0.0001 to 0.0007 with 0.0001 increments). 
Manual calibration, as opposed to an auto-
mated inverse solution, was used to calibrate 
three plots of the same treatment simultane-
ously. Root-mean-square error (RMSE) as 
presented in equation 3 was calculated for 
final NO3

– and NH4 concentrations in the 
soil for each treatment, defined as mg cm–3 of 
soil, at the depths of 0 to 30 and 30 to 60 cm. 
The objective function was defined to min-
imize the RMSE for each treatment with a 
total of 12 data points each. Calibrated rate 
coefficients per treatment are summarized in 
table 2. Each set of calibrated coefficients was 
used in the three plots of each treatment:

sk = ksck , and			       (2)

∑i (Pi – Oi)
2

RMSE =   n   
n

√
	 ,	 (3)

where Pi are modeled NH4-N and NO3-N 
concentrations in the 0 to 30 and 30 to 60 
cm intervals at the end of the simulations, 
and Oi are the respective measured values. n 
is the number of data points, in this case four 
for each plot. 

Overall, a process-based modeling 
approach (Ramos et al. 2012) was used in 
this study. Therefore, there aren’t calibra-
tion and validation periods. When possible, 
parameters were measured or taken from the 
literature, and results are presented as a prob-
abilistic range instead of a single value. This is 
a novel and robust approach for a study like 
this one, when only one season was moni-
tored. It might yield modeled results that are 
in less agreement with the measurements but 
with a higher certainty that the results are 
not biased by extensive calibration.

Nitrogen Uptake. Total N uptake (ra) was 
calculated as the sum of total active (aa,k) 
and passive (pa,k) uptakes for NO3

– and NH4 
(equation 4; Šimůnek and Hopmans 2009). 
Ammonium uptake was assumed to be only 
passive [aa,k(x,t) = 0 for k = ammonium]. 
Unlimited passive NH4 or NO3

– uptake was 
calculated following equation 5 where s is 
the transpiration or root water uptake and 
c is the NH4 concentration in the soil pore 
water at every time node and time step. 
Active NO3

– uptake is defined in equation 6 
as the maximum value of either a potential 
NO3

– uptake or the passive uptake. Potential 
NO3

– uptake (rp) is described using a logistic 
function with a maximum value equal to the 
total seasonal N uptake measured as total N 
in the cover crop biomass for the hybrid and 
organic treatments. If passive NO3

– uptake 
is lower than the potential NO3

– uptake 
then active uptake will take place following 
Michaelis-Menten kinetics as explained in 
Šimůnek et al. (2013) to fulfill potential NO3

– 
uptake values. The Michaelis-Menten kinetic 
constant and minimum concentration for 
uptake were taken from Kage (1995) for faba 
bean and used for the mixed cover crops: 

ra(x,t) = ∑k
i pa,k(x,t) + aa,k(x,t) ,	      (4)

rp,k(x,t) = s(x,t) × ck(x,t) , and		      (5)

ra,k(x,t) = max[rp,k(x,t) – pa,k(x,t), 0] .          (6)

Domain, Initial, and Boundary Conditions. 
A 2 m profile was defined with 201 equidis-
tant nodes. Different soil layers were defined 
according to soil data in table S1. An obser-
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vation node was defined at a depth of 60 cm 
and fluxes and concentrations were recorded. 
Relative root density was calculated from 
root biomass measurements at the end of the 
experiment sampled at intervals of 0 to 30, 30 
to 60, and 60 to 100 cm. The top boundary 
of the domain was defined as a time variable 
atmospheric boundary condition, allowing 
for precipitation and potential evaporation 
and transpiration. The bottom boundary at 2 
m was defined as free drainage. 

Initial water content in each soil pro-
file was imported from final water contents 
in preliminary simulations that ran from 
September 1 until October 22, the day before 
the experiment started. This was in order for 
the simulated profiles to be in hydraulic equi-
librium on the first day of simulations. Initial 
soil potential conditions for preliminary sim-
ulations were set to field capacity because the 
fields were irrigated during the summer sea-
son. Atmospheric boundary conditions were 
set based on potential reference evapotrans-
piration (ET) from the nearest California 
Irrigation Management Information System 
(CIMIS) station (Davis, California) and 
no precipitation was measured during this 
time-frame. During the main simulations, 
precipitation data were obtained from the 
nearest CIMIS station as well as potential ref-
erence ET. A crop factor of 1.15 was used for 
the cover crops (Doorenbos and Pruitt 1977; 
Abraha and Savage 2008). During cover crop 
growth, all ET was assumed to be transpira-
tion (uptake through the root distribution). 
Before seeding, after harvest and during the 
entire simulation when there were no cover 
crops, all ET was defined as evaporation. 
Treatments with no cover crops were left 
bare and any emerging weeds were sprayed 
with herbicide. Initial NO3

– and NH4 simu-
lations were defined as the mass of solute per 

volume of soil as measured for 0 to 30 and 30 
to 60 cm in each plot.

