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COVER: Due to ongoing climate change, widespread 
wildfires are predicted to increase over time in 
California. New research findings suggest that land 
managers can use strategic livestock grazing to reduce 
fuel loads in grasslands, which could help lower fire 
hazards (see Ratcliff et al., page 60). Photo credit: © 
Andreistanescu, Dreamstime.com.
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These stocker cattle graze seasonally, during 
spring, reducing fine fuels across a large 
landscape. Photo: Devii Rao.

RESEARCH ARTICLE

Cattle grazing reduces fuel and leads to more 
manageable fire behavior 
Grazing cattle can help reduce fuel loads on rangelands and mitigate the ever-growing risk of 
catastrophic wildfires. 

by Felix Ratcliff, Devii Rao, Sheila Barry, Shane Dewees, Luke Macaulay, Royce Larsen, Matthew Shapero, Rowan Peterson, Max Moritz and Larry Forero

Online: https://doi.org/10.3733/ca.2022a0011

Recent wildfire seasons in California have been 
some of the worst on record. This “new reality” 
highlights the importance of understanding how 

land management practices such as cattle grazing af-
fect wildfire behavior. Fire behavior is characterized 
in this paper by flame length. While climate change 
can lead to more severe fire behavior for California 
wildfires, our findings suggest that land managers can 
help balance out these dangers in grasslands by us-
ing livestock grazing to reduce fuel loads. CAL FIRE’s 
California Vegetation Treatment Program (CalVTP) 
utilizes prescribed herbivory, which is the targeted 
grazing of cattle, sheep and goats to reduce wildland 
plant populations. While not included in CalVTP, con-
ventional grazing also plays an important role in fuel 
load reductions.

Livestock grazing is a prevalent land use on 
California’s rangelands and is considered a cost-
effective method of reducing fuel loads (Taylor 2006). 
As such, fuel reduction through livestock grazing is a 

Abstract 
Cattle play an important role in wildfire management by grazing fuel 
on California rangelands. The benefits of cattle grazing have not been 
thoroughly explored, though. Using statewide cattle inventory, brand 
inspection and land use data, we have estimated that cattle removed 11.6 
billion pounds (5.3 billion kilograms [kg]) of non-woody plant material 
from California’s rangelands in 2017. Regionally, these reductions varied 
between 174 and 1,020 pounds per grazed acre (195 to 1,143 kg per 
hectare). Fire behavior is characterized in this paper by flame length. Fire 
behavior models suggest that these regional fuel reductions lower flame 
lengths, and lead to more manageable wildfires. In addition, fire-based 
models show that cattle grazing reduces fuel loads enough to lessen fire 
hazards in many grazed areas. Moving forward, there may be significant 
opportunities to expand strategic grazing on rangelands to add extra 
layers of protection against wildfires. 
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common management goal in regional, state, county 
and agency management plans (EBMUD 2000; EBRPD 
2013; George and McDougald 2010; Rancho Mission 
Viejo 2006; Santa Clara County Parks 2018). However, 
management plans generally do not list target fuel con-
ditions to achieve through livestock grazing.

Since livestock grazing is already in widespread use 
for wildfire fuel management in California, it is im-
portant to understand in greater detail to what extent 
livestock reduce fuel loads across the state, including 
how this varies spatially. More research on grazing for 
fuel reduction has been done on sheep and goats than 
on cattle (Nader et al. 2007). Especially in California, 
much of this research has focused on forests and shrub-
lands rather than grasslands, and on woody rather than 
herbaceous fuels (Green and Newell 1982; Minnich 
1982; Narvaez 2007; Tsiouvaras et al. 1989). While 
cattle graze all rangeland types in California, they pri-
marily graze grasslands, preferring herbaceous forage 
like grasses and flowering plants (Launchbaugh et al. 
2006; Van Soest 1994). When these fuels dry out, they 
are known as “fine fuel” — fuels with a high surface-
area-to-volume ratio that can be quickly combusted in 
wildfires (USFS 2022). Because they are by far the most 
widespread and abundant domestic grazers in the state 
(Saitone 2018), understanding the effects of cattle graz-
ing on rangeland fuel loads is particularly important. 

Beef cattle account for the vast majority of range-
land cattle. However, the number of beef cows in 
California today is only about 57% of their peak 
numbers in the 1980s (Saitone 2018). This reduction is 
mirrored by declines in authorized grazing on public 
lands in the state over that time period (Oles et al. 2017; 
Saitone 2018). The number of grazed rangeland acres 
has been in decline as well, both on private (Cameron 
et al. 2014) and public lands (Forero 2002; Oles et al. 
2017). This reduction influences rangeland fuel levels, 
as less fine fuel is removed through grazing. 

Cattle grazing can reduce rangeland fuels in several 
ways. The most frequently studied and perhaps most 
important way is by removing fine fuels. This can af-
fect fire behavior by reducing rates of spread, flame 
lengths and fire intensities. Despite widespread interest 
in this topic, there is only one published study of the 
impact of cattle grazing on fine fuels and fire behavior 
in California (Stechman 1983). This study looked at fire 
behavior in an annual grassland grazed by cattle; how-
ever, the level of residual dry matter (RDM) was much 
higher than is typical for grazed annual grassland in 
California. RDM is the amount of herbaceous plant 
matter from the previous season immediately prior 
to the first fall rains (Bartolome et al. 2006). Other 
studies from western U.S. rangelands in sagebrush 
steppe, mesquite savanna and cheatgrass-dominated 
grasslands have shown that cattle grazing can reduce 
fine fuel loads and, in turn, slow fire spread and flame 
length (Bruegger et al. 2016; Davies et al. 2010; Davies 
et al. 2015; Diamond 2009; Schmelzer et al. 2014). 
Several of these studies rely on fire behavior models to 

analyze the effects of fine fuel reduction on fire behav-
ior (Bruegger et al. 2016; Diamond 2009).

Cattle grazing can also reduce rangeland fuels by 
causing long-term changes in species composition 
and vegetation structure. Perhaps the most important 
example of this in California is that cattle grazing can 
prevent or slow the encroachment of shrubs and trees 
into grassland. Much of coastal California has shown a 
trend of shrub encroachment on grassland (particularly 
by coyote brush, Baccharis pilularis) in the absence of 
grazing and fire disturbances (Ford and Hayes 2007). 
For instance, in the San Francisco Bay Area, limited 
grazing in the mid- to late 20th century has been 
linked to widespread shrub encroachment and loss 
of grassland (Keeley 2005; McBride and Heady 1968; 
Russell and McBride 2003). Coyote brush encroach-
ment is also occurring on the southern California coast 
(Brennan et al. 2018). Shrub encroachment, even if by 
native species, presents a challenge for fire management 
because dense stands of shrubs increase fire hazard and 
fire intensity (Ford and Hayes 2007; Parker et al. 2016). 
Grazing is a key management technique to minimize 
these more severe wildfires in areas where retention of 
grasslands is an important goal.

The amount of herbaceous fuel on the ground 
during fire season in grazed California rangelands is 
largely a function of herbaceous growth in any given 
year, the number of livestock grazing per acre (grazing 
pressure), and vegetation biomass loss due to weath-
ering (Frost et al. 2008; Larsen et al. 2021). Forage 
production is notoriously variable and unpredictable 
in California, both between years and across the land-
scape at a fine scale (Becchetti et al. 2016; Devine et al. 
2019). The number of livestock grazing in the state is 
relatively stable by comparison. 

The goals of this study are to inform planning, pol-
icy, and risk assessment at the state and regional scales 

Comparison of ungrazed 
grassland (inside exclosure) 
versus grazed grassland 
(outside exclosure). Photo: 
Royce Larsen.
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and to clarify the benefit of strategic grazing to mitigate 
wildfire risk. To accomplish this, we describe the de-
gree to which cattle remove fine fuels from rangelands 
in different areas of the state and use models to try to 
understand how this fine fuel removal affects fire be-
havior. We aim to help answer the following questions:
1. How much herbaceous fuel is removed by cattle 

from grazed rangelands in California, and how does 
this amount vary by region in the state?

2. What can fire behavior models tell us about how ef-
fective current levels of cattle grazing are at altering 
wildfire behavior? 

3. How do spatial patterns of grazing and fuel reduc-
tion within regions inform our understanding of 
the impact of cattle grazing on fire behavior?
To answer the study questions, we first estimated 

rangeland fine fuel reduction by cattle in California. 
Next, we characterized year-to-year and spatial vari-
ability associated with fuel reduction. Finally, we ap-
plied fire models to predict how estimated regional fuel 
reduction would affect grassland fire behavior. 

Calculating fuel reductions
We assumed that fine fuel reduction by cattle equals 
the amount of rangeland forage consumed by cattle in 
California. This is a conservative estimate of the total 
fuel reduction since it does not explicitly consider fine 
fuels removed through trampling (Nader et al. 2007), 
but see AUM in supplemental table 2 in the online 

supplemental appendix. Consumed rangeland forage 
is a function of the number of cattle grazing on range-
lands (head), the class of cattle, and the time spent 
grazing on the rangeland (in months; equation 1). We 
used five datasets to determine the values in equation 
1, including the 2017 USDA Agricultural Census, Cali-
fornia Brand Inspection Data, County Crop Reports, 
GAP LANDFIRE vegetation classification and MODIS 
imagery (supplemental table 1). We also consulted with 
livestock and range advisors from the University of 
California Cooperative Extension (UCCE) to estimate 
irrigated pasture use and further refine the data (See 
“Animal Unit Months and Forage Removal” in the on-
line supplemental appendix).

The census data provides an inventory of beef cows 
and “other cattle” in each county. “Other cattle” are all 
non-cow classes (including both beef and dairy cattle). 
We used the brand inspection data to estimate the 
proportion of “other cattle” that were beef cattle, and 
to estimate the proportion of these that belong to each 
non-cow class (supplemental tables 1 and 2).

In order to account for inter-county movement of 
cattle, we created beef production regions in California 
(fig. 1). These regions were selected to account for the 
majority of inter-county movements of cattle, and for 
similarities in forage production and livestock produc-
tion practices for counties without pronounced pat-
terns of inter-county cattle movement.

Regional rangeland acres were calculated by: 
(1) summing harvested rangeland acreage statistics 
from the county crop reports to estimate “Grazed 
Rangeland” acres, and (2) summing the rangeland 
acreage types per region using the GAP/LANDFIRE 
National Terrestrial Ecosystems (GAP) (USGS 2016) 
classification to estimate “Total Rangeland” acres. 

We used the following equation to calculate the 
total pounds of forage removed on rangelands in each 
region by cattle (variables are described in supplemen-
tal table 2):

forage consumed = ∑region k (∑county j (∑cattle 

class i(headijk × monthsijk × AUEi –IP.adjustijk) × 
1,000 pounds/AUM))

To estimate forage removed per rangeland acre, we 
divided the estimated forage consumed by rangeland 
acreage in each region. To account for differences in 
approaches to estimating rangeland acreage, we calcu-
lated this using two datasets: county crop reports and 
the GAP classification.

Forage production and RDM
RDM is the unused forage at the end of the grazing 
season (fall) (Bartolome et al. 2006), measured in 
pounds per acre or kilograms per hectare. The total 
amount of forage produced per acre on rangelands 
is generally measured in late spring at peak stand-
ing crop. It is an approximate measure of the amount 
of fine fuel produced per acre annually (excluding 
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non-forage species), which is an important determi-
nant of fuel load. RDM is not a perfect measure of fuel 
load because it excludes non-forage species and is only 
measured at the end of the fire season. Nevertheless, it 
gives an approximate value for residual fuel load. When 
compared to production measurements, RDM can be 
used to determine fine fuel removal rates by livestock 
in grazed rangelands. 

We evaluated production data from 52 sites in the 
Central Coast, North Coast and Sacramento-Sierra-
Cascade regions that was collected between 2000 and 
2019, and RDM data from 105 sites collected between 
1987 and 2019. We summarized these data to charac-
terize variability in production between regions and 
at sub-regional scales, and to qualitatively assess het-
erogeneity of RDM and fuel reduction rates on grazed 
rangelands (supplemental table 4). We then compared 
these reduction rates to regional fuel reduction rates 
from the census-based fuel reduction estimates.

Modeling fire behavior 
Custom fuel models were built using the BehavePlus 
6 fire behavior model application to determine how 
variation in grassland fine fuel loads could affect flame 
length. Initial parameters were based on the low fuel 
load, dry-grass model GR2 (Scott and Burgan 2005), 
and the two grass models from the “original 13 fuel 
models” as described by Anderson (1982). However, 
several variables were altered to represent a range 
of fuel loads in different topographic positions and 
weather conditions (supplemental table 6). The pattern 
and scale of results from using the three different fuel 
models as the base for custom fuel models were similar 
(supplemental figs. 1–4). Therefore, our discussion is 
limited to the results of using the GR2 fuel model. 

A summer model was built to represent fuel con-
ditions after annual grasses had senesced and dried, 
and when fire conditions should be most extreme in 
a given year. For the summer models, we evaluated 
flame lengths when wind speeds were between 0 and 40 
miles per hour (0–64.4 kilometers [km] per hour), and 
when fuel loads were between 100 and 2,000 pounds 
per acre (112–2,242 kilograms [kg] per hectare [ha]). 
Additionally, three separate dead fuel moisture sce-
narios (high at 13%, moderate at 6% and low at 2%) and 
two separate slope scenarios (high at 100% and low at 
0%) were run. The high dead fuel moisture scenario 
was set to 13%, since our moisture of extinction (fuel 
moisture at which fuels are no longer ignitable) was set 
at 15% and is within the range of values that can be ex-
pected in California grasslands (Livingston and Varner 
2016). While there is a dearth of literature on dead fuel 
moistures in California grasslands, the moderate dead 
fuel moisture scenario was set to 6%, because that was 
the lowest value measured by Livingston and Varner 
(2016) in late September. We set this as our moderate 
value, instead of our low value, because their measure-
ments took place in Northern California, where we 

might expect higher dead fuel moistures due to a more 
mesic (moist) climate. Lastly, the low dead fuel mois-
ture value was selected to represent very extreme fire 
conditions. The higher slope value of 100% slope was 
selected to represent a high slope scenario, but one that 
was still reasonable for firefighters to access. 

A spring model that included more live fuel and 
a higher fuel moisture content was also evaluated 
(supplemental figs. 1 and 2). While the GR2 model is 
dynamic and automatically reapportions some of the 
live herbaceous fuel to a one-hour fuel load, we turned 
off the dynamic feature of our fuel models because we 
were manually setting the ratio of live to dead fuel as 
part of the spring and summer scenarios. 

BehavePlus 6 defaults to setting a maximum ef-
fective windspeed, but studies have shown that this 
can underestimate flame lengths and rates of spread 
(Andrews et al. 2013). Therefore, we turned off this 
feature and did not impose a maximum effective 
windspeed in our model calculations. Additionally, 
BehavePlus 6 has the option for the windspeed to be 
calculated at the midflame height, 20 feet above the 
vegetation, or 10 meters above the vegetation. We set 
the input for wind speeds to be at midflame height. 
This is the average windspeed from the top of the fuel 
bed to the height of the flame in relation to the fuel. 

Regional variations
Approximately 1.8 million beef cattle grazed range-
lands in California in 2017. Although there was a slight 
dip in the number of beef cows in the state during the 
2012–2015 drought, their number had rebounded to the 
decadal average by 2017 (CDFA 2010–2018), indicating 
that 2017 Census numbers are representative of the pre-
drought cattle numbers. 

Beef cows were by far the most abundant beef cattle 
class, with 677,000 on range in the state in 2017. This 
was followed by steers, heifers, “mixed” (an amalgama-
tion of different classes that couldn’t be separated using 
the brand inspection data), and bulls.

The number of months cattle spent on rangeland 
varied by county and by cattle class. Cows were esti-
mated to spend an average of 10.7 months on range-
land (this accounts for cows that were removed from 
rangeland due to replacement). Steers and heifers 
were estimated to be on range an average of 7.6 and 
7.7 months, respectively, and bulls and “mixed” cattle 
averaged 6.6 months on range. Time spent on range by 
each class of cattle varied substantially between coun-
ties and regions.

The cumulative fine fuel removal by these cattle var-
ied by region from 85.0 million pounds (34.6 million 
kg) in the South Coast region to 5,444 million pounds 
(2,469 million kg) in the San Joaquin-Sierra region (fig. 
2). In regions with higher levels of irrigated pasture use 
(San Joaquin-Sierra and Sacramento-Sierra-Cascade), 
estimates of fuel removal may be somewhat higher than 
actual removal rates if irrigated pasture use was higher 
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in 2017 than the regional estimates used in our analy-
sis. Across the state, the total fuel reduction by cattle in 
2017 was 11.6 billion pounds (5.3 billion kg). Overall, 
this is probably a conservative estimate of fuels reduced 
on rangelands since it does not take into consideration 
fine fuels trampled by cattle and incorporated into 
mineral soil.