Rainfall Scenarios. Simulations with good 
agreement between modeled and measured 
NO3

– leaching were used to study the effect 
of long-term rainfall patterns on NO3

– leach-
ing. The same simulation setup used for the 
winter of 2018 to 2019 was deployed in the 
winters of 1990 to 2018. Rainfall between 
October 23 and March 22 was summed 
for each season and then divided into three 
groups: wet, dry, and medium years. Wet and 
dry years were defined as those years with 
rainfall in the upper and lower 95% confi-
dence interval, respectively. Medium years 
were assumed to be all seasons with rainfall 
rates in between. 

Data Analysis. Data were analyzed using 
R software (version 3.5.0, R Core Team 
2013). Soil inorganic N, NH4

+, and NO3
– 

were analyzed with mixed linear models, 
where system and date were treated as fixed 
effects and replicate was treated as a random 
effect. Soil moisture was included as a covari-
ate in the inorganic N models to account 
for differences in soil water contents among 
systems. Soil total N, TDN, and MBN were 
analyzed with a linear mixed model with 
similar parameters, but soil organic matter 
was included as a covariate.

Leaching data were analyzed using a lin-
ear mixed model with system and date as 
fixed effects and block as a random effect. 
Leaching data were screened to check 
the assumptions of analysis of variance 
(ANOVA), and leaching data failed to 
meet assumptions due to a right-skewed 
distribution. Data were log-transformed 
(log base e) to meet ANOVA assumptions 
(Levene’s test p = 0.121). Differences (p < 
0.05) between treatments were evaluated 
using ANOVA and pairwise comparisons 
were compared using a Tukey Test. The 

leaching figure shows the back-transformed 
means with 95% confidence intervals, and 
the back transformed means are presented 
and discussed for each system. Modeling 
data were compared to the leaching data 
without transformation. For the cover crop 
species data, a t-test was used to determine 
differences in the percentage of each cover 
crop species, including weeds, between 
organic and hybrid systems (p < 0.05). 

Modeled and observed data were com-
pared using RMSE as defined in equation 3 
and the Nash–Sutcliffe coefficient (NSE) as 
defined in equation 7:

∑i (Pi − Oi )
2

NSE = 1 −     
n

∑i (Oi − Oi,avq)
2n

	,	 (7)

where Oi,avg is the mean of the observed 
concentrations.
 
Results and Discussion
Cover Crop Species and Nitrogen Uptake. 
Cover crop species establishment varied 
between the two systems, although identi-
cal seeding rates were used. In the organic 
system, the legumes (vetch and faba bean) 
comprised on average 26%, oat grass 56%, 
and weeds 18% of the species mixture. In the 
hybrid system, the mixture was made up of 
79% legumes, 12% oat grass, and 9% weeds. 
The cover crop mixture contained more grass 
(p < 0.001) and less legume (p < 0.001) in 
the organic than hybrid system. The organic 
system also had a greater percentage of weeds 
of total biomass than the hybrid system (p 
= 0.002). Species establishment can have 
important implications for NO3

– leaching in 
these systems because grasses are known to 
be better N scavengers than legumes (Thapa 
et al. 2018; Kaye et al. 2019). Biomass N con-
tents also varied between the two systems; 
the average amount of N in cover crop bio-
mass was 155 kg N ha–1 in the organic and 
131 kg N ha–1 in the hybrid system.

Changes in Soil Nitrogen. Soil inor-
ganic N levels between October and March 
were similar in the alfalfa, conventional, 
and organic systems, and decreased only 
in the hybrid system (p = 0.037; figure 3). 
Soil NH4

+ levels increased across all systems 
between October and March (p = 0.003) 
but did not differ among systems in either 
October or March, implying that rates of 
organic matter N mineralization were similar 
among all systems. The most notable differ-

Table 2
Optimized nitrogen reaction chain parameters in HYDRUS simulations for each system. μ'w is 
the first-order rate coefficient of nitrification and γw is the zero-order rate coefficient of mineral-
ization (ML–3 T–1).