There were 19.4 million acres (7.9 million ha) of 
rangeland grazed by livestock in California accord-
ing to county crop reports and county Agricultural 
Commissioners’ offices. This is close to the 17 million 
acres (6.9 million ha) of private grazed rangeland previ-
ously reported in the state (CAL FIRE 2017), which is 
not surprising since many county crop reports do not 
include federal grazing allotments in their rangeland 
acreage estimates. On the other hand, our estimate of 
the total rangeland acreage based on the California 
GAP was 59.4 million acres (24 million ha). This es-
timate includes all public and privately owned range-
land, whether or not it is grazed. 

The average amount of fuel removed across grazed 
rangelands in the state was 596 pounds per acre (668 
kg/ha). This number varied from 174 pounds per acre 
(195 kg/ha) in the Southeast Interior region to 1,020 
pounds per acre (1,143 kg/ha) in the San Joaquin-Sierra 
Region (table 1; fig. 3). 

When calculated across all rangeland acres identi-
fied in the GAP analysis (not just grazed acres), average 
fuel reduction was only 195 pounds per acre (219 kg/
ha). This lower number is largely due to the fact that 
there is rangeland that is not grazed in every region. 
The per-acre fuel reduction using the GAP acreage has 
similar regional trends to fuel reduction based on acre-
age from the county crop reports (table 1; fig. 4).

The regional values of grazing intensity are far be-
low the amount of forage produced by region in most 
years. Valley grasslands in the interior of the state gen-
erally produce 2,000 pounds of forage per acre (2,242 
kg/ha) or more in an average forage year (Bartolome 
1987; Becchetti et al. 2016). Central and northern coast 

TABLE 1. Acreage and average fuel reduction rates on grazed and total rangelands by region

Region
Grazed rangeland acreage 

(from crop reports)
All rangeland acreage 

(from GAP)
Fuels removed – grazed 

rangelands (pounds/acre)
Fuels removed – all 

rangelands (pounds/acre)

Central Coast 3,983,153
(1,611,925 ha)

7,242,014
(2,930,739 ha)

419
(470 kg/ha)

230
(258 kg/ha)

North Coast 1,857,912
(751,870 ha)

2,504,836
(1,013,671 ha)

419
(470 kg/ha)

450
(504 kg/ha)

Sacramento-Sierra-Cascade 5,827,095
(2,358,142 ha)

11,703,394
(4,736,196 ha)

495
(555 kg/ha)

246
(276 kg/ha)

San Joaquin-Sierra 5,336,824
(2,159,736 ha)

9,265,683
(3,749,689 ha)

1,020
(1143 kg/ha)

588
(659 kg/ha)

South Coast 211,560
(85,615 ha)

3,659,608
(1,480,991 ha)

401
(449 kg/ha)

23
(26 kg/ha)

Southeast Interior 2,232,720
(903,550 ha)

25,031,549
(10,129,908 ha)

174
(195 kg/ha)

16
(18 kg/ha)

Total 19,449,264
(7,870,838 ha)

59,407,085
(24,041,194 ha)

596 (average)
(668 kg/ha)

195 (average)
(219 kg/ha)
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FIG. 3. Pounds per acre of fuel reduction on grazed rangelands in California regions.

FIG. 2. Millions of pounds of rangeland fuel removed by cattle in each region.
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range grassland sites produce more than 3,000 pounds 
of forage per acre (3,363 kg/ha) (Becchetti et al. 2016; 
Larsen et al. 2020). Coastal prairie sites can be highly 
productive, producing more than 4,500 pounds per 
acre (5,044 kg/ha) on average in the Central Coast 
(Larsen et al. 2020). In the highest production years, 
forage production can be double the average in any 
given region, and in the lowest production years it 
can be less than 25% of average production (Larsen et 
al. 2020). The relatively low grazing intensity reflects 
the generally conservative stocking strategies used by 
many ranchers across the state to hedge against the un-
predictable and highly variable annual forage produc-
tion (Macon et al. 2016).

It’s important to keep in mind that grazed acres and 
forage removal rates in this paper are not “hard num-
bers,” but rather are estimates to inform large-scale 
patterns of fuel removal by cattle. These estimates are 
based on the best available data, but these data do not 
describe the intricate (and dynamic) details of cattle 
grazing across the state. These numbers should be in-
terpreted in the context of understanding regional fuel 
reduction, not as predictive of grazing practices at sub-
regional scales. There is a need for more consistent and 
accurate reporting of cattle numbers and grazed acres 
across the state.

Based on several datasets, forage production and 
RDM were highly variable within and between regions 
of the state. Average RDM in each region was signifi-
cantly less than production, but the amount of fuel 
reduced was highly variable (table 2).

Collectively, these data show that reductions of 
fuels measured on ranches can differ significantly 
from region-wide averages seen in the Census analy-
sis. The Census gives an indication of the county in 
which grazing occurs, but it does not tell us where 
those animals graze within the county. The RDM data 

also show that spatial differences in forage production 
and grazing practices can lead to differences in the 
amount of fine fuels and the level of fuel reduction by 
cattle. This is consistent with other research showing 
that annual forage production is highly variable across 
the state, varying at small and large scales in relation 
to soil characteristics, microclimate, position on the 
landscape, and tree canopy cover (Becchetti et al. 2016; 
Devine et al. 2019; Frost et al. 1991).

Lower flame lengths
Keeping flame lengths below eight feet (2.4 meters [m]) 
is seen as a critical threshold that allows fire fighters 
to use direct measures (such as heavy equipment) on 
the ground to fight fires. Below four feet (1.2 m), fires 
can be fought using hand tools (Andrews and Rother-
mel 1982). However, these thresholds are somewhat 
fuzzy and dependent on other aspects of the fire, i.e., 

TABLE 2. Forage production and residual dry matter (RDM) from coastal prairie, coast range grassland, and valley grassland sites in Central and 
Northern California

Region Data source
 Average production 

(pounds/acre)

Production 
minus summer 
decomposition  
(75% of total)*

Average RDM 
(pounds/acre)

Average fuel 
reduction  

(pounds/acre)

Central Coast (Coastal) Larsen et al. 2020 4,978
(5,580 kg/ha)

3,734
(4,185 kg/ha)

1,815
(2,034 kg/ha)

1,919
(2,151 kg/ha)

Northern California 
(Coastal)

Bartolome et al. 2015 
and Point Reyes 
unpublished data 2020

7,053†
(7,905 kg/ha)

5,290
(5,929 kg/ha)

2,147
(2,406 kg/ha)

3,143
(3,523 kg/ha)

Central Coast (Coast 
Range) Larsen et al. 2020 3,371

(3,778 kg/ha)
2,528

(2,834 kg/ha)
2,055

(2,303 kg/ha)
473

(530 kg/ha)

Central Coast (Coast 
Range)

NRCS unpublished data 
2010

3,055
(3,424 kg/ha)

2,138
(2,396 kg/ha)

1,775
(1,990 kg/ha)

363
(407 kg/ha)

Central Coast (Interior) Larsen et al. 2020 1,961
(2,198 kg/ha)

1,471
(1,649 kg/ha)

1,053
(1,180 kg/ha)

418
(469 kg/ha)

Sacramento-Sierra-
Cascade (Interior) 

UC ANR unpublished 
data

3,096
(3,470 kg/ha)

2,322
(2,603 kg/ha)

800‡
(897 kg/ha)

1,522
(1,706 kg/ha)

* Based on Frost et al. 2005.
† Production values from only two years of data. 
‡ RDM values estimated not measured.
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spread and fire intensity (Andrews et al. 2011). Based 
on our fire behavior models, on flat ground in dry 
summer conditions (when dead fuel moisture is 6%), 
fine fuel loads below 1,225 pounds per acre (1,373 kg/
ha; fig. 5) are predicted to keep flame lengths below 
eight feet at wind speeds up to 15 miles per hour (24 
km per hour). At higher dead fuel moisture levels and 
lower wind speeds, flame lengths may be kept below 
eight feet at higher fuel loads. However, in extreme 
fire weather with very low dead fuel moisture (2%) 
and wind speeds up to 40 miles per hour (64.4 km per 
hour), fine fuel loads may need to be reduced below 
214 pounds per acre (240 kg/ha) (fig. 5) to keep flame 
lengths under eight feet. In high slope areas during dry 
conditions (6% dead fuel moisture) with windspeeds 
of 15 miles per hour, fine fuel loads would need to be 
kept below 1,000 pounds per acre (1,121 kg/ha) to keep 
flame lengths below eight feet. In very dry conditions 
(2% dead fuel moisture), at wind speeds of 40 miles 
per hour, fuel loads would need to be reduced below 
205 pounds per acre (230 kg/ha) to keep flame lengths 
below eight feet. While these models are useful for in-
terpreting potential impacts of estimated fuel reduction 
levels, the results still need to be experimentally vali-
dated in California before they are used for policy and 
planning purposes. Also, these models do not evaluate 
ignition potential, level of shrub encroachment, and 
areas with elevated ignition risk, which may have dif-
ferent fuel load thresholds. There is always a level of 
uncertainty associated with fire behavior modeling. 

Depending on the aptness of the fuel models, Behave-
Plus 6 results can be off by a factor of two or more 
(Sparks et al. 2007).

Understanding the effect of cattle grazing on fire 
behavior is complicated by the pronounced spatial and 
temporal variability in forage production, fuel reduc-
tion, shrub encroachment and RDM at scales smaller 
than the region or county. In their measurements at 
43 different ranches spanning a rainfall gradient in 
Central California, Larsen et al. (2020) found RDM 
values ranging from 75 to 6,258 pounds per acre (84 to 
7,014 kg/ha) from 2000 to 2019. Forty percent of graz-
ing fields had RDM values at or below 1,225 pounds 
per acre (1,373 kg/ha), while only 4% were below 214 
pounds per acre (240 kg/ha). This shows that many 
areas of these grazed rangelands had good fuel condi-
tions for non-extreme fire weather, but few locations 
had fuel levels low enough to keep flame lengths below 
eight feet in extreme fire weather. No grazing fields had 
RDM below these thresholds consistently across all 
monitoring years.

Strategic grazing 
The inherent heterogeneity of grazing intensity and 
fuel reduction may in fact be its greatest asset in re-
ducing wildfire hazard and risk. Selective grazing 
by livestock can create patchiness of fuels, reducing 
continuity of fuels and reducing rate of fire spread and 
total burned area (Bunting et al. 1987; Kerby et al. 2007; 
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Launchbaugh 2016; Taylor 2006). At the ranch scale, 
RDM data from the Central Coast shows that, even 
in a region with relatively low grazing intensity, fuel 
reduction of several thousand pounds per acre can be 
achieved in select locations (Larsen et al. 2020). 

Given that grazing intensity on California range-
lands is generally conservative relative to the amount 
of forage produced in most years (as evidenced by the 
generally low fuel reduction for most regions in the 
Census analysis), strategic implementation of grazing 
should be employed to maximize the benefit of live-
stock grazing for fuels reduction. A strategic grazing 
program would target grazing on certain areas of the 
landscape. It should consider maintaining fuel breaks, 
controlling shrub encroachment, employing grazing 
near the wildland-urban interface, proximity to urban 
centers, annual weather patterns (i.e., grazing in ad-
vance of Santa Ana or Diablo winds), potential sources 
of ignition, and the realities of grazing operations (in-
cluding animal distribution, nutrition, site accessibility, 
and the need to bank forage for the fall). To be success-
ful, grazing strategies must be logistically feasible and 
financially sustainable for the grazing operator.

A strategic approach to fuels reduction is especially 
important given that California rangelands are man-
aged for multiple resource objectives. Reducing fuels on 
all grazed rangelands to 1,225 pounds per acre (1,373 
kg/ha) or less will not be compatible with some of these 
objectives in some areas. RDM recommendations are 
based on the type of grassland (dry annual grassland, 
annual grasslands/hardwood rangeland, or coastal 
prairie), terrain slope, and percent cover of woody veg-
etation (Bartolome et al. 2006). RDM standards vary 
from 300 pounds per acre (336 kg/ha) on some dry, 
flat inland sites to 2,100 pounds per acre (2,354 kg/ha) 
on steep, coastal prairie sites (Bartolome et al. 2006). 
Maintaining adequate RDM is expected to minimize 
soil erosion, improve forage production, and influence 
plant species composition at some sites — but many 
areas have RDM standards above the preliminary fuel 
load thresholds reported here. In particular, steeper 
areas have higher minimum RDM recommendations 
— but these areas would need even lower fuel loads to 

keep flame lengths below eight feet. Testing these fuel 
load thresholds on the ground and having discussions 
between fire modelers and rangeland specialists will 
be critical to making appropriate recommendations 
about grazing levels to achieve both fire safety and 
natural resource objectives. Furthermore, RDM is mea-
sured immediately prior to the first germinating rains 
(September or October) and fuel reductions will need to 
be achieved earlier in the year if they are meant to apply 
to the bulk of the fire season. Fuel reduction also must 
ensure that adequate forage is left to support continued 
livestock grazing during the fall and winter months.

There are several potential synergies between re-
ducing residual biomass for fire safety and conserva-
tion objectives. Excessive residual biomass and height 
have been found to negatively affect many sensitive or 
threatened wildlife species (Ford et al. 2013; Gennet 
et al. 2017; Germano et al. 2011; Riensche 2008), cause 
problems for weed management (Becchetti et al. 
2016), and negatively affect some native plant species 
(Bartolome et al. 2014; Beck et al. 2015). Where pos-
sible, maximum biomass standards for fuel reduction 
should be strategically implemented to simultaneously 
promote these and other conservation goals. 

Cattle grazing is not the only management tool that 
can be used to reduce residual biomass. Unlike wildfires, 
prescribed fires are well planned, and are implemented 
to achieve one or more specific objectives. Prescribed 
fires burn thatch, increasing seed access to the soil sur-
face, and creating more suitable light conditions and 
ground temperatures for grassland forbs (Sugihara et al. 
2006). This allows higher levels of seed production and 
flowering in forbs after late spring fires. Prescribed fire 
can be used alone, or in conjunction with grazing, to 
improve habitat for some native plants and sensitive or 
threatened wildlife species. In the early 1950s, ranchers 
were permitted to burn a substantial amount of land in 
California, up to more than 200,000 acres in one year 
(Biswell 1999). Since that time, prescribed burn acreage 
has been in steep decline. However, due to recent cata-
strophic wildfires, there is renewed interest in prescribed 
burning. Though grazing is substantially more wide-
spread than prescribed burning today, thanks to new 

This cow-calf operation 
on the Central Coast has 
cattle grazing on the 
ranch year-round, helping 
to reduce the potential 
for catastrophic wildfire. 
Photo: Devii Rao. 
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legislation (SB 901 and SB 1260) and development of 
prescribed burn associations across the state, prescribed 
burning is becoming a viable option again. 

Grazing can reduce fuel
Cattle grazing plays an important role in reducing fuels 
on California rangelands. Without grazing, we would 
have hundreds or possibly thousands of additional 
pounds per acre of fuel on rangelands, potentially lead-
ing to larger and more devastating fires. Cattle grazing, 
of course, can’t eliminate wildfires completely. But it 
can make a big impact. Cattle don’t consume forage 
uniformly on rangelands. Instead, they eat in more of 
a patchwork pattern. Thus, while cattle grazing does 
not reduce fuels enough to avoid hazardous 4- or 8-foot 
wildfire flame lengths on all grazed rangelands, many 
areas will be grazed sufficiently to significantly alter fire 
behavior (especially in non-extreme fire weather). 

To effectively reduce wildfire hazards, rangeland 
managers and planners must strategically coordinate 
fuel management practices, such as cattle grazing along 
with other natural resource objectives and manage-
ment practices, including prescribed fire. This will 
require the development of maximum residual biomass 
standards that can be used to assess fuel loads at criti-
cal times and locations during the fire season. To help 
develop these standards, we need to experimentally 
validate fire behavioral models in herbaceous range-
lands in California.

Widespread wildfires are predicted to increase over 
time in California due to ongoing climate change. This 
new reality requires that we take advantage of all the 
tools available to protect public safety while also meet-
ing broader rangeland management objectives. All of 
this is occurring against the backdrop of the decline 
of the number of beef cows grazing in California, 

including on public lands, over the past several decades 
(Oles et al. 2017; Saitone 2018). It is not feasible to graze 
all rangelands to ideal fuel levels, nor is it compatible 
with management goals across the state. However, there 
are opportunities to improve fire safety in California by 
grazing rangelands that are not currently being grazed 
— or even by increasing grazing intensity on some very 
lightly grazed areas. Strategic implementation of cattle 
grazing, including potentially fee-for-service agree-
ments on key private and public lands, can meet mul-
tiple natural resource objectives while also lowering fire 
hazards by reducing fine fuels, reducing fuel continuity 
and slowing or even stopping shrub encroachment onto 
grasslands. C
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Results from a 2-year study suggest that 
applying winter runoff to Central Valley 
orchards in moderately drained to well-
drained soils has minimal effects on yield, 
root production and light interception. 
Photo: David Doll.
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Winter flooding recharges groundwater in 
almond orchards with limited effects on root 
dynamics and yield
Almond orchards on soils with moderately high SAGBI or better can likely be used for winter 
water recharge with minimal negative effects and potentially some horticultural benefits.
by Xiaochi Ma, Helen Dahlke, Roger Duncan, David Doll, Paul Martinez, Bruce Lampinen and Astrid Volder

Online: https://doi.org/10.3733/ca.2022a0008

Almond (Prunus spp.) is one of the top producing 
commodities in California; in 2019, almonds 
provided producers with cash receipts of $6.09 

billion (CDFA 2020). From 2010 to 2019, almond acre-
age in the state increased by 79%; acreage of trees 4 
years and older — called bearing acres — increased by 
53%. During the same period, total California almond 
production increased by 55%, with an approximate 
value increase of $3.2 billion (CDFA 2020). 

The expansion of almond orchards has increased 
irrigation demand in areas that rely heavily on ground-
water reserves. In spite of some high water years 
(2017, 2019), the 10-year trend (2010–2020) shows that 
28.4% of monitored wells had a water level decrease 
of 5 to 25 feet and 9.6% of monitored wells decreased 
by more than 25 feet. Over that same period, 14.8% 
of wells showed an increase in groundwater level 
(CADWR 2019). Groundwater decreases are particu-
larly pronounced in the Tulare Lake, San Joaquin 
River and Sacramento River hydrologic regions (the 
whole Central Valley). In an effort to reduce ground-
water overdraft, California signed the Sustainable 
Groundwater Management Act (SGMA) into law in 

Abstract 
California signed the Sustainable Groundwater Management Act (SGMA) 
into law in 2014. SGMA requires groundwater-dependent regions to halt 
overdraft and develop plans to reach an annual balance of pumping and 
recharge. Groundwater aquifers can be recharged by flooding agricultural 
fields when fallow, but this has not been an option for perennial crops 
such as fruit and nut trees. While flooding these crops might be possible 
during the dormant season, it is not known what impact flooding might 
have on tree-root systems, health and yield. We followed root production, 
tree water status and yield in two almond orchards in Northern California 
for 2 years to test the impact of applying captured winter water runoff for 
groundwater recharge purposes on tree performance. Results showed 
that more than 90% of the water applied to sandy soil and 80% of the 
water applied to loamy soil percolated past the root zones, with no 
measured adverse effects on tree water status, canopy development 
or yield. Groundwater recharge did not negatively affect new root 
production and tended to extend root lifespan. Based upon these data, 
applying additional water in late December and January is not likely to 
have negative impacts on almond orchards in moderately drained to well-
drained soils.
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2014. SGMA requires groundwater-dependent regions 
to combat the drop in groundwater levels by develop-
ing plans to balance pumping and recharge.

One promising approach in this effort is to transfer 
surplus surface water into groundwater aquifers dur-
ing winter on agricultural lands (O’Geen et al. 2015). 
While this practice is relatively easy with annual crops 
that have a fallow period, this option has not been 
widely explored yet with perennial crops, in part due 
to concerns that prolonged soil saturation may dam-
age crop root systems. A recent study on alfalfa in 
California demonstrated the feasibility of this approach 
in highly permeable soils (Dahlke et al. 2018). The large 
acreage of California’s almond orchards and the avail-
able water distribution infrastructure used to support 
it could potentially facilitate groundwater reservoir 
recharging in these orchards during winter, but it is 
not known what potential effects flooding might have 
on the trees’ aboveground growth and production. It 
is also not known what effect flooding might have on 
the trees’ root systems. In particular, there may be con-
cerns with exposing the perennial roots to potentially 
damaging low-oxygen conditions when orchards are 
kept saturated (Kozlowski 1997). Responses of roots to 
groundwater recharge are important because roots play 
a vital role in water and nutrient uptake (Osmont et al. 
2007). They also function as anchors and storage or-
gans, providing carbohydrates to restart aboveground 
development after the dormancy period ends (Tixier et 
al. 2019).

To evaluate the impact of winter flooding on al-
mond root growth, canopy development, whole-plant 
water status and yield, we conducted field experiments 
in two commercial almond orchards in California’s 
Central Valley, one with highly permeable soil and one 
with moderately permeable soil. Because our recharge 
treatments occurred during the dormant season, we 
hypothesized that almond trees would be able to toler-
ate saturated or nearly saturated soil conditions during 
this period without negative effects on root growth, 
water status or yield. In California, there are over 5 
million acres of soils with Agricultural Groundwater 
Banking Index (SAGBI) ratings of excellent, good and 
moderately good (O’Geen et al. 2015). Most of these 
soils are on the east side of the Central Valley; the 
findings from this study will benefit those areas, with 
implications for the practice of groundwater recharge 
in dormant orchards.

Experimental sites and design
We conducted field experiments simultaneously in 
two almond orchards, one near Delhi, the other near 
Modesto (fig. 1), from December 2015 to October 2017. 
The orchard near Delhi (37 24’16 N, 120 47’20 W) was 
established in 2000 with alternating rows of Butte and 
Padre varieties on Nemaguard rootstock. Trees are 
spaced 18 feet apart with 22 feet between rows. The 
soil type at this site is Dune Sand with a SAGBI rating 

of “excellent”. The second orchard, near Modesto in 
Stanislaus County (37 36’30 N, 121 04’20 W), was 
established in 1996 with alternating rows of 50% Non-
pareil and 25% each of Monterey and Sonora varieties 
on Nemaguard rootstock. 
Trees are spaced 21 feet 
apart with 22 feet be-
tween rows. The soil in 
this orchard is classified 
as Dinuba Fine Sandy 
Loam, with a SAGBI rat-
ing of “moderately good” 
(O’Geen et al. 2015). Soil 
stratigraphy at each field 
site is illustrated in the 
online technical appendix. We obtained precipitation 
data from stations #71 Modesto and #206 Denair II of 
the California Irrigation Management and Information 
System (CIMIS; https://cimis.water.ca.gov).

At each site, we applied recharge and control treat-
ments to different sections of the same orchard block. 
At Modesto during the growing season the orchard 
is basin flood–irrigated approximately every 3 weeks 
using surface water provided by the local irrigation 
district. During January 2016 and January 2017, we ap-
plied 6 inches of water weekly (a total of 24 inches each 
month) to nine contiguous recharge treatment rows via 
flood irrigation, using city stormwater runoff captured 
by the Modesto Irrigation District and rerouted to ir-
rigation canals. We measured root dynamics and stem 
water potential in five randomly selected trees from 
three center Nonpareil rows, and we measured yield 

FIG. 1. Location of field sites in Delhi (Merced County) 
and Modesto (Stanislaus County), California. Image: 
Google Earth.

Capturing stormwater runoff 
and potentially banking it in 
groundwater through winter 
irrigation in almond orchards might 
be a feasible method to reduce 
groundwater overdraft in California.
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and light interception for all Nonpareil trees in the 
treatment block.

At Delhi, we chose five rows, each with 32 trees (al-
ternating Butte/Padre), for our experiment. During the 
active growing season, the grower irrigates these rows 
using micro-sprinkler irrigation. During our study, 
from December 2015 to mid-January 2016 and again 
during January 2017, we applied 8 inches of water to 
the first 10 trees in each row in three separate events 
(24 inches total per season) via flood irrigation with 
pumped up local groundwater. We used the last 12 
trees in each row for control measurements. As in the 
Modesto orchard, we measured root dynamics, stem 
water potential, yield and light interception on five 
randomly selected trees; we selected trees for this pur-
pose from the center row (Butte). Dates and amounts 
of groundwater recharge events in both sites are shown 
in table 1.

Measurements and data analyses
During our 2-year study, we measured soil water con-
tent for each treatment at each experimental site at 
10-minute intervals at depths of 6 inches, 18 inches and 
40 inches using GS3 soil-moisture sensors (Decagon 
Devices, Pullman, Wash.). We measured stem water 

potential (Ψstem) of bagged leaves in the active growing 
season and twigs in the dormant season bi-weekly. We 
measured root-growth dynamics from minirhizotron 
root images that we collected every 3 weeks using a 
portable CID root imager (CID Bio-Science, Camas, 
Wash.). (We installed clear root observation tubes to a 
2-foot soil depth at an angle of 60º and inserted swim-
ming pool noodles to prevent temperature gradients. 
We capped and covered the tubes with sand-filled bags 
to prevent them from flooding and/or floating away.) 
We hand-traced roots in the images using RootFly 
software (Clemson University), and from the tracings 
we calculated total lengths of new roots and of disap-
peared/dead roots through time. We measured canopy 
light interception (i.e., photosynthetically active radia-
tion below the canopy) during the growing seasons in 
2016 and 2017 using methods described in Zarate-Val-
dez et al. (2015). We measured yield at harvest in 2015 
(pre-treatment) and again in 2016 and 2017. We used a 
t-test to determine whether there was a significant dif-
ference between the means of two treatment groups at a 
significance level of P = 0.05. More details on measure-
ments and data calculation can be found in the techni-
cal appendix.

Soil water content in response to 
winter watering
We observed that the deep percolation rate of applied 
water in the sandy soil of Delhi was higher than the 
deep percolation rate in the sandy loam soil at Modesto 
(table 2). This suggests that soil permeability is one of 
the major factors determining the efficiency of ground-
water recharge in winter. Natural precipitation during 
the second season of our study (October 2016 to April 
2017) was significantly higher than it was during the 
first season at both Delhi (35% increase) and Modesto 
(26% increase) (table 2). This explains the greater deep 
percolation rate of applied water in both sites in 2017 
compared to 2016 (6% and 15% increases at Delhi and 
Modesto, respectively).

Soil moisture sensors in Modesto showed that soil 
water content at this site depleted more quickly in deep 
soil (at 3.3-foot depth) than in shallow soil (at 0.5-foot 

TABLE 1. Dates of groundwater recharge events and amount of applied water for each 
event during the winters of 2015–2016 and 2016–2017 at Delhi and Modesto

Season

Delhi Modesto

Date

Irrigation 
amount 

Date

Irrigation amount

inches inches

2015–2016 12/23/15 8 1/4/16 6

12/29/15 8 1/11/16 6

1/12/16 8 1/19/16 6

1/25/16 6

2016–2017 1/13/17 8 1/9/17 6

1/19/17 8 1/16/17 6

1/26/17 8 1/23/17 6

1/30/17 6

TABLE 2. Water inputs (precipitation and applied water for groundwater recharge) and estimated deep percolation and loss of applied water to soil 
storage from October to April of 2015–2016 and 2016–2017 at Delhi and Modesto

Site Precipitation
Applied 

water
Total deep 

percolation

Deep 
percolation 
from rainfall

Deep percolation of applied 
water

Loss of applied water to soil 
storage

inches inches inches inches inches percentage inches percentage

2016                

Delhi 12.94 26.15 29.09 4.79 24.31 93 1.84 7

Modesto  9.91 24.00 21.90 2.55 19.35 81 4.65 19

2017                

Delhi 17.44 25.80 33.03 7.43 25.60 99 0.20 1

Modesto 12.46 24.00 27.94 4.78 23.16 96 0.84 4
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FIG. 2. Volumetric water content (VWC, in3/in3) for winter-watered almond orchards at (A) Delhi and (B) Modesto, measured at 0.5 ft (15 cm; blue solid 
lines), 1.5 ft (45 cm; black dashed lines) and 3.3 ft (100 cm; red solid lines). Blue bars represent the daily precipitation amount (inches/hour); green bars 
represent groundwater recharge events.
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and 1.5-foot depths) at the beginning of 2017 (fig. 2), 
suggesting that, at Modesto, deeper layers have greater 
hydraulic conductivity (supplementary figs. 1 and 2 in 
the technical appendix).

Soil texture significantly influenced residence 
time of the water as well as deep percolation rates. 
Maximum soil water content at 1.5-foot depth after one 
recharge event was reached much more quickly in the 
sandy soil at Delhi (1 hour) than in the fine sandy loam 
at Modesto (more than 24 hours, fig. 3). Root-zone 
residence time (RZRT) of flood water, defined as the 
length of time it takes for soil water content to return 
to pre-flooding conditions after each event of ground-
water recharge, was much longer at the Modesto site 
(6 inches of water applied per event, RZRT > 72 hours) 
than at the Delhi site (8 inches applied per event, RZRT 
< 24 hours). 

Water status and root growth 
We found no negative effects of groundwater recharge 
on tree water status. Ψstem during winter and in early 
spring was at or higher than the baseline for all trees 
at both field sites in both years (fig. 4). In both years 
the last winter groundwater recharge event took place 
in late January, and the introduced water stayed in 
the root zones no more than a week. At this time of 
year the trees have not leafed out yet and thus we 
would not expect any direct effects of water added on 
the physiology of the tree unless the tree was water 
stressed or the root system was negatively affected by 
saturated conditions in the root zone. We found no 
evidence of increased root death or decreased root 
production in the months immediately after the re-
charge events were applied in either year (table 3, Jan-
uary–March). However, in 2016 we found less negative 
in-season Ψstem for trees in plots where winter water 
for recharge was applied compared to the control (no 
extra water applied) at Delhi. This was likely due to 
other factors than the winter recharge treatment. At 

Delhi the recharge plots had a deeper layer of sandy 
soil in the recharge plot, which may have allowed 
deeper root growth under the high frequency sum-
mer irrigation regimen typical of orchards located on 
sandy soils. 

Adding winter water for groundwater recharge 
showed no adverse effects on new root production 
at either site (tables 3 and 4). Almond trees produce 
most new roots around the stage of nut development, 
from April to June (see example in fig. 5). At Delhi, we 
found no significant increase in total length of new 
roots in winter-watered trees in the first months after 

FIG. 3. Changes in 
volumetric water content 
(VWC, in3/in3) at 1.5 ft 
(45 cm) soil depth in 
response to a single flood 
event (black arrows) at (A) 
Delhi and (B) Modesto. 
During each groundwater 
recharge event, 8 inches 
of water were applied 
at Delhi, and 6 inches at 
Modesto.
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the recharge treatment was applied (January–March), 
yet there was a trend to lower April–June new root 
length production in the recharge treatment in both 
years (table 3). In the Modesto orchard, trees that 
received extra winter water showed a tendency to 

produce more new roots in the first quarter (January–
March) of each treatment year (table 4), especially 
in 2016, which had low winter rainfall. These results 
indicate that winter irrigation does not have a statisti-
cally significant impact on root development in highly 

TABLE 3. Seasonal changes in total lengths of new and dead roots at Delhi with and without winter groundwater 
recharge treatment

Year Time period

Total length of new roots 
(in/ft2

tube surface)
Total length of dead roots 

(in/ft2
tube surface)

No recharge Recharge No recharge Recharge

2016 January–March 6.99 ± 2.56 7.52 ± 3.81 0.56 ± 0.20 2.49 ± 2.13

  April–June 20.00 ± 11.57 13.08 ± 3.15 7.52 ± 2.14 1.59 ± 0.69

  July–September 8.08 ± 2.93 8.07 ± 2.87 1.95 ± 1.20 4.22 ± 1.62

  October–December 0.97 ± 0.40 4.70 ± 1.93 4.08 ± 2.98 2.31 ± 0.99

2017 January–March 2.10 ± 1.39 1.74 ± 1.02 4.98 ± 1.74 11.09 ± 4.43

  April–June 9.15 ± 4.49 3.97 ± 0.51 4.61 ± 1.59 8.17 ± 2.02

  July–September 5.63 ± 2.60 4.20 ± 2.01 8.89 ± 3.45 6.23 ± 1.26

  October 0.03 ± 0.03 0.60 ± 0.21 4.20 ± 1.22 3.72 ± 1.10

Numbers represent mean ± standard error; bold numbers indicate a statistically significant difference (P < 0.05) between treatments.

TABLE 4. Seasonal changes in total lengths of new and dead roots at Modesto with and without winter groundwater 
recharge treatment

Year Time period

Total length of new roots
(in/ft2

tube surface)
Total length of dead roots 

(in/ft2
tube surface)

No recharge Recharge No recharge Recharge

2016 January–March 0.81 ± 0.51 4.84 ± 4.13 0.00 ± 0.00 0.00 ± 0.00

  April–June 12.90 ± 2.90 15.82 ± 5.16 3.29 ± 1.47 0.60 ± 0.30

  July–September 2.25 ± 0.50 3.21 ± 0.60 9.05 ± 2.63 3.86 ± 0.89

  October–December 0.93 ± 0.55 3.14 ± 0.83 1.87 ± 0.91 4.28 ± 1.22

2017 January–March 2.99 ± 0.84 3.86 ± 1.12 2.21 ± 0.67 4.96 ± 1.78

  April–June 4.47 ± 2.02 3.97 ± 0.35 3.06 ± 0.20 5.12 ± 0.79

  July–September 0.52 ± 0.26 0.90 ± 0.26 2.93 ± 1.45 5.29 ± 1.02

  October 0.19 ± 0.19 0.16 ± 0.05 0.82 ± 0.44 1.97 ± 0.65 

Numbers represent mean ± standard error.