Systems 	 μ’w	 γw 0 to 15 cm	 γw 15 to 30 cm

Conventional (Conv)	 0.05	 0.0003	 0.0004
Hybrid (Conv + WCC)	 0.1	 0.0002	 0.0002
Organic (Org + WCC)	 0.05	 0.0004	 0.0003
Alfalfa (Alf–Tom)	 0.2	 0.0004	 0.0004
Notes: WCC = winter cover crops. Alf = alfalfa. Tom = tomato.

C
opyright ©

 2022 Soil and W
ater C

onservation Society. A
ll rights reserved.

 
w

w
w

.sw
cs.org

 77(5):450-465 
Journal of Soil and W

ater C
onservation

http://www.swcs.org


456 JOURNAL OF SOIL AND WATER CONSERVATIONSEPT/OCT 2022—VOL. 77, NO. 5

ences seen among systems were observed 
for soil NO3

–, where levels decreased sig-
nificantly between October and March, and 
there was a system by date interaction (p = 
0.018). In October, soil NO3

– levels were 
greatest in the hybrid system (28.6 mg kg–1), 
followed by the organic (18.9 mg kg–1) and 
conventional systems (16.8 mg kg–1), which 
were similar, and lowest in the alfalfa system 
(14 mg kg–1) (figure 3). In March, soil NO3

– 

levels were lowest in the organic system (0.6 
mg kg–1), followed by the conventional (2.4 
mg kg–1) and hybrid systems (2.2 mg kg–1), 
which were similar, and greatest in the alfalfa 
system (7.0 mg kg–1) (figure 3).

Soil MBN was similar between October 
and March and among systems on both dates. 
In March, there was slightly higher MBN in 
the hybrid system (33.9 mg kg–1) compared to 
the other systems (21.7 to 24.6 mg kg–1), and 
in October, there was slightly higher MBN 
in the alfalfa system (23.9 mg kg–1) compared 
to the other systems (15.6 to 18.8 mg kg–1); 
however, considerable variation in the micro-
bial data precluded detection of statistical 
differences (table S3). TDN decreased by 55% 
across all systems from October to March (p = 

0.001) but did not differ among systems (table 
3). Across all systems, soil total N decreased 
by 12% from October to March (p < 0.001), 
and among systems, total N was greater in the 
organic than alfalfa, conventional, and hybrid 
systems (p = 0.001; table 3). 

Nitrate Leaching in the Annual Systems. 
There were significant differences in NO3

– 
leaching potential among the four cropping 
systems (p < 0.001). Less NO3

– leaching was 
observed following alfalfa (21.8 kg ha–1) 
compared to the conventional, hybrid, and 
organic systems (47.1, 58.2, and 44.7 kg ha–1, 
respectively; figure 4). Nitrate leaching was 
similar among the conventional, hybrid, and 
organic systems. The amounts of leached N 
measured in this study are in general agree-
ment with leaching amounts reported in 
other studies that utilized resin methods. 
Leaching measured with resin cores ranged 
from 46 to 82 kg ha–1 in a maize–wheat rota-
tion with different tillage-straw treatments in 
northern Mexico, depending on the treat-
ment and system (Grahmann et al. 2018), and 
ranged from 0.7 to 94 kg ha–1, depending on 
the presence of cover crop and the mixture 
of cover crop species, in maize rotations in 

Pennsylvania (Kaye et al. 2019). At another 
site in California, Wyland and Jackson (1993) 
measured leaching (60 cm) under cover crop 
and fallow systems with values ranging from 
4.79 to 9.87 mg bag–1 (20.8 to 42.9 kg ha–1). 
Our mean leaching values by system ranged 
from 21.8 to 58.2 kg ha–1. Leaching values 
in our study were in general agreement 
with resin based leaching values measured in 
Wyland and Jackson (1993). 

One hypothesis of this study was that 
the addition of winter cover crops to the 
conventional system would mitigate NO3

– 
leaching, but no reduction was observed 
relative to the conventional system with 
winter fallow. This was likely a result of the 
hybrid system’s greater levels of soil inor-
ganic N in October, primarily due to higher 
soil NO3

– levels remaining after crop harvest 
(NH4 levels were similar to the other sys-
tems). A majority of cover crop-N may have 
mineralized late in the season, leaving behind 
late residual N. The combination of cover 
crop-N plus chemical fertilizer N inputs to 
this system likely exceeded the N require-
ments of the tomato crop, resulting in a high 
end-of-season residual N pool that increased 

(a)

Figure 3
Mean ammonium and nitrate levels (mg kg–1) measured in soils (top 60 cm) sampled in (a) October of 2018 and (b) March of 2019 within each crop-
ping system. Error bars depict standard error.
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tive at reducing NO3
– leaching than grasses 

(Burger 2011; Thapa et al. 2018; Kaye et al. 
2019). In fact, a previous NO3

– leaching study 
conducted within the Century Experiment 
found that a triticale cover crop took up 15 
times more soil NO3

– than bell bean, and trit-
icale plots had less winter NO3

– leaching (0 
to 0.7 kg NO3

–-N) than both bell bean (0.8 
to 1.8 kg NO3

–-N) and fallow plots (0.8 to 

the risk of NO3
– leaching. When legumes are 

added to a cropping system, farmers are usu-
ally encouraged to account for the legume 
N credit and reduce subsequent fertilizer 
rates. However, in the five years prior to this 
study within the Century Experiment, fer-
tilizer rates were not reduced in the hybrid 
system relative to the conventional system 
without cover crops because historical crop 
yields in the hybrid system remained con-
sistently lower than the conventional system 
(Li et al. 2019). Therefore, careful decisions 
were made amongst crop managers, farmer 
stakeholders, and researchers to maintain 
fertilizer N rates over time, even though 
cover crops can contribute N to the soil. 
The goal was to maximize the yield poten-
tial of crops in the hybrid system and avoid 
the risk of de-incentivizing winter cover 
crop adoption, especially considering their 
potential for decreasing N leaching and soil 
erosion. However, our leaching results in this 
study show how important it is to account 
for cover crop N and consequently reduce 
chemical N fertilizer applications (Li et al. 
2019), as to decrease the high NO3

– leaching 
potential observed in this study. 

Interestingly, the organic system, which 
incorporates cover crops and composted 
poultry manure as fertility inputs, leached less 
NO3

– (44.7 kg ha–1) than the hybrid system 
(figure 4). The organic system also displayed 
lower inorganic N levels in October than the 
hybrid system, likely resulting in lower NO3

– 
leaching potential. Given that <30% of the 
N content mineralizes from compost in one 
year (Lazicki et al. 2019), compost is likely 
to contribute less to the inorganic pool than 
chemical fertilizer in one year, and organic 
management may result in soils that better 
“retain” NO3

– than conventional management 
with cover crops through the maintenance of 
a larger soil microbial biomass pool, which had 
been consistently observed in other studies in 
the organic compared to the hybrid system 
(Tautges and Scow 2020). However, in theory 
there are larger pools of potentially mineral-
izable N in compost and manure sources, and 
it’s hard to control and predict the release of 
N from this pool (Basso and Ritchie 2005). 
Other studies have found that these biologi-
cal N pools can lead to high levels of leaching 
in organic systems (Basso and Ritchie 2005; 
Kramer et al. 2006; Briggs 2008). In our study, 
the NO3

– leaching levels were similar in the 
conventional and organic systems.  

Another explanation for the leaching dif-
ferences between the hybrid and organic 
systems could be the cover crop mixtures 
that established. There was a higher percent-
age of legumes in the hybrid system (79%) 
than in the organic system (20%) and a lower 
percentage of grasses in the hybrid system 
(12%) than in the organic system (56%). Many 
studies have shown that legumes are less effec-

Table 3
Total dissolved nitrogen (TDN) and total N from soils collected in four tomato-based systems in 
October of 2018 and March of 2019, corresponding to the time of resin bag removal. se = stan-
dard error of the mean. Different letters depict statistically significant differences at α = 0.05.

	 TDN (n = 3) 		  Total N (n = 3) 	
System	 (mg kg–1)	 se (mg kg–1)	 (g kg–1)	 se (g kg–1)

October				  
  Alfalfa (Alf-Tom)	 27.77a	 1.97	 1.000a	 0.076
  Conventional (Conv)	 29.36a	 9.12	 0.983a	 0.093
  Hybrid (Conv + WCC)	 45.60b	 6.54	 1.067a	 0.033
  Organic (Org + WCC)	 44.20ab	 7.10	 1.283b	 0.067
March				  
  Alfalfa (Alf-Tom)	 11.29a	 1.20	 0.917ab	 0.101
  Conventional (Conv)	 15.03b	 0.96	 0.883a	 0.073
  Hybrid (Conv + WCC)	 21.98b	 6.66	 0.967a	 0.017
  Organic (Org + WCC)	 18.34ab	 10.05	 1.070b	 0.060

Figure 4
Mean potentially leachable nitrate (kg ha–1) levels measured in each cropping system using the 
resin bag method. Error bars depict 95% confidence intervals.
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10.4 kg NO3
–-N) (Burger 2011). Our results 

suggest that conventional row crop farmers 
in the California Central Valley wishing to 
adopt winter cover cropping should employ 
grass mixes only, and avoid legume spp., to 
mitigate NO3

– leaching potential. While 
cover cropping adoption is generally consid-
ered a conservation practice, if legumes are 
included, research delineating the N credit 
of the legumes, and adoption of subsequent 
reduced chemical fertilizer rates, will be very 
important. This research will help prevent 
consequent N pollution and preserve cover 
cropping’s conservation advantages.