FIG. 4. Stem water potential (Ψstem, bar) of irrigated almond trees (blue circles) and nonirrigated trees (green circles) for winter groundwater recharge 
events in (A) Delhi and (B) Modesto in 2016–2017. Baseline (red triangle) was the expected water potential for well-watered trees based on weather 
conditions during the measurement period. Blue bars represent the events of groundwater recharge. Error bars represent standard error (n = 5).
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FIG. 5. An example of root 
growth dynamics at the 
Delhi site. Raw root images 
were taken at soil depths 
between 1 and 1.5 feet 
(30–45 cm) by using the CI-
600 root imager (CID Bio-
Science) in (A) February, (B) 
May, (C) September and (D) 
December of 2016. Photos: 
Paul Martinez.

permeable sandy soils or moderately permeable soils 
(e.g., sandy loam).

Standing root length is the net result of both new 
root length produced and root length that has died. 
When studying the impact of a treatment on root 
death, it is important to keep in mind that roots first 
need to be produced before they can die. Thus, a high 
root length that died can be either the result of high 
production in a previous month or the result of accel-
erated root death (reduced lifespan of produced roots). 
At Delhi, reduced length of dead roots in the recharge 
treatment in April–June 2016 reflects the lower new 
root production in that same period (keeping stand-
ing root length the same). In 2016 at Modesto, how-
ever, we had considerably higher new root length 
production through June in the recharge treatment 
but this was matched with much reduced dead root 
length production, thus suggesting that the lifespan of 
the roots was longer in the winter recharge plots. We 
did not find this in 2017. An extended lifespan reduces 
the ability of roots to take up water and soil nutrients 
(Volder et al. 2004). This pattern was not repeated 
in 2017, suggesting that variations in climate or soil 
conditions between the plots and years, not recharge 
treatments, could explain the results. Significantly 
higher precipitation in 2017 (table 2) increased soil 
water availability for root growth both in the control 
and in the treatment plots, thus minimizing any po-
tential positive effects of winter irrigation. 

Canopy light interception and yield 
Groundwater recharge in winter showed minimal ef-
fects on canopy development and nut production; 
canopy light interception and yield were similar be-
tween treatments during each year at both field sites 
(table 5). Both sites had slight decreases in percentage of 
canopy light interception, indicating a reduced canopy 
size across treatments (with and without groundwater 
recharge) in the wet year of 2017 compared to the dry 
year of 2016. This is to be expected based on patterns 
of spur dynamics; more spurs die in a dry year, thus 
leading to reduced canopy size in the following year 
(Lampinen et al. 2011). 

While annual yield at Modesto was fairly consistent 
over the two years of our study, we observed substantial 
annual variation in yield at Delhi. The year 2016 was a 
low-producing year in both winter-watered and control 
treatment blocks at Delhi, while 2017 was a higher-pro-
ducing year, especially in the recharge treatment block 
(table 5). However, there was also greater yield in this 
same block in 2015, the year prior to the application of 
winter recharge (+46% and +41% greater production 
in the recharge block in 2015 and 2017, respectively). 
The higher yields in 2015 (pre-treatment) and 2017 
in the recharge block at Delhi support the idea that 
trees there may have deeper root systems, which help 
maintain high nut production in the years following a 
dry year by enabling greater spur survival (Lampinen 
et al. 2011). At Delhi, the soil profiles between the re-
charge treatment and the control block were sufficiently 

TABLE 5. Canopy light interception (%) and almond yield (lb/acre) for blocks grown with and without winter groundwater recharge at Delhi and 
Modesto in 2016 and 2017

Canopy light interception 
(%)

Yield 
(lb/acre)

2016 2017 2015* Percentage 2016 Percentage 2017 Percentage

Delhi                

No recharge 72.0 65.3 2,415 100.0 1,575 100.0 2,202 100.0

Recharge 75.8 65.4 3,535 146.0 1,393 88.0 3,108 141.0

Modesto                

No recharge 88.8 75.1 3,360 100.0 3,291 100.0 2,982 100.0

Recharge 85.2 77.2 3,425 102.0 3,129 95.0 2,985 100.0 

* Results for 2015 reflect pre-experiment conditions.
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different (see technical appendix) that this is a more 
likely explanation than the recharge treatment per se.

Thus, we found no positive or negative effect of add-
ing water for winter recharge on yield at either Delhi or 
Modesto. It is possible that younger almond orchards 
(i.e., those less than 15 years old) might have different 
responses to winter recharge treatment, which is a pos-
sibility that needs to be investigated in future studies.

Minimal negative effects, potential 
benefits of winter watering
Capturing stormwater runoff and potentially banking 
it in groundwater through winter irrigation in almond 
orchards might be a feasible method to reduce ground-
water overdraft in California. In our study, over 90% 
of the winter-applied water percolated past the root 
zone (2-foot depth) in the sandy soil at Delhi and 80% 
percolated past the root zone in the fine sandy loam 
at Modesto (table 5). Our data show that this watering 
had minimal effects on yield, root production and light 
interception in both almond orchards. However, as we 
added extra water for recharge purposes to only one 
block per treatment at each site, we cannot separate 
the effects of differences across blocks from the effects 
of the recharge treatments, and thus we cannot firmly 
conclude that winter watering has no negative impacts 
on almond orchards. More rigorous and longer-term 
studies are necessary to confirm this low risk and per-
haps explore potential horticultural advantages of win-
ter irrigation in Prunus spp. orchards at different ages. 

The opportunity to flood almond orchards during 
the dormant season may only be feasible during years 
when winter rains are above normal. More studies 
are needed to evaluate the impact of applying water 
for recharge purposes later, in the spring, when more 
surface water becomes available in most parts of the 
Central Valley. This is when the roots and shoots are 
actively growing (after blooming or during the fruit 

development stage, April–May), and trees that are 
actively growing are much more susceptible to the 
negative effects of low oxygen conditions in the soil 
(Kreuzwieser and Rennenberg 2014). In addition, 
due to orchard growing practices and fertilizer ap-
plications, this period is likely much less suitable for 
groundwater recharge (Duncan et al. 2019), as it carries 
an additional risk of leaching nitrates and other pollut-
ants into the groundwater and there is a need to regu-
larly move heavy equipment through the orchard. 

Lastly, efficiency of groundwater recharge and its 
effects on the growth of almond trees are influenced by 
rootstock, soil type and other factors that affect water 
percolation. In order to prevent unintended tree loss, 
growers need to carefully consider these factors when 
adopting the strategy of groundwater recharge in al-
mond orchards. c
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Results from a UC Cooperative Extension 
study suggest that large-scale organic 
vegetable operations on the Central 
Coast that seldom use cover crops or 
compost can benefit from the extensive 
use of organic fertilizers to stimulate soil 
microbial activity.
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RESEARCH ARTICLE

Fine-tuning fertilizer applications in organic 
cool-season leafy green crops can increase soil 
quality and yields 
Organic vegetable growers can use soil nitrate tests to better understand how much organic 
fertilizer to apply. 

by Richard Smith, Michael Cahn, Tim Hartz, Daniel Geisseler and Patricia Love 

Online: https://doi.org/10.3733/ca.2022a0010

Central Coast California growers produced $766 
million of cool-season organic produce in 
2019. These crops included lettuces, cole crops, 

spinach, strawberries and spring mixes (baby lettuces 
and kale, mizuna and arugula). Large-scale organic 
vegetable production on the Central Coast has been 
steadily increasing over the past 20 years due to rising 
consumer demand and optimal growing conditions. 
While there is basic information on organic soil fertil-
ity for vegetables (Gaskell et al. 2000; Gaskell and Smith 
2007), specific soil fertility information for cool season 
vegetables is scarce. Organic growers have the added 
challenge of complying with recent nitrogen (N) use 
limits put out by the Central Coast Regional Quality 
Control Board. 

A key practice used by conventional growers to 
improve the uptake efficiency of applied N fertilizer is 
measuring levels of residual soil nitrate-N and adjust-
ing fertilizer application rates accordingly (Hartz et al. 
2000). In organic vegetable production, however, soil 
nitrate tests are rarely used to guide fertilizer applica-
tions due to the uncertainty of how much (and when) 

Abstract 
Organic cool-season vegetable growers on the Central Coast face 
challenges in applying nitrogen (N) to balance yields with new 
environmental regulations. It is hard to time fertilizer applications 
while calculating N mineralization of soil organic matter and 
organic fertilizers to plant-available N. Organic fertilizers with high 
phosphorus (P) to N ratios may elevate P levels and harm surface water 
quality. In this study, we evaluated (1) mineralization of soil organic 
matter and fertilizers, (2) effectiveness of residual soil nitrate-N tests 
and (3) long-term impacts of organic fertilizers on P levels and soil 
microbial activity. We found that mineralization of N from soil organic 
matter provided limited N to leafy green vegetables. Soil tests were 
more reliable in heavier than sandier soils. Application rates of 4-4-2 
were calculated to meet N demands, resulting in an oversupply of P. 
However, only 9% to 17% of fertilizer P solubilized without elevating 
available soil P levels. While it’s difficult for organic vegetable growers 
to use cover crops, organic fertilizers increased carbon levels, resulting 
in higher levels of soil microbial activity. 

https://doi.org/10.3733/ca.2022a0010


N is mineralized from soil organic matter and organic 
fertilizers. Soil tests for residual soil nitrate-N are most 
accurate when done immediately prior to a fertilizer 
application. However, the time lag in the release of 
nitrate-N from organic fertilizer adds a level of uncer-
tainty to the use of nitrate-N tests, especially if residual 
soil N is lost to leaching before the crop can utilize it. 
It is critical to understand the release characteristics of 
organic fertilizers to determine how organic N fertil-
izer applications can be adjusted and made more ef-
ficient. It is also important to understand background 
levels of mineralization of N from soil organic matter, 
as well as the quantity of nitrate-N that is supplied by 
irrigation water, both of which can provide significant 
amounts of N for crop growth. 

This project was conducted over 4 years with large-
scale organic cool-season vegetable operations in 
Monterey County, which typically farm 300 to 1,000 
acres and supply nationwide markets. Nitrogen min-
eralization from soil organic matter and organic N 

fertilizers were measured, and the utility of nitrate-N 
testing for residual soil N to adjust fertilizer applica-
tions was evaluated. The role of organic phosphorus (P) 
fertilizers in elevating soil P levels was examined and 
compared with neighboring conventional vegetable 
fields. In addition, the impact of the long-term use of 
organic fertilizers on soil microbial activity and or-
ganic matter was evaluated. 

Conventional and organic fields
Trials were conducted with cooperating growers in 
conventional and organic romaine lettuce, spinach, 
spring mix and broccoli fields. Twenty experiments 
were conducted in 2016 and 2017 in Monterey County 
with the goal of evaluating N mineralization from soil 
organic matter in laboratory and in-field evaluations 
(table 1). Four composite preplant soil samples up to 
12 inches deep were collected at each organic site and 
at a neighboring conventional farm with the same soil 

TABLE 1. Twenty soil mineralization sites: details on crops, soil, fertilizer and yield

Site 

Years 
certified 
organic

Prior 
crop* Crop*

Days to 
harvest

Soil 
texture†

Initial 
soil 

mineral 
N

Soil N 
mineral-
ization‡

Mean 
crop N 

uptake§

Total 
crop N 

uptake¶

Fertilizer 
N 

applied

Fertilizer N 
available 

(estimated)#

% yield 
increase 

with fertil-
ization**

ppm lb/ac/day lb/ac/day lb/ac lb/ac lb/ac

1 9 Spinach Spinach 28 loam 14.3 — 1.62 45 210 126 17

2 14 Spinach Spinach 22 s loam 27.0 1.19 3.22 71 120 36 16

3 5 Mizuna B. lettuce 28 loamy s 21.1 0.31 2.45 69 90 24 37

4 20 W. fallow B. lettuce 31 c loam 18.8 0.50 1.25 39 120 36 31

5 14 B. lettuce Broccoli 64 s loam 14.0 0.83 5.88 376 437 219 62

6 2 B. lettuce B. lettuce 31 c loam 14.2 0.32 1.47 46 160 72 21

7 2 B. lettuce B. chard 25 si loam 24.1 0.10 4.29 107 160 72 17

8 5 B. lettuce Romaine 39 loamy s 6.9 0.36 1.77 69 160 54 93

9 14 Romaine Romaine 67 s loam 22.2 — 1.12 75 360 204 0

10 2 B. lettuce Romaine 41 c loam 28.7 0.40 2.27 93 160 72 18

11 10 W. fallow B. kale 31 loam 17.6 0.44 1.56 48 120 62 85

12 10 W. fallow Romaine 51 loam 15.6 0.48 2.29 117 160 51 10

13 15 W. fallow Spinach 29 c loam 26.3 0.25 0.96 28 160 53 210

14 15 Romaine Broccoli 69 s loam 49.5 1.40 4.73 326 451 163 21

15 21 W. fallow B. lettuce 35 c loam 34.0 0.30 1.39 49 150 53 20

16 15 Cauliflower Romaine 56 s loam 47.1 0.59 2.04 114 440 159 18

17 6 Romaine B. lettuce 27 s loam 12.4 1.10 2.44 66 148 49 44

18 6 Romaine B. lettuce 27 loamy s 8.0 0.61 2.12 57 148 49 37

19 3 Romaine B. kale 22 si loam 30.7 1.90 3.85 85 160 60 0

20 3 Spinach B. kale 25 c loam 28.9 0.30 2.26 57 80 41 43

Mean 23.1 0.63 2.45 97 199 83 40

* B. lettuce = baby lettuce; B. chard = baby Swiss chard; B. kale = baby kale; W. fallow = winter fallow.
† s loam = sandy loam; loamy s = loamy sand; c loam = clay loam; si loam = silt loam.
‡ Laboratory estimates of net N mineralization from soil organic matter by intact core method (10 weeks at 59°F and optimal soil moisture content; Miller et al. 2018).
§ Total crop uptake from fertilized plots divided by crop cycle days.
¶ Biomass N in fertilized plots.
# Estimates of net N mineralization from applied fertilizer based on laboratory mineralization of the fertilizer type used at the site. 
** Percent increase in yield of grower standard fertilizer treatment over untreated control. 
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type and similar crop mix. The soils were analyzed for 
organic matter (loss on ignition), total N and C (com-
bustion), bicarbonate extractable P (Olsen P), total P 
(acid digestion and ICP-AES analysis), permanganate 
extractable carbon (POXC) (Culman et al. 2012), wa-
ter extractable N (WEON) and C (WEOC) (Haney et 
al. 2012), and fluorescein diacetate (FDA) hydrolysis 
(Green et al. 2006). 

In each field, three replicates of unfertilized plots 
versus plots fertilized with the grower standard N 
application were established to measure the level of 
response to N fertilization. Plots were 6.7 feet wide by 
10 feet long. In sprinkler-irrigated fields, three 1-liter 
water containers with 7-inch diameter funnels were in-
stalled; in drip-irrigated fields, in-line flow meters were 
installed in each plot to measure total applied water. 
Nitrate-N content of the water was measured, and total 
N applied in the irrigation water was calculated. Soil 
samples to 12 inches deep were collected weekly from 
each plot and were extracted with 2N KCl, to measure 
mineral N. Crop biomass and biomass N were mea-
sured at crop maturity. 

In-field mineralization measurements were made 
on the unfertilized plots. Crop plants were removed, 
and the soil was covered with plastic mulch, in order 
to measure N mineralization from soil organic matter 
without the confounding factors of crop N removal 
and nitrate-N leaching by irrigation water. The plastic 
mulch was applied after the germination water wetted 
the soil. The soil remained at or near field capacity over 
the crop cycle — in other words, in a moist (but not sat-
urated) condition, able to mineralize nitrogen with no 
leaching. White on black plastic mulch was used, with 
the white side facing up to reflect light and minimize 
soil heating, and the black side facing down to inhibit 
weed growth. Soil nitrate-N was measured each week 
during the cropping cycle by collecting six soil cores, 
12 inches deep from each plot. Soil temperatures were 
measured using soil moisture and temperature probes 
(Decagon 5TM) and a recorder (Decagon Em50). In-
field estimates of soil mineralization were made from 
the mulched plots by subtracting nitrate-N levels at the 
beginning of the crop cycle from nitrate-N at the end. 