The above average precipitation (630 
mm) that occurred during the study period, 
especially during the months of January and 
February (figures 1 and 2), could also explain 
why our cover crop systems were unable to 
reduce NO3

– leaching. Based on historic rain-
fall records from 1901 to 2000, this amount 
exceeds average statewide precipitation by 
more than 100 mm, though, increasing fre-
quency of flood conditions (and droughts) is 
highly likely as climate change effects prog-
ress in this region (NOAA 2019). Studies have 
shown that NO3

– leaching is more likely and 
occurs at greater magnitudes during heavy 
rainfall periods, even when nonleguminous 
cover crops are planted (Thapa et al. 2018). 
This study showed that under these extreme 
conditions, our three-way winter cover crop 
mix was less effective at reducing leaching. 
However, considering the greater potential 
for NO3

– leaching in the hybrid system, the 
fact that NO3

– leaching was similar between 
the conventional and the hybrid systems 
implies that the addition of cover crops did 
somewhat increase N retention potential.

Nitrate Leaching in the Alfalfa System 
(Perennial and Annual Rotation). Even fol-
lowing alfalfa stand termination, the alfalfa 
system had the lowest amount of win-
ter NO3

– leached among the four systems 
(figure 4). Other studies have shown that 
NO3

– leaching is reduced under living alfalfa 
stands (Mathers et al. 1975; Toth and Fox 
1998; Basso and Ritchie 2005). For the three 
years prior to the resin bag installation, these 
plots were planted to alfalfa and no chemi-
cal fertilizer was applied, thus N inputs came 
solely from biological sources, including N 
fixation and mineralization of alfalfa bio-
mass (mostly roots and some aboveground 
biomass left behind after removal) as well as 
other soil organic pools. This contrasts with 
the other three systems that received exter-

nal fertilizer inputs each of the three years 
prior to the resin bag installation. In addition, 
cumulatively over the last three years, the till-
age intensity was much lower in the alfalfa 
system than in the other three systems, and 
tillage intensity could influence microbial 
activity and the release of NO3

–. Given alfalfa 
residue C:N ratios of 15:1 in the shoots 
and 20:1 in the roots, it was surprising that 
mineralization of alfalfa residues did not con-
tribute to more NO3

– leaching, considering 
that roughly 50% of N mineralization occurs 
in the winter and early spring periods in the 
region (Geisseler et al. 2019). 

While this study failed to detect differences 
in soil MBN among the alfalfa, hybrid, and 
organic systems in this study, likely because 
of high variability, a remarkably similar study 
conducted by Song et al. (2021) did detect 
MBN differences between systems. Song et 
al. (2021) compared microbial nutrient pools 
between alfalfa, a sweet clover (Melilotus) 
cover crop, and winter fallow and observed 
significantly higher MBN in the alfalfa com-
pared with the other nonperennial systems. 
The presence of a larger microbial commu-
nity does not necessarily lead to higher N 
mineralization rates because soil microbial 
communities can differ significantly in N use 
efficiency (Zhang et al. 2019). Some micro-
bial communities can take up and incorporate 
more N (into their bodies) and at higher 
ratios compared to N loss pathways (e.g., to 
leaching or denitrification) than other soil 
microbial communities. Indeed, a concurrent 
study within these systems of the Century 
Experiment that employed genomic and 
functional gene analysis methods to exam-
ine microbial communities among the alfalfa, 
hybrid, and organic systems, found that 
alfalfa, during its three-year growing period, 
recruited a microbial community with higher 
N use efficiency compared to the convention-
ally managed systems (Samaddar et al. 2021). 
Interestingly, the microbial pool’s higher N 
use efficiency capacity carried over into the 
following year of the crop rotation (Samaddar 
et al. 2021). The findings from the Song et 
al. (2021) and Samaddar et al. (2021) studies 
may explain the alfalfa system’s ability to limit 
NO3

– leaching compared to the incorpora-
tion of winter cover crops. It could be the 
unique ability of a three-year alfalfa stand 
to facilitate a highly efficient soil microbial 
community that retains N in biological forms 
rather than inorganic forms susceptible to loss 
pathways. Apart from living plants themselves, 

understanding the ability of certain cropping 
systems to foster soil microbial communities 
that are directly capable of higher nutrient 
use efficiencies and that disfavor loss pathways 
could be enormously important in improv-
ing agriculture’s environmental impacts and 
for preserving surface and groundwater qual-
ity. Our results point to a great need to link 
NO3

– leaching measurements with the full 
biological N pathway, incorporating new 
methods and knowledge of soil microbial 
pool dynamics. However, these studies are 
logistically quite difficult, which is where 
models may become important. 

Environmental Implication. Putting our 
results into an environmental context, we 
converted mean NO3

– leaching (kg ha–1) 
to concentrations (mg L–1) using modeled 
leaching fluxes. Mean concentrations ranged 
from 5 mg L–1 in the alfalfa treatment to 11 
mg L–1 in the conventional and organic treat-
ments and 14 mg L–1 in the hybrid treatment. 
Leaching at our site exceeded the USEPA 
drinking water NO3

– as N standard of 10 
mg L–1 for all treatments except alfalfa. These 
data question the effectiveness of cover crops 
as a N leaching mitigation strategy. While 
such cover crops take up and remove min-
eral N from the soil, they also transpire soil 
water that otherwise would be flowing to the 
groundwater as recharge. Across California, 
NO3

– leaching, derived primarily from 
agriculture, is an environmental concern 
because groundwater concentrations often 
exceed the USEPA MCL (Harter et al. 2012; 
Rosenstock et al. 2014). Because ground-
water accounts for approximately 60% of 
California’s drinking water (Rosenstock et 
al. 2014), it is imperative to protect the qual-
ity of these waters.  

Numerical Modeling. Calibrated 
HYDRUS-1D estimates of final soil NO3

– 
and NH4 profile concentrations were in 
good agreement with measured values for 
all four cropping systems (NSE = 0.8 for 
total mineral N; figures 5 through 8 [b,c,and 
d]). Modeled and observed averaged total 
N uptake were in the same range for both 
treatments with cover crops (figures 6f and 
7f). These results are as expected, as measured 
final N contents in cover crop biomass were 
used as potential N uptake and reassure that 
the model follows field behavior. Estimates 
of NO3

– leaching by modeling and measure-
ments were in agreement for the hybrid and 
conventional systems, when considering the 
standard deviations calculated for each sys-
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tem (from 3 simulations and 30 measured 
resin bags each). In the conventional system, 
leached N in the model averaged 103.7 ± 
40.5 kg ha–1, and measured leached N was 
47.1 ± 39.5 kg ha–1 (figure 5e). In the hybrid 
system, the model estimated 62.6 ± 8.9 kg 
ha–1, and measurement estimated 58.2 ± 35.1 
kg ha–1 (figure 6e) of leached N.

However, in the organic system the model 
underestimated N leached compared to 
what was observed. Leached N estimated 
by the model was 7.1 ± 4.4 kg ha–1, and by 
measurement was 44.7 ± 32.6 kg ha–1 (fig-
ure 7e). The observed differences could be 
due to the lack of accounting for compost 
application in the model as well as biolog-
ically fixed cover crop N. Some proportion 
of compost-N likely mineralized and leached 
during the winter rainy season. Also, larger 
pools of mineralizable N due to higher 
organic matter content in the organic system, 
as well as uncertainty related to the timing 
and rates of N release from these pools, likely 

contributed to the lack of reconciliation 
between methods. Organic material first-or-
der mineralization processes and biologically 
fixed N should be included in HYDRUS 
simulations and similar models to improve N 
leaching predictions, particularly for alterna-
tive, nonchemical-N based systems (Matteau 
et al. 2019).

For the alfalfa–tomato system, the model 
predicted more than five times the N leached 
(116.3 ± 18 kg ha–1) than what the measured 
data (21.8 ± 14.5 kg ha–1) indicated (figure 
8e).  Incorporation of >4,000 kg ha–1 of high 
C:N biomass, in the form of alfalfa roots and 
crowns, likely resulted in high rates of micro-
bial immobilization of soil NO3

–, a process 
not simulated in the model, either residual or 
mineralized during the winter season. Toth 
and Fox (1998) also observed large reduc-
tions in NO3

– leaching both during growth 
and after termination of alfalfa compared to 
maize. Microbial processes not considered 
in the model, such as perennial rhizosphere 

activity dynamics, N fixation, and first-order 
mineralization of organic amendments, may 
have had an important influence on winter 
NO3

– leaching. 
The process-based modeling approach 

used in this study yielded modeled results 
not biased by extensive calibration. These 
results emphasize that the HYDRUS model 
used in its general form gives reasonable 
results for systems that rely mainly on min-
eral fertilizers, but for systems relying on 
biological sources of N such as organic or in 
rotational alfalfa, N production models need 
to be added to the solute transport and flow 
models from HYDRUS.