Nitrogen mineralization in soil from each site was 
also determined in laboratory assays by incubating 
undisturbed soil cores collected at the beginning of the 

crop cycle (Miller et al. 2018). A 6-inch-long by 2-inch-
diameter undisturbed core was taken in a plastic sleeve 
from each replicated plot. At the same time, several 
samples were taken with a soil probe to the same depth 
from the area surrounding the core sampling location. 
These samples were then homogenized and stored in a 
cooler on ice with the undisturbed cores until returned 
to the laboratory. The cores were incubated at 59°F for 
10 weeks. During the incubation, the soil moisture 
content was maintained at 60% water holding capacity. 
Net N mineralization was calculated as the difference 
between the initial mineral N measured in the samples 
from the surrounding soil and the final mineral N in 
the cores.

Each of the 20 organic field sites was paired with a 
neighboring conventional field of the same soil type 
and growing a similar mix of crops. Composite soil 
samples were collected from four locations in each 
field, and each replicate was analyzed for factors shown 
in table 2. The mean values for each soil parameter in 
the organic and conventional fields were statistically 
compared using a pairwise Student’s t-test. 

Evaluation of N and P release
Replicated in-field evaluations of N and P release from 
organic dry fertilizers were conducted in romaine 
lettuce fields in 2016 and 2017. Two commonly used 
organic fertilizers were evaluated: 4-4-2 (a mixture of 
poultry manure and feather meal) and 12-0-0 (feather 
meal). Twenty grams of oven-dried organic fertilizer, 
in a 0.5-inch-thick layer, were placed in 4-inch-by-5-
inch polypropylene mesh bags, which were placed on 
the soil surface (to simulate a topdressed application) 
or buried three inches deep (to simulate a soil-incorpo-
rated application). The bags were subject to wetting and 
drying cycles from the sprinkler irrigation used in the 
field. To determine N and P release from the fertilizer, 
four bags were removed each week, and their contents 
were oven-dried, weighed and analyzed for total N and 
P. The quantity of N and P released from the fertilizer 
was calculated by the difference in the weight loss dur-
ing the field incubation. 

Aerobic laboratory incubations of organic fertil-
izers commonly used by organic growers were con-
ducted at UC Davis. The incubations simulated soil 

Large-scale 
organic vegetable 
operations that 
seldom use cover 
crops or compost 
can benefit from 
the extensive 
use of organic 
fertilizers, which 
stimulate soil 
microbial activity.

TABLE 2. Comparisons of soil parameters of 20 paired organic and conventionally managed vegetable production fields

If 
Organic 
matter C total N total

Mineralization 
from OM P total P Olsen POXC FDA WEOC WEON

% % % lb N/ac/day % ppm ppm mg/kg/hr ppm ppm

Conventional 2.010 0.990 0.116 0.4000 0.104 36.600 269.400 11.500 92.200 13.500

Organic 2.070 1.030 0.117 0.6000 0.091 38.600 307.500 18.600 105.500 17.000

P-value 0.739 0.710 0.919 0.1265 0.189 0.710 0.202 0.007* 0.098 0.003*

* Indicates a highly significant difference between the means. 
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incorporation of the fertilizers. The soil was collected 
from two organically managed fields and was air-
dried and thoroughly mixed. Organic fertilizers were 
blended with these soils at approximately 100 mg N 
kg−1 soil, brought to field capacity water content, and 
incubated at 68°F. At 2, 4 and 8 weeks of incubation, 
subsamples were extracted with 2N KCl, and mineral N 
was determined. The rate of net N mineralization from 
the organic fertilizers was determined as the increase 
in mineral N over time minus that measured in the 
control (unfertilized) soil. 

To evaluate the use of soil nitrate tests in guid-
ing fertilizer N applications, four replicated on-farm 
fertilizer trials were conducted in 2018 and 2019 in 
conventional and organic spinach fields. Soil textures 
at the sites were clay loams, silt loams and loamy sands 
(table 3). Soil organic matter ranged from 1.18% to 
3.47%. Each plot was one 80-inch bed wide by 30 feet 
long and was replicated four times in a randomized 
complete block design. The following treatments were 
included in each trial: untreated control, 50% of grower 
standard, and grower standard fertilizer application. At 
each site, fertilizer either was applied at listing or top-
dressed at planting. Soil samples were collected from 
the top 12 inches of soil at planting and each week until 
harvest, and were analyzed for mineral N. Yield and 
crop N uptake were measured at crop maturity. 

N available for crop growth
During the crop cycle, a portion of the N in soil organic 
matter mineralizes to plant-available forms. This study 
measured mineralization of nitrate-N from the soils 
at the 20 study sites. Laboratory incubations averaged 
0.6 pounds (lb) N/acre (ac)/day (range 0.3 to 1.9), and 
in-field evaluations averaged 1.6 lb N/ac/day (range 0.3 
to 3.3). In spite of efforts to prevent soil heating under 
the plastic mulch, soil temperatures were higher in the 
mulched plots (data not shown), which may have given 
higher estimates of mineralization than have been re-
ported in the literature for similar soil types (Miller et 
al. 2018). The correlation between the in-field and labo-
ratory incubations was low (R2 = 0.08). As a result, we 
had greater confidence in the laboratory estimates of N 
mineralization (table 1) and used that data to estimate 

N mineralization in this study. Fast-growing leafy veg-
etables such as lettuce and spinach take up 3 to 4 and 5 
to 6 lb N/ac/day, respectively, during the last half of the 
growth cycle (Bottoms et al. 2012; Heinrich et al. 2013). 
Average daily soil mineralization over all sites was 0.6 
lb N/ac/day and average crop uptake was 2.5 lb N/ac/
day (table 1), indicating that daily crop N demand was 
higher for these crops than the amount mineralized 
from soil organic matter. 

Nitrate-N in irrigation water can be an impor-
tant source of N for crop growth (Cahn et al. 2017). 
However, the average levels of nitrate-N in the irriga-
tion water at these study sites was 11.1 parts per million 
(ppm), with only two sites > 48.0 ppm and the rest be-
low 16.0 ppm. On average, the irrigation water supplied 
15.6 lb N/ac over the crop cycle (data not shown), an 
important but small portion of the N needs of the crops 
in this study. 

Residual soil nitrate-N left over from prior rotations 
also can be a significant source of N for crop growth. 
This is particularly true for the second or third crop 
of the season, where significant mineral N remains 
from prior crop residues and unused fertilizer N. A soil 
nitrate-N concentration of 20 ppm in the top foot of 
soil is equivalent to 70 to 75 lb of N/ac (at soil bulk den-
sities of 1.3 to 1.4 grams/cm3) and provides sufficient 
N to supply crop needs for 1 to 2 weeks (Breschini and 
Hartz 2002). The mean concentration of residual soil 
nitrate-N at all sites at the beginning of the crop cycle 
was 23.1 ppm (83 lb N/ac, table 1). However, nitrate-N 
is susceptible to losses due to excess irrigation, particu-
larly during crop stand establishment. An average of 
3.0 inches/ac of water was applied to establish the crops 
at the study sites, while crop water demand during this 
time was 1.9 inches/ac (based on estimates of evapo-
transpiration in Johnson et al. 2016). As a result, an 
average of 1.1 inches of water leached (ranged from 0.1 
to 2.9 inches) during the first 7 to 10 days of the crop 
cycle. This leaching loss may explain why residual soil 
nitrate at the beginning of the crop cycle did not play a 
bigger role in providing crop N needs (fig. 1). 

Nitrogen uptake by the crop at harvest ranges 
from 120 to 160 lb/ac for lettuce, 90 to 130 lb/ac 
for spinach, 60 to 70 lb/ac for baby lettuce, and 250 
to 350 lb/ac for broccoli (Hartz 2020). Fertilizer N 

TABLE 3. Fertilizer trial site, crop background and yield response to N applied at 4-4-2

Site 
no.

Years 
organic

First 
water

Days to 
harvest

Soil 
texture*

Soil 
organic 
matter

N applied 
at listing 

N applied 
at 

planting Total N 
Soil nitrate-N 

at planting

Yield 
response to 

fertilizer†

% lb/ac lb/ac lb/ac ppm

1 4 June 6 30 c loam 3.47 80 80 160 33.0 No

2 4 Aug 24 27 loamy s 1.18 160 — 160 28.3 Yes

3 4 Sept 20 26 c loam 3.18 40 80 120 18.3 No

4 5 July 15 24 si loam 2.25 80 80 160 21.6 No

* c loam = clay loam; loamy s = loamy sand; si loam = silt loam.
† Significant difference between the grower standard fertilizer application and the 0% and 50% fertilizer treatments, P < 0.05. 
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application rates are often at or above these N uptake 
values. However, as will be discussed below, the net 
amount of N released from organic fertilizers during 
the crop cycle is less than the total N content of the 
crop. Over all sites, the amount of N released from 
applied fertilizer was less than crop uptake: average 
crop uptake was 97 lb N/ac and the average net release 
of N from applied fertilizer was 83 lb N/ac (table 1). It 
appears that the other sources of N, such as residual 
mineral N, mineralization of N from soil organic mat-
ter, and nitrate-N in irrigation water, while modest, 
were sufficient to supplement fertilizer N to achieve 
economically viable yields. 

A guide to fertilization
In conventional production systems, supplemental 
fertilizer applications can be made more precise by 
measuring residual soil nitrate-N levels immediately 
before fertilization and reducing fertilizer applications 
if there is adequate residual nitrate-N. If levels are ≥ 20 
ppm nitrate-N, the need for fertilizer N can be reduced 
or eliminated (Breschini and Hartz 2002). Nitrogen 
in conventional fertilizers is soluble and immediately 
available to the crop. However, due to the time lag in 
the release of mineral N from organic fertilizers, soil 
nitrate-N tests in organic production cannot effectively 
be made immediately prior to fertilization. Rather, they 
need to be conducted early in the production cycle to 
make sure that the release of the mineral N from the 
fertilizer effectively meshes with crop N demand. 

To better understand the utility of measuring soil 
nitrate-N to guide fertilizer applications in organic 
vegetable production, four fertilizer trials were con-
ducted on spinach, a fast-growing and shallow-rooted 
crop. Given the short life cycle of the crop and the lag 
time in the release of mineral N from organic fertil-
izers, the only opportunity to test residual nitrate-N is 
at or before planting. All trial sites were the second or 
third crops of the season and had levels at or above 20 
ppm nitrate-N at the beginning of the crop cycle (table 
3). Treatments included 0%, 50% and 100% of the 
grower standard N application rate. There was no yield 
response to applied fertilizer on sites with heavy soils 
(sites 1, 3 and 4). Yields equivalent to the 100% grower 
standard were obtained with 0% or 50% of the stan-
dard fertilizer application rate. These results indicate 
that the quantity of residual N was adequate to supply 
crop needs. Site 2 had a loamy sand soil; even though 
residual soil nitrate-N levels were 28.1 ppm, fertilizer 
application rates of less than 100% of the grower stan-
dard resulted in lower yields. Leaching of the residual 
nitrate-N during the application of germination water 
was probably responsible for the lower yield in the 
reduced fertilizer plots at this site. The active roots of 
spinach are in the top 4 to 12 inches of soil (Heinrich 
et al. 2013), and maintaining nitrate in this narrow 
band of soil with sprinkler irrigation is challenging, Bulk delivery of organic fertilizers. Photo: Richard Smith.  

Polypropylene mesh bags containing organic fertilizer were placed on the soil surface to 
simulate a topdressed application. Photo: Richard Smith. 

FIG. 1. Correlation (or relationship) between increase in crop yield and residual soil 
nitrate-N at planting. Increase in the yield of vegetables with fertilization in comparison 
to residual soil nitrate-N in the soil at the beginning of the crop cycle.
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especially on light soils. The results from these trials 
suggest that testing soil for residual soil nitrate-N can 
be useful in organic vegetable production. However, to 
estimate future availability of residual soil nitrate-N in 
soil, nitrate tests appear to be most useful for heavier 
soils. The tests are less useful for lighter soils, where 
nitrate-N can be leached by irrigation water before 
it is utilized by the crop. More studies are needed to 
better understand how to use nitrate tests to fine-tune 
fertilizer N applications in cool-season vegetables in 
organic systems. 

Dry and liquid fertilizers
Laboratory incubations were conducted with a variety 
of dry and liquid organic fertilizers to understand 
how much and when N is mineralized. The fertilizers 
were mixed with moist soil and incubated at 68°F for 
56 days. This technique simulates mineralization of 

N from fertilizer that is incorporated into moist soil. 
The quantity of N that mineralized from dry fertiliz-
ers ranged from 14.9% to 60.7%, and liquid fertilizers 
ranged from 51.8% to 68.7% of the initial N content of 
the fertilizer (table 4). Fertilizers with greater N con-
centrations released a greater proportion of N than fer-
tilizers with lower N concentration. For example, 4-4-2 
and 12-0-0 mineralized 41.4% and 60.7%, respectively, 
of their initial total N content over the 8-week incuba-
tion. Liquid fertilizers with N concentration equivalent 
to dry materials mineralized a greater proportion of 
their N and did so more quickly. Liquid fertilizers are 
typically made from high-N-content material, which is 
diluted with water during application.

In-field N release studies of dry organic fertilizers 
compared surface-applied and soil-incorporated appli-
cations of 4-4-2 and 12-0-0 over 55 days in a sprinker-
irrigated lettuce field. Both fertilizers released a high 
proportion of their mineral N during the first 2 to 3 

TABLE 4. 2017 Laboratory incubations: Percent of total nitrogen mineralized

Fertilizer type
Fertilizer analysis 

(N-P-K)

Days incubated at 68°F

14 days 28 days 56 days

Dry

Poultry manure 2.5-2.0-2.5 4.4 7.7 14.9

Poultry manure and feather meal 4-4-2 29.7 31.7 41.4

Meat & bone meals 8-5-1 44.1 45.9 57.9

Feather meal, meat & bone meals, and potassium sulfate 10-5-2 44.7 51.5 57.2

Feather meal 12-0-0 50.5 57.7 60.7

Liquid

Grain fermentation 2.5-2.0-1.0 30.6 31.6 51.8

Fish solubles, sugar molasses, beet extract 4-1-3 52.5 56.7 68.7

Lettuce mid growth cycle. Photo: Richard Smith. 
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weeks. Over 55 days, soil-incorporated applications of 
12-0-0 released more N than 4-4-2, 86.0% versus 54.0% 
(fig. 2). Less N was released from surface applications 
of both materials than from soil-incorporated applica-
tions. This may be due to drying cycles between rounds 
of irrigation, which slow the mineralization process 
and reduce N release. Soil-incorporated fertilizer stays 
more consistently wet, allowing mineralization to con-
tinue uninterrupted. 

Organic fertilizers have two distinct phases of re-
lease of mineral N: an initial rapid phase that occurs in 
the first 2 to 4 weeks after wetting of the material, dur-
ing which time the labile forms of N mineralize, and a 
prolonged phase in which the recalcitrant components 
in the fertilizer slowly mineralize (Hartz and Johnstone 
2006). In these trials, organic fertilizers did not miner-
alize all of the N that they contained. The unmineral-
ized portion of organic fertilizers is recalcitrant and 
becomes part of the soil organic N pool, which slowly 
becomes available over subsequent years. As a result, 
the leaching potential of recalcitrant N in organic fer-
tilizer is low. Ag Order 4.0, developed by the Central 
Coast Regional Water Quality Control Board, uses the 
quantity of applied N (“A” value) and the quantity of N 
removed by the crop (“R” value) as the basis for N fer-
tilizer use regulations. The results from this study and 
Lazicki et al. (2020) underscore the need to consider 
mineralized net N rather than the total amount applied 
from organic fertilizers when calculating the “A” value 
for organic fertilizer.

Organic fertilizers release P
The risk of elevating P levels is a common concern in 
organic agriculture due to the use of P-rich composts 
and fertilizers (Maltais-Landry et al. 2016). Excess 
soil P can be transported in runoff from storms or ir-
rigation to surface waters and can cause water quality 
impairment by eutrophication. The high P:N ratio of 
organic fertilizers such as 4-4-2 result in high applica-
tion rates of P, because the material is applied at rates 
that satisfy the N needs of the crop, but are excessive 
for the crop’s P needs. 