Rainfall Scenarios. The models developed 
for NO3

– leaching in the conventional and 
hybrid systems were in the one standard 
deviation range with measured NO3

– leach-
ing values and were therefore used to 
evaluate how differences in precipitation 
patterns over 29 precipitation seasons might 
affect winter leaching. We considered these 

Figure 5
(a) Averaged water contents, (b) nitrate (NO

3
–) soil concentrations, (c) ammonium (NH

4
+) soil concentrations, and (d) total mineral nitrogen (N) at the 

0 to 30 and 30 to 60 depths in the conventional system. (e) Modeled NO
3

– and NH
4

+ leaching and potential measured NO
3

– leaching. Lines are three 
plot averages and shaded areas represent 95% confidence intervals. Empirical in-field measurements are depicted as treatment means, except for 
(e) N leaching, where all three replicate measurements are shown.
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results to reflect general trends and not abso-
lute values, as these models have not been 
validated for multiple years.

Simulations were divided into wet, dry, 
and medium years as defined in the meth-
odology section. For both conventional and 
hybrid systems, wet years yielded higher 
N leaching than drier years (figure 9) even 
though NO3

–-N concentrations were lower 
in wet than dry years (figure 10). These 
results highlight the importance of winter 
aquifer recharge with low or N free water 
and the trade-off between lower N leaching 
with less water percolation, despite higher N 
concentrations in the leachate. 

Resin Suitability and Considerations. 
There are some considerations that should be 
made when interpreting these leaching data. 
One consideration worth noting is that the 
resin bags were not installed below the entire 
cover crop rooting zone. However, from pre-
vious research, we know that the area above 
the resin bags encompassed most (>90%) of 
the effective rooting zone, therefore, it’s likely 
that the leaching values reported are repre-
sentative of actual field conditions. It’s also 
important to consider the following assump-
tions that were made about the resin bags: 
(1) variability between resin measurements 
(within plot) can be justified by soil het-
erogeneity, roots, and biology; (2) resin bag 

dimensions were maintained throughout the 
study; (3) there were no hydrologic discon-
tinuities created during bag installation; and 
(4) the bags were able to capture all the NO3

– 
that passed through. 

Nitrogen Budget. We measured many N 
pools and processes in our study including 
changes in soil TN, TDN, MBN, NO3

–, and 
NH4

+, cover crop N uptake, and N leaching, 
and could create a partial budget for our dif-
ferent systems. It was beyond the scope of 
our project to measure gaseous losses via N2 
and nitrous oxide (N2O), ammonia (NH3) 
volatilization, dissolved organic N leaching, 
and atmospheric N deposition (Sainju 2017; 
Gardner and Drinkwater 2009). Excluding 

Figure 6
(a) Averaged water contents, (b) nitrate (NO

3
–) soil concentrations, (c) ammonium (NH

4
+) soil concentrations, and (d) total mineral nitrogen (N) at the 

0 to 30 and 30 to 60 depths in the hybrid system. (e) Modeled NO
3

– and NH
4

+ leaching and potential measured NO
3

– leaching. Lines are three plot 
averages and shaded areas represent 95% confidence intervals. (f) Modeled and observed total N uptake in the winter cover crops, error bars depict 
one standard deviation. Empirical in-field measurements are depicted as treatment means, except for (e) N leaching, where all three replicate mea-
surements are shown.
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Figure 7
(a) Averaged water contents, (b) nitrate (NO

3
–) soil concentrations, (c) ammonium (NH

4
+) soil concentrations, and (d) total mineral nitrogen (N) at the 

0 to 30 and 30 to 60 depths in the organic system. (e) Modeled NO
3

– and NH
4

+ leaching and potential measured NO
3

– leaching. Lines are three plot 
averages and shaded areas represent 95% confidence intervals. (f) Modeled and observed total N uptake in the winter cover crops, error bars depict 
one standard deviation. Empirical in-field measurements are depicted as treatment means, except for (e) N leaching, where all three replicate mea-
surements are shown.
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the N components that we did not measure, 
we were still able to account for between 
84% and 93% of N in the systems. The largest 
amount of unaccounted N (16%) occurred 
in the organic system, which was smaller 
than the average 38% of unaccounted N 
found in a meta-analysis of studies using 15N 
tracers to conduct field-scale mass balance 
N budgets (Gardner and Drinkwater 2009). 
Other possible losses of N in our study were 
gaseous losses of N2 and N2O and/or leach-
ing losses via dissolved organic matter and 
dissolved organic N (Murphy et al. 2000; van 
Kessel et al. 2009).

Summary and Conclusions
Our leaching data revealed that perennial 
cropping with alfalfa was effective for reduc-
ing NO3

– leaching, whereas replacement 
of chemical with organic fertilizers and/
or a grass + legume cover crop mix had no 
effect. Alfalfa, even after termination, was able 
to significantly reduce NO3

– leaching, likely 
because of alfalfa’s transformative impact on 
soil microbial communities compared to 
annual systems (though much more research 
is needed in this area). Ion-exchange resin 
bags were a cost- and time-effective method 
for measuring NO3

– leaching in our row crop 
systems, and this method would be easy to 
deploy on farms where more intensive instru-

mentation is impractical. HYDRUS-1D 
estimates of NO3

– leaching losses were in 
agreement with in-field resin bag mea-
surements under conventional production 
conditions where chemical fertilizers and 
winter fallow versus cover crops were used. 
However, in the system receiving compost 
as a soil amendment and in the alfalfa rota-
tion, there was greater disagreement between 
model estimates and measurements of N 
leaching. Our results suggest that the model 
would be strengthened by incorporation of 
soil microbial processes, including first-order 
C and N mineralization and N fixation, that 
are not currently accounted for. Models that 
can better describe the roles soil microbes can C
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play in preventing nutrient losses would pro-
vide valuable and convincing evidence of the 
benefits of building and sustaining soil micro-
bial communities and activity in agricultural 
soils (Matteau et al. 2019).

This study also highlighted the potential 
environmentally beneficial implications of 
including alfalfa in vegetable rotations, par-
ticularly after crops receiving high amounts 
of N fertilizers. Compared to other practices 
that have been suggested for mitigation of N 
pollution from agricultural systems, including 
cover cropping and replacement of chemical 
N fertility sources with organic sources like 
compost, alfalfa was the only practice that 
significantly reduced NO3

– leaching in this 
study. Increased cultivation of alfalfa across 
the agricultural landscape, especially in areas 
highly susceptible to NO3

– leaching like 
regions with sandy soils, high water tables, 
and close proximity to important sources of 
drinking water, could lead to significant gains 
in both prevention and mitigation of N pol-
lution from agricultural nonpoint sources. 

However, action is needed to counteract the 
recent declines in alfalfa cultivation in the 
state of California and nationwide due to the 
poor economics often associated with alfalfa 
cropping. The decreased incidence of alfalfa 
on California’s landscape may have already 
contributed to increases in NO3

– leaching 
from agricultural systems that increasingly 
feature annual vegetable crops with high 
fertilizer N application rates. Greater finan-
cial incentives, offered either via the market 
through increases in alfalfa hay demand and 
price point, or via programs delivered by 
governmental and nonprofit organizations, 
are needed to increase farmer willingness 
and financial feasibility of alfalfa cultivation. 
While results from this study represent only 
one winter rainy season and an anomalous 
season at that, this study still provides useful 
data to guide N management in California 
vegetable cropping systems. To strengthen our 
findings, future work should focus on repeat-
ing this study over multiple years and crop 
phases. Our results also support recommenda-

tions to track soil N residual levels and adjust 
both cover crop mixes and N fertilizer rates 
accordingly. Proper tracking will help reduce 
residual soil N levels over the winter and limit 
N leaching and pollution from these systems. 

Supplemental Material
The supplementary material for this article is available in the 
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Figure 8
(a) Averaged water contents, (b) nitrate (NO

3
–) soil concentrations, (c) ammonium (NH

4
+) soil concentrations, and (d) total mineral nitrogen (N) at the 

0 to 30 and 30 to 60 depths in the alfalfa-tomato system. (e) Modeled NO
3

– and NH
4

+ leaching and potential measured NO
3

– leaching. Lines are three 
plot averages and shaded areas represent 95% confidence intervals. Empirical in-field measurements are depicted as treatment means, except for 
(e) N leaching, where all three replicate measurements are shown.
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Figure 9
Nitrate (NO

3
–-N) leaching averages and 95% confidence intervals in the (a) conventional and (b) hybrid treatments for 1990 through 2018. Results 

are divided into dry, wet, and average years.
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Figure 10
Nitrate (NO

3
–-N) leaching concentration averages and 95% confidence intervals in the (a) conventional and (b) hybrid treatments. Results are divided 

into dry, wet, and average years.
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