This study provided preliminary evaluations of 
the impact of the use of 4-4-2 on P buildup in Salinas 
Valley soils. A material like 4-4-2 applies N and el-
emental P in a ratio of 2.3:1. This ratio, when applied 
at rates to supply the N needs of spinach, provides over 
three times more P than is taken up by the crop. This 
relationship indicates that continued use of 4-4-2 could 
result in a buildup of P in the soil. However, our mea-
surements showed that only 9% to 17% of the P content 
of 4-4-2 was released during the crop cycle. Whether 
the fertilizer was placed on the surface or buried in the 
soil did not affect this rate of release. It is not entirely 
clear why the release of soluble P from this material was 
low, but the two factors that may affect P release are the 
characteristics of the manure (Leytem and Mikkelsen 
2005) and soil lime content (Hartz 2020). 
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FIG. 2. Nitrogen released from pouches with 4-4-2 and 12-0-0 placed on the soil surface 
and buried three inches deep. Bars are standard error of the mean.
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Stimulating microbial activity

Organic vegetable growers on the Central Coast face 
the same production pressures as conventional grow-
ers: high land rents, scheduling pressures and food 
safety concerns. These issues create barriers to using 
cover crops and compost, which generally were not 
used in the organic farms we evaluated. The biggest 
difference in the amount of carbon (C) added to the 
soil in organic versus conventional operations was the 
use of dry organic fertilizers. Materials like 4-4-2 and 
12-0-0 contain 28% and 46% C, respectively. Addition-
ally, 9,000 lb of 4-4-2 per year for three vegetable crops 
adds 2,520 lb/ac of C. For comparison, the 7,000 lb of 
above-ground dry matter from a cover crop contains 
3,080 lb of C (Brennan and Smith 2017). Yearly applica-
tions of substantial amounts of 4-4-2 and other organic 
fertilizers provide significant inputs of C to the soil. 
We expected to observe greater levels of organic mat-
ter and total C in the organic farms than in the paired 
conventional farms. There was a great deal of variabil-
ity in the levels of soil organic matter and total soil C in 
the two systems, and no statistical difference between 
them was detected (table 2). However, organic fields 
had significantly higher levels of WEON and FDA hy-
drolysis (P < 0.05) than did neighboring conventional 
fields. Higher levels of FDA hydrolysis in the organic 
systems indicates higher soil microbial activity (Green 
et al. 2006). These data indicate that large-scale organic 
vegetable operations that seldom use cover crops or 
compost can benefit from the extensive use of organic 
fertilizers to stimulate soil microbial activity.

In the 20 fields we evaluated, we observed that the 
net amount of N supplied by organic fertilizers applied 
to cool-season vegetables was generally less than crop 
uptake. This was because organic fertilizers release only 
a portion of the N they contain during the crop cycle. 
It is likely that the modest amounts of residual soil N 
and N in irrigation water made up the difference neces-
sary for acceptable yields. We found that the time lag in 
release of N from these fertilizers and nitrate leaching 
on sandy soils adds uncertainty to making decisions for 
fast-maturing crops like spinach. We also found that 
the use of high P:N fertilizer, such as 4-4-2, did not sig-
nificantly build up bicarbonate extractable P levels in 
Salinas Valley soils. Moving forward, testing for resid-
ual soil nitrate can help guide growers in their organic 
fertilizer decisions, especially for heavier soils. C
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RESEARCH ARTICLE

Using Ecological Site Descriptions to make 
ranch-level decisions about where to manage 
for soil organic carbon
Rangeland conservation can keep carbon out of the atmosphere by storing it in the soil. Ecological 
Site Descriptions can help determine promising sites.

by Lina Aoyama, James W. Bartolome, Lucas Silva and Whendee L. Silver

Online: https://doi.org/10.3733/ca.2022a0007

California’s rangelands cover approximately 
57 million acres of grasslands, shrublands, 
woodlands and deserts (FRAP 2018). As the 

most extensive land use type in California, range-
lands play an important role in climate change 
mitigation by storing considerable amounts of soil 
organic carbon (SOC) below ground (Herrero et al. 
2016; Sanderson et al. 2020; Schuman et al. 2002). In 
wildfire and drought-prone California, rangelands 
are considered more reliable for carbon storage be-
cause they secure most of the carbon in the soil in-
stead of in aboveground plants that could potentially 
burn (Dass et al. 2018).

The primary way that carbon is stored in the soil 
is as soil organic matter (SOM). Soil organic matter 
is a mix of decomposing plant and animal biomass, 
soil microbes and humus. Increasing SOM also 
enhances soil water-holding capacity and improves 
nutrient cycling, which can maintain or increase 
forage production (Conant et al. 2001; Herrick and 
Wander 1997). In California, as elsewhere, there 
has been a growing interest in improving rangeland 
management practices to increase the amount of 

Abstract 

Maintaining and enhancing soil organic carbon storage can mitigate 
climate change while promoting forage growth. California has adopted 
incentive programs to promote rangeland practices that build soil 
organic carbon. However, there is no standard framework for assessing 
the baseline level of soil organic carbon at the ranch scale. Here, we use 
the Ecological Site Description — a land-type classification system — to 
help ranch managers set priorities about where to implement practices 
to increase soil organic carbon. We measured baseline carbon stocks 
at 0 to 15 and 15 to 30 centimeters’ depth across three ecological sites 
and two vegetation states (shrubland and grassland) at Tejon Ranch, 
California. We discovered increased levels of soil carbon at ecological sites 
in higher elevations, and more soil carbon in shrublands as compared to 
grasslands. Slope, elevation, and soil texture, as well as plant litter and 
shrub cover, were significant predictors of soil carbon. The Ecological 
Site Description framework can serve as an important tool to help range 
managers keep carbon in the soil and out of the atmosphere.

Intersection of shrubland and grassland 
at the foothills of Tehachapi Mountains, 
Tejon Ranch, Calif. The authors found 
that soil carbon significantly varied by 
ecological sites and vegetation states. 
Photo: Lina Aoyama.
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SOC (Bradford et al. 2019; Byrnes et al. 2017; Carey, 
Gravuer et al. 2020).

The California Department of Food and 
Agriculture (CDFA)’s Healthy Soils Program is one 
of the programs that has been put in place to pro-
mote carbon storage. This program provides finan-
cial incentives through cost sharing and technical 

support for land man-
agers to implement ag-
ricultural management 
practices that augment 
SOC or prevent erosion 
(CDFA 2016). Between 
2017 and 2020, 604 
landowners participated 
in this program, and 

the estimated greenhouse gas reduction was 109,089 
tonnes CO2 eq/year (CDFA 2021). Recommended 
range management practices include planting oak 
trees, applying compost, and restoring riverbanks 
(Dahlgren et al. 1997; Matzek et al. 2018; Ryals et al. 
2014). 

Ideally, land managers should be able to easily 
find out the baseline amount of soil organic carbons 
on their lands and evaluate where to implement 
these practices. However, the amount of SOC varies 
greatly from place to place because of California’s di-
verse climate, topography and soil conditions (Carey, 
Weverka et al. 2020). The Rangeland Monitoring 
Network is currently evaluating the variability in 
soil carbon storage potential across California range-
lands (Carey et al. 2020b). There are SOC estimates 
by soil classification available on the USDA Web Soil 
Survey, but we lack a framework to relate these soil 
carbon estimates to specific landscape features at a 
ranch scale. 

Ecological Site Description (ESD), developed 
and maintained by the USDA Natural Resource 
Conservation Service, is a land-type classification 
system that could facilitate ranch-level planning to 
manage for soil carbon. The ESD framework has 
primarily been used to manage vegetation on range-
lands and forests, as well as to identify priorities for 
ecosystem benefits such as wildlife habitat, water 
quality and wildfire protection (Brown and Havstad 
2016). This framework has not yet been extended to 
manage SOC stocks. An ecological site is defined as 
an area 24.7 to 247 acres with similar “physical prop-
erties [climate, soils, topography, underlying geo-
logic material], potential vegetation, and responses 
to management that differ from other kinds of land” 
(USDA 2018). Each ecological site contains a state-
and-transition (STM) model of vegetation states that 
is helpful in evaluating the effects of management ac-
tions or disturbances on the existing state of vegeta-
tion (Briske et al. 2005). 

A ranch can have more than one ecological site. A 
related framework called Major Land Resource Area 
(MLRA) has been used by the National Resource 

Inventory Soil Monitoring Network to estimate SOC 
stocks at a national scale (Ogle et al. 2010; Spencer 
et al. 2012). However, these estimates are not pre-
cise enough for ranch-level decision making. While 
similar in concept, ESD units are smaller, more site-
specific than MLRAs and may be more fitting for 
ranch-level planning. 

The goal of this study is to explore the use of ESDs 
for ranch-level identification of potential priority 
sites for soil carbon sequestration projects. We used 
Tejon Ranch in Kern County, California, as a case 
study. Tejon Ranch is an ideal place to study ESDs 
because it has complex biogeographical features, 
and its range managers already use ESDs to manage 
forage for livestock (Spiegal et al. 2016). Studies con-
necting soil carbon to plant communities are scarce 
in Southern California (Booker et al. 2013; Carey et 
al. 2020b). To examine how soil carbon content is 
related to ESDs and vegetation states, we measured 
topsoil carbon in three ecological sites at different 
elevations and in two dominant vegetation states. We 
then explored how plant and soil characteristics were 
related to patterns in SOC stocks at ranch level.

Ecological sites on Tejon Ranch
Tejon Ranch (270,000 acres) is the largest contigu-
ous, privately owned property in California, located 
35 miles south of Bakersfield, California (latitude 
34.935044°, longitude 118.670405°). We studied the 
northwestern portion of the ranch (50,000 acres) 
where the San Joaquin Valley and Tehachapi Moun-
tains meet. Using the ESD framework, three ecologi-
cal sites were defined based on slope, elevation and 
geology (fig. 1): Holocene Flats, Lower Miocene Hills 
and Upper Miocene Hills. Tejon Ranch has been 
grazed by livestock since the 1840s when the original 
Tejon Ranchos were created (Latta 1976). During 
the study, beef cattle (Bos taurus) grazed year-round 
while no grazers, including wildlife, were excluded 
from the study area.

Dominant vegetation types in the study site were 
native shrubland and non-native annual grassland. 
Native shrub species commonly found in shrub-
lands included cattle saltbrush (Atriplex polycarpa), 
Interior California buckwheat (Eriogonum fas-
ciculatum var. polifolium) and Valley bladderpod 
(Peritoma arborea var. globose) (Aoyama et al. 2020). 
The grassland state was primarily composed of na-
tive and non-native annual forbs (e.g., Plagiobothrys 
canescens, Erodium cicutarium) and non-native an-
nual grasses (e.g., Bromus diandrus, Avena barbata) 
(Spiegal et al. 2016). 

Soils were generally shallow Mollisols with bed-
rock encountered at approximately 30 centimeters’ 
(cm) depth. Parent materials were sedimentary rocks 
from the Miocene and alluvium deposits from the 
Holocene (Dibblee 2008). Soil classification varied 
from Psamments-Xerolls complex (loamy sand), to 

Ecological Site Descriptions 
are a useful framework for 
assessing baseline soil organic 
carbon on diverse landscapes.
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FIG. 1. Ecological sites along the 
elevational gradient of Tehachapi 
Mountain in Tejon Ranch, California: San 
Joaquin Valley Holocene Flats, Lower 
Miocene Hills and Upper Miocene Hills. 
The schematic is adapted from Spiegel 
et al. (2016). Each ecological site has two 
vegetation types: shrubland (top) and 
grassland (bottom). Two plots in each 
vegetation type are nested within each 
ecological site. Each plot was sampled 
for soil, cattle use and vegetation cover. 
Three replicates of soil cores were 
collected at each plot four times. Soils 
in shrubland plots were collected from 
three microhabitats: base of shrub, edge 
of shrub canopy (~0.5 m from the base) 
and grass patch between shrubs (~2 m 
from the base). Soils in grassland plots 
were collected randomly.

San Joaquin Valley Holocene Flats Lower Miocene Hills Upper Miocene Hills

Elevation: 150–300 m Elevation: 150–300 m Elevation: 300–600 m

Slope: 0–15% Slope: 15–30% Slope: 20–75%
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Haploxerolls (sandy loam), to Chanac-Pleito complex 
(sandy clay loam) (USDA Web Soil Survey); the clay 
content increased with elevation (table 1). 

We established twelve plots (65 feet by 16 feet) 
stratified by three ecological sites and two dominant 
vegetation types (grassland versus shrubland; fig. 1). 
We measured plant cover (shrub, herbaceous, litter, 
bare and other) and cattle use (evidence of herbivory, 
trailing, trampling, and old and new cattle manure) 
in each plot in March, June and October 2017 and 
March 2018. In addition to qualitative measures of 
cattle use, we set up motion-triggered camera traps 
on t-posts at heights of 1.5 meters on each plot to 
measure the number of cattle visits from March 2017 
to March 2018. 

To measure soil carbon concentrations and con-
tent, we sampled three replicate cores in each plot 
from two depths (0–15 cm and 15–30 cm) using a 
5-cm diameter by 15-cm-long soil corer. We sampled 
the topsoil because it is the fraction of soil that is 

most accessible, where management has the most 
impact on soil carbon on an annual basis (Fontaine 
et al. 2007; Gregory et al. 2016; Syswerda et al. 2011). 
We sampled soils within grassland plots randomly; 
within shrubland plots, we stratified by microhabi-
tats at the base of shrub main stem, at the edge of 
shrub canopy, and at a grass patch 2 meters from 
the shrub main stem. Cores were weighed fresh and 
after drying at 105°C for bulk density determination 
(see online technical appendix). We measured the 
concentration of SOM using the loss-on-ignition 
method and the concentration of SOC using the flash 
combustion method. We then converted concentra-
tion percentages to stocks (Mg/ha) by multiplying 
the values by bulk density and depth. SOC was posi-
tively correlated with SOM [log(SOC Mg/ha) = 0.68 * 
log(SOM Mg/ha) + 0.18; R2 = 0.41, P < 0.001]. 

Soil carbon by vegetation and 
ecological site
Our study explored the idea of using ESDs to provide 
a first approximation of baseline soil carbon at ranch 
level. In the study area on Tejon Ranch, average SOC 
stocks at 0–15 cm, 15–30 cm and 0–30 cm depths 
were 19.18 ± 0.90 Mg C/ha, 14.25 ± 0.67 Mg C/ha and 
33.63 ± 1.49 Mg C/ha, respectively (table 2). These 
estimates were less than the statewide average (58 ± 4 
Mg C/ha in 0–25 cm) reported by Silver et al. (2010). 
In contrast, these values are comparable to the state-
wide average (19.31 Mg C/ha in 0–10 cm) reported 
by Carey et al. (2020) and the 20.98 Mg C/ha for the 
A horizon in the Sierra Nevada foothills (Eastburn 
et al. 2017). From the linear mixed-effect models, 
we found that SOM and SOC significantly varied by 
ecological sites and vegetation states (table 3). 

Both SOM and SOC stocks increased with eleva-
tion. They were higher in the Upper Miocene Hills 
than in the San Joaquin Valley Holocene Flats eco-
logical sites (table 2). This effect of elevation could be 
due to a combination of time, soil type, and legacy of 
historical plant communities. Soils in the Miocene 
Hills were older than those in the Holocene Flats 

Mary McDonnell, Dylan Stover and Tara Harmon (from right to left) taking turns to collect 
soil in a grassland plot, Tejon Ranch, Calif. Photo: Lina Aoyama.

TABLE 1. Heterogeneous soil properties across the landscape

Ecological Site pH PO4
3− K+ Na+ Ca2+ Mg2+ SO4

2− Sand Clay 

[H+] ppm Meq/100 g Meq/100 g Meq/100 g Meq/100 g ppm  % %

SJV Holocene Flats 7.56 5.24 0.66 0.05 7.96 1.18 3.53 83.23 7.24

(0.70) (2.15) (0.51) (0.06) (5.69) (0.82) (3.33) (8.70) (3.86)

Lower Miocene Hills 7.64 4.45 0.58 1.53 11.38 1.38 8.25 74.47 9.80

(0.32) (1.48) (0.69) (2.99) (7.71) (0.39) (12.12) (13.26) (4.97)

Upper Miocene Hills 7.32 3.52 0.62 0.24 23.57 3.50 5.57 60.82 20.86

(0.67) (1.95) (0.15) (0.10) (5.52) (1.58) (2.41) (5.14) (7.82)

ANOVA (P-value) 0.70 0.71 0.78 0.48 0.04 0.04 0.72 0.08 0.03

Values are mean and standard error of each soil property by ecological sites.  
The last row contains P-values from ANOVAs of soil properties with ecological site as a main effect. Significant P-values (P ≤ 0.05) are bolded.
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(Dibblee 2008), and thus had more time to accumu-
late soil carbon. High clay content found in higher 
elevation sites also may have contributed to higher 
soil carbon storage due to carbon-mineral associa-
tions (Kaiser et al. 2012). Additionally, oak savanna 
historically dominated the slopes of the Tehachapi 
Mountains (Twisselman 1967), which likely contrib-
uted to higher soil carbon inputs on the slopes than 
on the flats (Dahlgren et al. 1997; Koteen et al. 2011).

We also found that both SOM and SOC stocks 
were significantly higher in shrubland states com-
pared to grassland states in the 0–30 cm profile (table 

2), which corroborates the broad pattern found in 
California’s rangelands that woody plants increase 
soil carbon pools (Silver et al. 2010). One possible 
explanation for this is that shrubs in semi-arid en-
vironments tend to have dense root mats in the top 
30 cm to capture transient soil moisture (Chabbi et 
al. 2009; Swanston et al. 2005), which contribute to 
soil carbon storage. Another possible explanation is 
that litter fall from shrubs contributes significantly 
to near-surface soil carbon pools (Rau et al. 2009). 
These results suggest that grouping the vegeta-
tion states by dominant functional groups within 

TABLE 2. Bulk density (g/cm3), soil organic matter (SOM) concentration (%), soil organic carbon (SOC) concentration (%), SOM content (Mg/ha) and 
SOC content (Mg/ha) by depth and spatial scale

Depth Scale

Bulk density 
SOM  

concentration 
SOC  

concentration SOM content SOC content

(g/cm3) (%) (%) (Mg/ha) (Mg/ha)

0–15 cm Landscape 1.11 ± 0.01 3.13 ± 0.12 1.18 ± 0.05 49.09 ± 1.64 19.18 ± 0.90

ES SJV_Holo 1.17 ± 0.01 2.24 ± 0.13 0.91 ± 0.06 39.38 ± 2.19 15.81 ± 0.77

 Low_Mio 1.20 ± 0.01 2.75 ± 0.22 1.06 ± 1.13 46.73 ± 3.30 19.64 ± 2.42

 Up_Mio 0.94 ± 0.01 4.42 ± 0.13 1.58 ± 0.06 61.68 ± 2.12 22.26 ± 0.93

Veg Grassland 1.17 ± 0.01 2.69 ± 0.16 0.89 ± 0.05 44.49 ± 1.85 14.87 ± 0.67

 Shrubland 1.05 ± 0.01 3.54 ± 0.17 1.45 ± 0.08 53.49 ± 2.60 23.29 ± 1.53

15–30 cm Landscape 1.13 ± 0.01 0.84 ± 0.03 0.84 ± 0.03 37.84 ± 1.17 14.25 ± 0.67

ES SJV_Holo 1.20 ± 0.01 1.77 ± 0.08 0.73 ± 0.04 33.08 ± 1.39 12.87 ± 0.65

 Low_Mio 1.23 ± 0.01 1.92 ± 0.14 0.79 ± 0.08 34.08 ± 2.26 14.24 ± 1.78

 Up_Mio 0.95 ± 0.01 3.44 ± 0.13 1.03 ± 0.04 47.77 ± 1.84 15.81 ± 0.60

Veg Grassland 1.18 ± 0.01 2.13 ± 0.15 0.60 ± 0.03 35.95 ± 1.83     10.42 ± 0.46

 Shrubland 1.09 ± 0.01 2.51 ± 0.10 1.05 ± 0.05 39.52 ± 1.50 17.64 ± 1.07

0–30 cm Landscape 87.44 ± 2.49 33.63 ± 1.49

ES SJV_Holo 72.46 ± 2.64 28.68 ± 1.21

 Low_Mio 81.78 ± 5.01 35.02 ± 4.02

 Up_Mio 110.0 ± 3.39 37.66 ± 1.39

Veg Grassland 80.91 ± 3.34 25.48 ± 0.99

 Shrubland 93.46 ± 3.57 41.14 ± 2.47

Values are mean and standard error of each estimate. ES = ecological site, Veg = vegetation state.

TABLE 3. Ecological sites and vegetation types influenced bulk density, soil organic matter (SOM) and soil organic carbon (SOC)

Ecological site Vegetation state Ecological site: vegetation state

Response Depth F P-value F P-value F P-value

Bulk density 0–15 cm 8.576 0.017 4.399 0.080 0.091 0.914

15–30 cm 6.367 0.032 1.351 0.289 0.023 0.976

SOM (Mg/ha) 0–15 cm 3.543 0.009 1.565 0.257 2.691 0.146

15–30 cm 15.043 0.004 1.194 0.316 14.283 0.005

0–30 cm 6.357 0.033 1.069 0.341 4.680 0.059

SOC (Mg/ha) 0–15 cm 1.324 0.033 6.386 0.044 1.949 0.222

15–30 cm 0.541 0.607 13.154 0.011 1.465 0.303

0–30 cm 1.744 0.252 10.393 0.018 1.8025 0.243

F statistics and P-values are results of linear mixed-effect models of SOM and SOC with ecological site, vegetation state, and their interactions as main effects and plot as a random effect.  
Significant P-values (P ≤ 0.05) are bolded.
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ecological sites could be valuable for evaluating SOC 
stocks at ranch level.

Soil carbon varied across 
microhabitats 
Given the wide range of sizes of ranches in Cali-
fornia, the scalability of plot-level information is 
important. The spatial variability of SOC stocks 
within a ranch informs managers about the spatial 
scale at which they should aggregate the estimates of 
SOC from the USDA Web Soil Survey or their own 
soil sampling. The average coefficient of variance 
of SOC stocks in shrubland was higher (85.9) than 
that in grassland (38.67). This plot-level variability 
came from the microhabitat types (shrub base, edge 
of shrub canopy, grass patch between shrubs, and 
grassland). Estimates of SOC stocks in 0–30 cm were 
significantly higher at the base of shrubs than in 
grasslands (F3,119 = 7.924, P < 0.001; fig. 2). These re-
sults support the notion of shrubs acting as “islands 
of fertility” where soil carbon and nutrients are high 
relative to areas outside the canopy (Schlesinger et al. 
1996; Schade et al. 2003; Schade and Hobbie 2005). 
The implication for SOC monitoring is that sampling 
more cores in shrubland than in grassland is neces-
sary to capture the spatial variability in soil carbon 
within vegetation states. 

Predictors of carbon across the 
landscape
Grazing management has been proposed as a 
means to sequester soil carbon (Byrnes et al. 2017). 

However, in the literature, cattle use is often not well 
quantified beyond presence-absence data. We used 
the standard qualitative assessment of cattle use (e.g., 
evidence of herbivory, fresh and old cow manure, 
trampling) and quantified the frequency and inten-
sity of cattle use via camera traps. We found that 
none of these grazing use metrics meaningfully cap-
tured variation in SOM or SOC stocks. This result 
is in line with prior work showing that the influence 
of grazing on soil carbon is not significant in semi-
arid rangelands of California (Biggs and Huntsinger 
2021), especially in sandier soils (Silver et al. 2010; 
Stanton et al. 2018). 

To identify important factors that predict soil 
carbon at ranch level, we examined the relationships 
between environmental variables and soil carbon 
stocks. We found that mean percent cover of lit-
ter and shrubs predicted SOM stocks in the 0–30 
cm profile, while elevation, slope and soil calcium 
content predicted SOC stocks in the 0–30 cm pro-
file (table 4). These were similar to the factors that 
influenced soil carbon at the regional level (Carey 
et al. 2020). Managers may use this information to 
group their ranch or management unit by ecological 
sites and vegetation states, and make decisions about 
where on the landscape they might want to imple-
ment carbon sequestration projects. For example, 
managers on Tejon Ranch could use the ESDs to 
prioritize conserving or restoring native shrubs in 
the high elevation Upper Miocene Hills ecological 
site. On other ranches, land managers might increase 
soil carbon by planting oak trees in ecological sites 
that have oak woodland as a reference state, or by ap-
plying compost in ecological sites with low baseline 

FIG. 2. Soil organic carbon (SOC) stocks in 0–30 cm depth by ecological sites and microhabitats: shrub, edge of 
shrub canopy, grass patch between shrubs, and grassland. Horizontal bars are medians, boxes are the 25th and 75th 
percentile, and the whiskers are the maximum and minimum values. Dots represent outliers in the data.
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SOC stocks. This approach is compatible with range 
management in California that values multiple 
ecosystem services supported by the landscape 
rather than single-purpose management (Biggs and 
Huntsinger 2021).

Deciding where to build up 
carbon 
California is leading the way in building up carbon 
in the soil, where it helps hold nutrients and water, 
and out of the atmosphere, where it contributes to 
global warming. Planting oak trees on range land, 
adding compost, and maintaining rivers can in-
crease carbon sequestration while improving forage. 
A simple framework to assess soil organic carbon 
stocks would make it easier for land managers to de-
termine where to prioritize implementing practices 
that increase the amount of carbon stored in the soil. 
In this case study at Tejon Ranch, we demonstrated 
that Ecological Site Descriptions are a useful frame-
work for assessing baseline soil organic carbon on 
diverse landscapes. We found that the amount of soil 
organic carbon differs by dominant vegetation func-
tional groups and ecological sites. Environmental 
factors such as soil type, topography and vegetation 
cover are predictors of the amount of soil carbon.  

ESDs are less developed in California than in 
other states. However, this framework can contribute 
to our understanding of the environmental factors 

that influence soil organic carbon. This should en-
able rangeland managers to focus soil management 
practices where they will do the most good. C
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TABLE 4. Abiotic and biotic environmental factors influence soil organic matter (SOM) and soil organic carbon (SOC)

Response Depth Predictor Coefficient t-value P-value R2
m R2

c

SOM 0–15 cm Mg 0.458 1.732 0.121 0.489 0.963

Litter % cover 0.514 1.675 0.132

Shrub % cover 0.454 1.803 0.109

15–30 cm pH 0.244 1.442 0.208 0.602 0.964

Ca −0.399 −1.865 0.121

Clay 0.276 1.754 0.139

Slope 0.273 2.392 0.062

Litter % cover 0.732 3.843 0.012

Shrub % cover 0.421 3.217 0.023

SOC 0–15 cm Ca 0.622 0.268 0.059 0.419 0.945

Clay −0.557 0.304 0.116

Elevation −0.989 0.361 0.034

Slope 0.953 0.253 0.009

Litter % cover 0.637 0.300 0.077

15–30 cm Ca 0.528 3.306 0.013 0.396 0.990

Clay −0.431 −2.596 0.035

Elevation −0.375 −2.084 0.075

Slope 0.501 3.375 0.011

Coefficients, t-values, P-values, R2
m and R2

c are results of linear regression models with SOM and SOC as response variables, environmental factors as fixed effects,  
and quadrats within plots as random effects. R2

m is a proportion of variance explained by fixed effects and R2
c is that explained by both fixed and random effects.

Significant P-values (P ≤ 0.05) are bolded.
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Improvements to the soil nitrate quick test for 
California small grains
Inexpensive soil nitrate quick tests can help small grain growers identify their crops’ nitrogen 
fertilizer needs. 

by Taylor S. Nelsen, Michael Rodriguez, Ethan McCullough, Serena N. Lewin, Daniel Geisseler, Konrad Mathesius, Taylor Becker, Gabriel G. Rosa and 
Mark E. Lundy

Online: https://doi.org/10.3733/ca.2022a0009

Nitrogen (N) fertilizer is important for crop pro-
duction, but applying excessive amounts wastes 
resources and has negative environmental con-

sequences. Many winter small-grain crops are rainfed 
and grown in areas with unpredictable precipitation 
patterns. Excess precipitation can cause nitrate to leach 
into groundwater (Poch-Massegú et al. 2014) and run 
off into surface water, contaminating drinking water 
and aquatic ecosystems (Cameron et al. 2013). Regula-
tory programs, such as California’s Irrigated Lands 
Regulatory Program, require growers to report their 
N efficiency practices and account for N inputs and 
sources on their farms, including soil available N in 
the root zones (Central Valley Regional Water Quality 
Control Board 2018). Testing for soil N is an important 
but often underutilized practice (Central Valley Re-
gional Water Quality Control Board 2018). More wide-
spread and accurate use of soil N testing could reduce 
input costs and increase yields and quality of crops 
while reducing N losses.

Abstract

Small-grain crop growers need to match their crops’ nitrogen (N) needs 
with fertilizer applications. This can be challenging because small grains 
are grown under diverse conditions and their growing season interacts 
with unpredictable precipitation. Resulting conditions can lead to 
nitrate-N leaching and runoff losses. More widespread and accurate soil 
N testing could help growers improve N fertilizer use efficiency, reduce 
the risk of N loss, and fulfill regulatory requirements. Soil samples from 
across California small-grain growing regions were tested with a soil 
nitrate quick test as well as standard laboratory procedures. The quick 
test is inexpensive and easy to use, and it provides rapid results. A 
correction factor was developed to convert the quick test values to lab 
and fertilizer equivalents. The correction factor is based on site-specific 
soil bulk density and the extracting solution used. An interactive web-
tool was developed that integrates this information for users. The quick 
tests provide accurate, real-time estimates of soil nitrate-N in the field to 
help improve fertilizer use efficiency and reduce N losses. 

Author Michael Rodriguez collecting soil 
samples from a small grain field in the 
Intermountain Region. UC researchers 
modified the soil nitrate quick test to help 
simplify interpretation and increase the 
accuracy of its results, which could help 
growers improve fertilizer use efficiency. 
Photo: Taylor Nelsen.
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The soil nitrate quick test can be conducted in 
the field with relatively simple procedures and easily 
obtained materials, and its nitrate-N results correlate 
with results obtained by lab analysis (Breschini and 
Hartz 2002; Hartz et al. 1994; Hartz et al. 2000). This 
test is a more accessible and inexpensive alternative 
to laboratory soil N testing and it detects nitrate-N, 
which is typically the most plant-available form of soil 
N. The soil nitrate quick test is one of many types of 
on-site field nitrate tests that have been tested and are 
available for nitrate‐N determination (Tully and Weil 
2014). Nitrate moves easily within the soil-water-plant 
continuum, and concentrations of soil nitrate-N can 
change quickly in a field along with changes in soil 
moisture and plant demand. Therefore, the soil nitrate 
quick test has been especially recommended to inform 
in-season fertilization management decisions (Lazicki 
and Geisseler 2016). 

Current recommendations for conducting a soil ni-
trate quick test are based on Hartz et al. (1994) and uti-
lize a 3:1 ratio of a calcium chloride (CaCl2) solution to 
a homogenized soil sample. Factors such as soil texture 
(sand, loam, clay) and soil moisture (wet, dry) are used 
to correct soil nitrate quick test values to soil nitrate-
N lab equivalents according to an empirically derived 
linear equation. Users employ a chart to self-identify 
their soil properties and convert their soil nitrate quick 
test value to a soil nitrate-N lab equivalent via a linear 
constant (Hartz 2010; Smith and Cahn 2019).

Based on more than 300 soil samples taken from 
19 site-years across the small-grain growing regions 
of California, the original method reported by Hartz 
et al. (1994) has been modified and updated. Changes 
include: (1) expressing quick test as lab-equivalents via 
log-linear rather than simple-linear relationship (and 
then transforming the result back again for ease of 

interpretation), (2) incorporating statistical uncertainty 
into the estimation and reporting of quick test values, 
shown as a margin of error, (3) for the correction factor, 
using bulk density as a continuous variable rather than 
using broad categories of soil textures and (4) provid-
ing distinct estimates for quick tests conducted with 
or without calcium chloride in the shaking solution. 
In addition, a web-tool was developed from these data. 
This tool provides automated conversion of soil nitrate 
quick test values to nitrate-N fertilizer equivalent in 
pounds per acre based on map-enabled, site-specific 
soil information for California small-grain fields. These 
updates are intended to simplify interpretation and im-
prove the precision of the soil nitrate quick test, thereby 
expanding its use in California agriculture.

Soil sampling methods
Samples were taken from the top foot (0 to 12 inches) 
of the soil profile from 19 different site-years that ap-
proximate the range of soil types and associated bulk 
densities for California small-grains crops (fig. 1). 
Sampling was conducted according to the principles 
outlined in Geisseler and Horwath (2016). A total of 
327 soil samples were taken and analyzed between 2014 
and 2019. Individual locations were often sampled mul-
tiple times within a season as soil nitrate levels changed 
or if there were known fertility gradients. Soil samples 
were placed in a paper bag and air dried until reaching 
equilibrium. They were then crushed into small pieces 
(< 0.2 inches). A separate set of equivalently sampled 
soils (n = 27) were taken from 10 site-years to compare 
soil nitrate quick test results using field-moist samples 
versus soils air dried in the lab.

FIG. 1. Locations and the number of site-years at 
each location where soil samples were taken. Further 
information about site-years can be found in table 1.

Taking a soil sample at 
a depth of 1 foot (0–12 
inches) with an open auger 
in moist soil and getting 
ready to preform a nitrate 
quick test on the field-
moist samples.  Photo: 
Taylor Nelsen.
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Nitrate quick tests
Subsamples were tested for nitrate-N content using 
commercially available nitrate strips (WaterWorks). A 
ratio of one part crushed soil was added by volume to 
three parts distilled water or 0.01M calcium chloride 
solution for a total of 80 milliliters (ml) of soil solution.  
Soils were shaken for 3 minutes on a tabletop shaker 
on high speed. The nitrate-N pad on a strip was tested 
with a 10 parts per million (ppm) standard solution 
to ensure that the colorimetric response on the strip 
matched the 10 ppm nitrate-N box on the color ramp 
chart. A separate strip from the same bottle was then 
dipped into the shaken soil slurry, just enough to wet 
the edge of the nitrate-N pad and allow the solution to 
wick up the pad. After 60 seconds, the strip was read 
by the user by matching the color that had developed 
on the nitrate-N pad to the nitrate-N color ramp chart 
on the bottle. Bottles of test strips were kept in a cool, 
dry place until time of use to prevent discoloration and 
denaturing of the strips. If there was not an exact color 
match, the user visually estimated the best match for 
the sample concentration using the values on the color 
ramp chart. A corresponding subsample was tested for 
nitrate-N using typical laboratory procedures. Samples 
were either sent to the UC Analytical Lab or a nitrate-N 
extraction was performed using 6 grams (g) of crushed 
dried soil, extracted with 2M postassium chloride 

following the methods detailed in Doane and Hor-
wath (2003).

The soils used to compare soil nitrate quick test 
values from field-moist soils and soils air dried in the 
lab were processed and measured as described above. 
In addition, in the field, they were tested with a 3:1 ra-
tio of shaking solution to soil, but in larger quantities 
(300 ml:100 ml). Both calcium chloride and water-only 
shaking solutions were tested separately. The soil solu-
tion was shaken vigorously by hand for 3 minutes. 

Another commercially available soil nitrate test 
was also evaluated (LusterLeaf Rapitest Soil Test Kits) 
using a subset (n = 34) of the same soils chosen to rep-
resent the range of values in the larger dataset. Tests 

Researchers reading a soil 
nitrate quick test. First, the 
nitrate-N pad was dipped 
into the shaken soil slurry 
just enough to allow the 
solution to wick up the 
pad. After 60 seconds, the 
strip was read by the user 
by matching the color 
that had developed on 
the nitrate-N pad to the 
nitrate-N color ramp chart 
on the bottle. Photos: 
Taylor Nelsen.

TABLE 1. SSURGO-estimated bulk density, number of samples, number of unique users performing the soil nitrate quick test, the location of the soil 
sample and the season during which it was sampled 

Soil name
Organic 

matter (%)

SSURGO-
estimated 

bulk density 
(g/cm3)

Number of 
samples

Number of 
users Latitude Longitude Season

Tulana silt loam 7.5 0.63 53 4 41.97 −121.47 2014–15

Tulana silt loam 7.5 0.63 46 4 41.97 −121.47 2015–16

Tulebasin mucky silty clay loam 12.39 0.89 51 3 41.96 −121.47 2016–17

Yolo loam 2.26 1.40 36 4 38.52 −121.77 2014–15

Yolo loam 2.26 1.40 29 3 38.53 −121.77 2016–17

Reiff very fine sandy loam 0.75 1.48 6 2 38.53 −121.77 2018–19

Yolo silt loam 2.05 1.42 55 5 38.54 −121.78 2015–16

Yolo silt loam 2.05 1.42 106 5 38.54 −121.78 2017–18

Yolo silt loam 2.05 1.42 1 1 38.78 −121.83 2018–19

Rindge mucky silt loam 17.73 0.77 1 1 38.20 −121.49 2018–19

Panoche clay loam 0.66 1.42 54 4 36.34 −120.12 2015–16

Panoche clay loam 0.66 1.42 2 1 36.34 −120.12 2018–19

Escano clay loam 2.00 1.40 2 1 37.14 −120.75 2018–19

Grandbend loam 1.62 1.45 1 1 39.03 −121.84 2018–19

Rincon silty clay loam 2.00 1.45 60 4 38.78 −122.05 2017–18

Rincon silty clay loam 2.00 1.45 2 1 38.80 −122.05 2018–19

Lerdo complex 1.20 1.46 2 1 35.52 −119.49 2018–19

Diablo-Ayar clays 2.33 1.30 31 3 38.14 −121.74 2016–17

Ciervo 0.90 1.40 1 1 36.39 −120.08 2018–19
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were conducted as described in the product directions, 
and soil solutions were made with both 0.01M calcium 
chloride solution and distilled water only.

Soil data
Site-specific bulk density was estimated using the 
SSURGO database (USDA NRCS 2012; USDA NRCS 
2019) based on the geographic coordinates of each soil 
sample. The variable representing the oven dry weight 
of the less than 2 millimeters (mm) soil material per 
unit volume of soil at a water tension of one-third 
bar was used (approximating field capacity) (USDA 
2014). Values used and presented here are a compo-
nent weighted average of these bulk densities for soil 
types present in the top foot. It is important to note 
that bulk density can change due to management and 
time, and that no direct measurements were made or 
analyzed in this study. SSURGO-estimated bulk den-
sity was used as a covariate in the mixed linear mod-
els and as a moderating variable in the conversion of 
soil nitrate-N lab equivalent to a fertilizer equivalent 
(i.e., pounds per acre [lb/ac] nitrate-N in the top foot) 
in the web-tool. 

Statistical models
Statistical models with both fixed and random vari-
ables (mixed linear models) were used to understand 
the source of variation resulting from differences in the 
explanatory variables of soil nitrate-N concentration 
(measured by the soil nitrate quick test), SSURGO-
estimated soil bulk density, extracting solution type, 
soil moisture status, site-year and user. Repeated mea-
sures within a site and/or season (spatial and temporal 
autocorrelation) were accounted for within the models 
(nested, random effects). The nonlinear fixed effects 
(nlme) package in R was used to fit these models (Pin-
heiro et al. 2020; R Core Team 2020). The significance 
of each factor and its effect on other factors was tested 
in relation to soil nitrate-N lab values as the response 
variable. Both user and site-year were significant fac-
tors when tested in a linear model. Because the quick 
test to lab-value correction equation needs to be valid 
for any site-year or user, these factors were accounted 
for as random variables. Soil nitrate-N lab values and 
soil nitrate quick test values were expressed in loga-
rithmic terms in order to meet model assumptions for 
analysis and then transformed back to their original 
values for interpretation. The final model is shown 
below: 

ln(lab measured nitrate-N value + 1) = ln(quick test 
pad value + 1) * SSURGO-estimated soil bulk density 

+ ln(quick test pad value + 1) * extracting solution 
+ SSURGO-estimated soil bulk density * extracting 

solution, random = ~ 1| site-year/user

Type-three ANOVA and marginal R2 values were 
used to describe the statistical significance of the fac-
tors and the percent of variation explained by the 
model. 

Development of a web-tool
An R Shiny tool (Nelsen et al. 2020) was developed 
that enables users to access the statistical model and 
SSURGO soil data used in this analysis for their 
specific location by dropping an interactive map 
pin at the site of their soil sample. Soil data and the 
user interface are limited to areas of agricultural 
production in California (California Department of 
Water Resources 2014). Users can then enter the soil 
nitrate quick test value measured, choose whether 
their test was conducted with a calcium chloride or 
water-only extracting solution, and adjust the de-
fault SSURGO-estimated bulk density, if desired. 
The web-tool interactively predicts the site-specific 
soil nitrate-N lab equivalent, fertilizer N equivalent, 
and an estimate of the margin for error using the 
results of the mixed linear model reported here. The 
underlying, open-source code for the web-tool is avail-
able at github.com/Grain-Cropping-Systems-Lab/
UC-Small-Grain-Soil-Nitrate-Quick-Test-Tool. 

Results compared to lab 
The soil nitrate quick test was a good proxy for the soil 
nitrate-N status in small-grain fields. Based on the 
mixed effects model, quick test values and values mea-
sured using standard laboratory methods had a log-
linear relationship (P = 0.02, R2 = 0.83; fig. 2, table 2). 

For water-only shaking solution:

lab nitrate-N equivalent = [e1.16 + 1.03ln(pad value + 1) − 

0.15(bulk density) − 0.18ln(pad value + 1)(bulk density)] − 1

For calcium chloride shaking solution: 

lab nitrate-N equivalent = [e0.76 + 0.95ln(pad value + 1) + 

0.19(bulk density) − 0.18ln(pad value + 1)(bulk density)] − 1

The concentration of soil nitrate-N explained 
75% of the overall variation in the linear relationship 
between the quick test and laboratory methods. The 
SSURGO-estimated bulk density, type of extracting 
solution, and their interactions explained another 7% 
of the variation in the linear relationship. Of this 7%, 
the interaction between the quick test value and the 
SSURGO-estimated bulk density explained most of 
the variation. Soils with lower bulk densities required 
larger correction coefficients (P < 0.01) (fig. 2, table 2). 
This is due to the fact that the soil-to-liquid ratio was 
established by volume in the quick tests, and soils with 
lower bulk densities have less mass per unit soil vol-
ume. There was also a significant interaction between 
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FIG. 2. Linear relationship between the soil nitrate quick test 
values (ppm) that appear on the WaterWorks color-ramp and 
the lab equivalent nitrate-N in dry soil (ppm) for the minimum 
and maximum SSURGO-estimated bulk density tested as 
well as the standard error that surrounds the estimates. The 
regression equations are as follows: 

For water-only shaking solution: 

lab nitrate-N equivalent = [e1.16 + 1.03ln(pad value + 1) − 0.15(bulk 

density) − 0.18ln(pad value + 1)(bulk density)] − 1; 

for calcium chloride shaking solution: 

lab nitrate-N equivalent = [e0.76 + 0.95ln(pad value + 1) + 0.19(bulk 

density) − 0.18ln(pad value + 1)(bulk density)] – 1.

TABLE 2. The soil nitrate quick test pad reading (ppm) and the equivalent lab value (ppm) for the different shaking 
solutions and SSURGO-estimated bulk density at representative values in the range of tested values

Soil nitrate quick 
test value (ppm) Shaking solution

SSURGO-estimated 
bulk density (g/cm3)

Lab nitrate-N value 
(ppm) Standard error

0 Calcium chloride 0.7 1.46 0.39

0 Calcium chloride 1.1 1.66 0.23

0 Calcium chloride 1.5 1.87 0.49

0 Water only 0.7 1.87 0.49

0 Water only 1.1 1.70 0.29

0 Water only 1.5 1.54 0.33

5 Calcium chloride 0.7 9.77 1.58

5 Calcium chloride 1.1 9.24 0.79

5 Calcium chloride 1.5 8.73 0.81

5 Water only 0.7 13.43 2.27

5 Water only 1.1 10.95 1.10

5 Water only 1.5 8.89 1.14

10 Calcium chloride 0.7 16.74 2.61

10 Calcium chloride 1.1 15.15 1.26

10 Calcium chloride 1.5 13.70 1.24

10 Water only 0.7 23.93 3.91

10 Water only 1.1 18.76 1.82

10 Water only 1.5 14.66 1.80

20 Calcium chloride 0.7 29.23 4.50

20 Calcium chloride 1.1 25.26 2.13

20 Calcium chloride 1.5 21.82 2.05

20 Water only 0.7 43.67 7.10

20 Water only 1.1 32.81 3.20

20 Water only 1.5 24.59 3.04

50 Calcium chloride 0.7 61.77 9.71

50 Calcium chloride 1.1 50.19 4.50

50 Calcium chloride 1.5 40.75 4.24

50 Water only 0.7 98.46 16.50

50 Water only 1.1 69.64 7.25

50 Water only 1.5 49.17 6.45 

Data are estimated from the mixed linear model.
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the shaking solution used and the linear correction (P 
= 0.02) (fig. 2, table 2). Specifically, at higher soil nitrate 
values, quick tests conducted in a water-only shaking 
solution required larger correction coefficients than 
tests conducted in a 0.01M calcium chloride solution. 
Errors were greater when soils had very low soil nitrate 
quick test values (< 5 ppm) as well as when lower bulk 
density soils were tested without calcium chloride in 
the mixing solution (fig. 2, table 2).

There was no significant difference between nitrate-
N measured with quick tests conducted on field-moist 
soils versus tests conducted on air dried and crushed 
soils (P = 0.31). As a result, the data presented here 
do not support translating quick tests to lab equiva-
lent values using a correction factor for moist versus 
dry soil as in Hartz (2010). The results also indicate 
that soils can be accurately tested for nitrate in the 
field without the need to dry and crush the soil. 
Additionally, there was no interaction between the soil 
moisture status and the extracting solution used. The 
effect of SSURGO-estimated bulk density on quick test 
interactions with soil moisture could not be explored 

due to the lack of variation in bulk density in this data 
subset. 

The commercially available soil nitrate tests 
(LusterLeaf Rapitest Soil Test Kit) showed similar linear 
relationships to standard laboratory values as the quick 
test (P < 0.01). However, these tests were less accurate 
(R2 = 0.59 versus R2 = 0.83) (data not shown). 

Web-tool
Because the relationships between quick test and labo-
ratory equivalent soil nitrate-N values are log-linear 
and interact with both continuous variables and broad 
categories (e.g., SSURGO-estimated bulk density and 
extracting solution), translating a quick test value to 
fertilizer equivalent is less straightforward than ap-
plying a simple linear correction. To address this and 
simplify the translation and interpretation of quick test 
values, a web-tool was developed based on the quan-
titative relationships presented here. The tool allows 
users to input their site and quick test information, dis-
plays the site-specific soil properties, and automatically 

An example output of The 
Soil Nitrate Quick Test Web-
Tool in Davis, Calif., with a 
quick test pad value of 10 
ppm.

The Soil Nitrate Quick Test Web-Tool

Soil Results

Lab ValueLocation

Quick Test Value

Bulk Density

For the given field in Yolo County
that has a soil type of Yolo silt loam, 0 percent slopes, 
MLRA 17
which is a mineral soil with an approximate bulk density of 
1.37 g/cm3

with a pad value of 10
tested with Calcium Chloride the lab equivalent is 14.3 
ppm ± 3
and the approximate nitrate-N fertilizer equivalent in the 
soil tested is 53 N lb/ac ± 11

Alternatively, if you have a lab value you may select it here. 
Results are based on nitrate-N (ppm) in the top 0-12 inches 
of soil (to translate nitrate to nitrate-N multiply by 0.23).

Click or move the marker to the field where the soil sample 
was taken. You must choose a field within the agricultural 
lands of CA (non-shaded region).

Enter your pad value from the soil nitrate quick test (ppm). 
Results are based on top 0-12 in of soil

Calcium Chloride used in shaking solution
Water-only used in shaking solution

For more information on how to perform the soil nitrate quick test see 
http://smallgrains.ucanr.edu/Nutrient_Management/snqt/

Map Satellite Davis, CA, USA

The results are based on the in situ bulk density (g/cm3) 
from the SSURGOdatabase. Values used and presented here 
are a weighted average of the component types present in 
the top 0-12 in of soil. SSURGO-estimated bulk density may 
not accurately represent the bulk density at a site. For 
betteraccuracy, update the SSURGO estimate with a 
recently-measured bulk density value.

0 10 20 30 40 50

14.3

0.5 1.0 1.5

1.37

0 2 5 10 20 50

10.0

Reset
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converts quick test values to laboratory equivalent and 
fertilizer equivalent values using the conversion of the 
nitrate-N lab equivalent (ppm) to lb/ac nitrate-N in the 
top foot. This conversion was accomplished according 
to the equation below: 

((nitrate – N lab equivalent (ppm))/1,000,000) × (bulk 
density g/cm3) × (30.48 cm/1 ft) × 1 ft × (1 lb/453.6 
g) × (929 cm2/1 ft2) × (43,560 ft2/1ac) = nitrate − N 

fertilizer equivalent (lb/ac)

The web-tool is available at smallgrain-n-
management.plantsciences.ucdavis.edu/snqt/. 
The underlying open-source code is available 
at github.com/Grain-Cropping-Systems-Lab/
UC-Small-Grain-Soil-Nitrate-Quick-Test-Tool. 

Quick test has improved accuracy
The soil nitrate quick test provides an accurate estimate 
of soil nitrate-N availability. Because soil nitrate-N 
concentrations can change rapidly with changes in the 
soil water status of a field, it is important to test soil 
nitrate-N near to the time when a N fertilizer decision 
is being made. A soil nitrate quick test value greater 
than 20 ppm typically indicates there is sufficient soil 
N for immediate plant needs (Fox et al. 1989) and often 

indicates that N fertilization is not required. However, 
soil nitrate information should be paired with other 
plant N status indicators to provide a holistic picture of 
crop N sufficiency/deficiency (Bowles et al. 2015). 

The purpose of these improvements to the estima-
tion of soil nitrate-N via quick tests is to make soil 
nitrate testing more accurate and easily accessible to 
California small-grain growers as well as other farmers, 
with the goal of reducing N fertilizer costs, improving 
fertilizer efficiency and minimizing N losses. Because 
regulations now require growers to report their N ef-
ficiency practices, these soil nitrate quick tests can be a 
very useful tool going forward. c
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